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Editorial

Editorial on the Topic “New Research on Detection and
Removal of Emerging Pollutants”

Avelino Núñez-Delgado 1,*, Zhien Zhang 2, Elza Bontempi 3, Mario Coccia 4, Marco Race 5

and Yaoyu Zhou 6

1 Department of Soil Science and Agricultural Chemistry, Engineering Polytechnic School, University Santiago
de Compostela, 27002 Lugo, Spain

2 Department of Chemical and Biomedical Engineering, West Virginia University,
Morgantown, WV 26506, USA

3 INSTM (National Interuniversity Consortium of Materials Science and Technology), Department of
Mechanical and Industrial Engineering, University of Brescia, Via Branze, 38, 25123 Brescia, Italy

4 Research Institute on Sustainable Economic Growth, National Research Council of Italy (CNR), Turin
Research Area of the CNR, 10135 Turin, Italy

5 Department of Civil and Mechanical Engineering, University of Cassino and Southern Lazio, Via Di Biasio 43,
03043 Cassino, Italy

6 College of Resources and Environment, Hunan Agricultural University, Changsha 410128, China
* Correspondence: avelino.nunez@usc.es

With the Topic “New Research on Detection and Removal of Emerging Pollutants”
(https://www.mdpi.com/topics/Emerging_Pollutants) closed to new submissions, the
Editors would like to share some comments on it.

The journals involved in the Topic were Materials (with 23 papers finally published),
Processes (with 21 papers published), Sustainability (with 13 papers published), Applied
Sciences (with 7 papers published), and Toxics (with 2 papers finally published).

To date, with the Topic just closed for submissions, the most cited papers have received
22 citations [1], 21 citations [2], 15 citations [3], 10 citations [4], 9 citations [5,6], 8 citations [7],
7 citations [8,9], and 6 citations [10–12], while the other papers included in the Special Issue
received between 5 and 0 citations at the time of writing of this editorial piece.

Overall, the Editors think that the Topical Issue has provided very interesting and
high-quality contributions to the broad field of research on emerging pollutants. The
removal of emerging pollutants is a challenging topic that is receiving increasing attention
at the level of investigation and risk concern perceived by the society. In fact, improv-
ing the means for both quantification and removal of toxic substances is clearly rele-
vant in the current situation of environmental stress affecting the different environmental
compartments [13–17].

In addition, the Editors consider useful the experience of combining the five journals
involved in the Topic which promotes a wider diffusion of this Special Issue, covering a
broader spectrum of researchers and potential readers.

This field of research needs continuous and higher efforts, so it is expected that
additional issues and Topics focused on it will be developed in the coming future.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Environmental pollution due to antibiotics is a serious problem. In this work, the adsorption
and desorption of the antibiotic cefuroxime (CFX) were studied in four by-products/residues from
the forestry and food industries. For this, batch-type experiments were carried out, adding increasing
concentrations of CFX (from 0 to 50 μmol L−1) to 0.5 g of adsorbent. The materials with a pH higher
than 9 (mussel shell and wood ash) were those that presented the highest adsorption percentages,
from 71.2% (23.1 μmol kg−1) to 98.6% (928.0 μmol kg−1). For the rest of the adsorbents, the adsorption
was also around 100% when the lowest concentrations of CFX were added, but the percentage
dropped sharply when the highest dose of the antibiotic was incorporated. Adsorption data fitted
well to the Langmuir and Freundlich models, with R2 greater than 0.9. Regarding desorption,
the materials that presented the lowest values when the highest concentration of CFX was added
were wood ash (0%) and mussel shell (2.1%), while pine bark and eucalyptus leaves presented the
highest desorption (26.6% and 28.6%, respectively). Therefore, wood ash and mussel shell could be
considered adsorbents with a high potential to be used in problems of environmental contamination
by CFX.

Keywords: antibiotics; eucalyptus leaves; mussel shell; pine bark; pine needles; retention/release;
wood ash

1. Introduction

From 2000 to 2015, the worldwide consumption of antibiotics in humans and in veteri-
nary medicine increased by almost 65% [1,2], due to the increase in the world population,
and to the higher demand for protein, which intensified animal production, requiring a
higher use of antibiotics [3,4].

Among these drugs, cephalosporins, belonging to the group of beta-lactams, are
widely used in the treatment of bacterial infections, as they have good tolerance and
few side effects [5,6]. In human medicine, they are used mainly in specific infections
of the human genital tract, as well as in serious infections such as meningitis [7,8]. In
veterinary medicine, cephalosporins are widely used in infections of the respiratory tract
and mammary glands [8–10].

Among the second-generation cephalosporins, cefuroxime (CFX) is the most pre-
scribed, representing more than 50% of the total administration of cephalosporins in most
European countries [11]. These antimicrobials are poorly absorbed by the intestine and
a significant proportion (up to 90%) are excreted through feces and urine as the parent
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compound [12–14], being incorporated into wastewater in the case of humans, and pass-
ing to slurry pits or directly into the environment in the case of farm animals. These
wastewaters reach treatment plants, but many of these facilities have not been designed
to eliminate antibiotics [14,15], removing between 20 and 90% of the pollutants, either
through its accumulation in sewage sludge [16], or by degradation processes, which affect
antibiotics such as penicillin [17]. However, other antimicrobials such as cephalosporins,
fluoroquinolones, and tetracyclines are more resistant to natural degradation [17,18].

As an example, a study conducted in Greece on the presence of antibiotics in wastewa-
ter detected high concentrations of amoxicillin, clarithromycin, CFX, and ciprofloxacin [19].
The incorporation of antibiotics into the soil, through wastewater or fertilization with
sewage sludge or livestock manure, can cause the appearance of bacterial resistance, con-
tamination of underground or surface water bodies, and the passage of these pollutants to
the food chain, both through drinking water and animal or vegetable products, as different
crops can absorb the antibiotics present in the soils [20], constituting a threat to human
health [21].

Recently, Cela-Dablanca et al. [22] studied the retention of CFX in various soils, finding
adsorption values between 40.8% and 99.6% (between 54.39 and 125 μmol kg−1) in those
devoted to agricultural production, and between 74.6% and 93.5% (between 109.9 and
116.71 μmol kg−1) in forest soils. However, taking into account that the presence of
antibiotics both in soils and other environmental compartments is considered a matter
of real concern, growing research is focusing on the design of systems and procedures to
remove/retain these molecules, with special emphasis on wastewater, which is often used
as irrigation waters [2,23], and also in soils [24–26].

The methods generally used for the removal of antibiotics include advanced oxidation,
biological technology, and membrane separation, but they can be excessively expensive and
even produce toxic by-products [14,24,27]. Adsorption technologies have the advantages
of being relatively simple, low-cost, long-lasting, and renewable, and they do not generate
toxic by-products [25,26]. The most common adsorbents include activated carbon, mineral
materials, and biological materials [13]. Within these, the most used for the removal of
antibiotics is activated carbon, but its high cost and difficulty of regeneration are considered
relevant disadvantages [28]. In view of that, it would be clearly interesting to determine the
adsorption capacity and potential effectivity of alternative low-cost adsorbent materials. In
this line, bio-adsorbents derived from a wide variety of sources, many of them residual
materials that need to be recycled, can be a viable option for the retention/removal of
antibiotics present as contaminants in environmental compartments [29].

In view of the above background, this work focused on studying the adsorption/desorption
characteristics of the antibiotic CFX when it interacts with different residues/by-products
generated by the forestry industry (eucalyptus leaf, pine bark, pine needles, and wood ash),
and of a waste from the food industry (mussel shell), in order to evaluate their potential
suitability to be used in processes of removal/retention of this antibiotic, which could be
very relevant for environmental protection and preservation of public health.

2. Materials and Methods

2.1. Sorbent Materials

The following materials were used: (a) four residues and by-products derived from
the forestry industry, specifically eucalyptus leaves from plantations in the province of
Lugo (Spain), pine bark (a commercial product of Geolia, Madrid), pine needles (from
plantations located in the province of Lugo, Spain), and wood ash from a combustion boiler
in Lugo (Spain); and (b) a waste/by-product from the food industry: crushed mussel shell
(<1 mm in diameter), provided by Abonomar S.L. (Pontevedra, Spain). It should be noted
that Galicia is one of the geographic areas with a higher production related to the forest
industry, as well as in relation to mussel processing, which generates high amounts of
by-products and wastes needing recycling.
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The characterization of these sorbents was carried out following the methods detailed
in the Supplementary Material.

2.2. Chemical Reagents

The CFX used (purity ≥ 95%) was supplied by Sigma-Aldrich (Barcelona, Spain).
Phosphoric acid (85% extra pure) and acetonitrile (purity ≥ 99.9%) used for HPLC were
supplied by Fisher Scientific (Madrid, Spain), and Ca2Cl (95% purity) by Panreac (Barcelona,
Spain). To carry out HPLC determinations, all solutions were prepared with milliQ water
(Millipore, Madrid, Spain).

2.3. Adsorption and Desorption Experiments

Batch-type experiments were carried out to study the adsorption/desorption of CFX
on/from the different bio-adsorbents. For this, 0.5 g of bio-adsorbent was weighed, and
10 mL of a solution with different concentrations of the antibiotic (2.5, 5, 5, 10, 20, 30, 40, and
50 μmol L−1) was added, also containing 0.005 M of CaCl2 as a background electrolyte. The
suspensions were shaken for 48 h in the dark by means of a rotary shaker (this time being
enough to reach equilibrium, according to previous kinetic tests, data not shown). These
suspensions were then centrifuged at 4000 rpm for 15 min. The resulting supernatants
were filtered through 0.45 μm nylon syringe filters, and the antibiotic concentration in the
filtered liquids was determined by HPLC-UV with LPG 3400 SD equipment (Thermo-Fisher,
Waltham, MA, USA).

For this, a Luna C18 column (150 mm long, 4.6 mm internal diameter, 5 μm particle
size) was used, provided by Phenomenex (Madrid, Spain), as well as a pre-column (4 mm
long, 2 mm in diameter, 5 μm particle size) packed with the same material as the column.
The injection volume was 50 μL and the flow rate was 1.5 mL min−1. The mobile phase
consisted of acetonitrile (phase A) and 0.01 M of phosphoric acid (phase B). A linear
gradient was used varying from 5% to 32% of phase A and from 95% to 68% of phase B.
The initial conditions were re-established in 2 min and maintained for 2.5 min. The total
analysis time was 15 min, with a retention time of 8.69 min, and the wavelength used
for detection was 212 nm. The amounts of antibiotic adsorbed were calculated by the
difference between the concentrations initially present in the added solutions and those
remaining in the solutions at equilibrium. All determinations were made in triplicate.
Figure S1 (Supplementary Material) shows some selected chromatograms corresponding
to the quantification of CFX.

Once the adsorption experiments were carried out, desorption was studied, allowing
the evaluation of the reversibility of the process. For this, a volume of 10 mL of 0.005 M
of CaCl2 (without antibiotic) was added to the material resulting from the adsorption
process, and then the subsequent procedure carried out for adsorption was repeated. All
determinations were made in triplicate.

2.4. Data Treatment

The experimental data obtained in the adsorption/desorption tests were adjusted to
the Freundlich (Equation (1)), Langmuir (Equation (2)), and Linear (Equation (3)) models.

qe = KFCeqn (1)

qe =
qmKLCeq

1 + KLCeq
(2)

Kd = qe/Ceq (3)
where qe is the amount of antibiotic retained by the bio-sorbent (calculated as the difference
between the concentration added and that remaining in the equilibrium solution); Ceq is
the concentration of antibiotic present in the solution at equilibrium; KF is the Freundlich
constant related to the adsorption capacity; n is a parameter of the Freundlich model asso-
ciated with the degree of heterogeneity of the adsorption; KL is the Langmuir adsorption
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constant; qm is the maximum adsorption capacity according to the Langmuir model; and
Kd is the partition coefficient in the linear model.

The SPSS Statistics 21 software was used to carry out the adjustment of the data
derived from the adsorption experiments to the Langmuir, Freundlich, and Linear models,
as well as statistical correlation studies among parameters of the bio-adsorbent materials
and adsorption.

3. Results and Discussion

3.1. Characteristics of the Sorbent Materials

The bio-adsorbents used in this study showed some marked differences in their
physicochemical properties (Table 1). The pH in water ranged from highly acidic values,
such as that of pine needles (pH = 3.68), to clearly alkaline values, such as that of wood ash
(pH = 11.31). The total C content also presented a wide range, going from 13.26% in wood
ash to more than 50% in eucalyptus leaves and pine needles. Regarding the total N content,
it ranged between 0.08% in pine bark and 1.35% in eucalyptus leaves.

Table 1. Characteristics of the bio-adsorbent materials. C: total carbon; N: total nitrogen; Cae, Mge, Nac, Ke, Ale: elements
in the exchange complex; Sat. Al: Al-saturation in the exchange complex; eCEC: effective cation exchange capacity; XT:
total content of the element (X); Alo, Feo: noncrystalline Al and Fe. Average values (n = 3), with coefficients of variation
always <5%.

Parameter Unit Eucalyptus Leaves Pine Bark Pine Needles Wood Ash Mussel Shell

C % 53.05 48.70 50.31 13.23 11.43
N % 1.35 0.08 1.08 0.22 0.21

C/N 39.18 608.75 46.76 60.14 55.65
pHwater 4.88 3.99 3.68 11.31 9.39
pHKCl 4.81 3.42 3.51 13.48 9.04

Cae cmolc kg−1 7.95 5.38 2.13 95.0 24.75
Mge cmolc kg−1 8.53 2.70 7.15 3.26 0.72
Nae cmolc kg−1 1.36 0.46 1.42 12.17 4.37
Ke cmolc kg−1 12.93 4.60 11.09 250.65 0.38
Ale cmolc kg−1 0.13 1.78 2.15 0.07 0.03

eCEC cmolc kg−1 30.90 14.92 23.94 361.15 30.25
Sat Al % 0.42 11.93 8.98 0.02 0.10

Available-P mg kg−1 262.84 70.45 217.95 462.83 54.17
NaT mg kg−1 242.31 68.92 271.54 2950 5174.00
MgT mg/kg 840.96 473.55 653.40 26,171 980.66
AlT mg kg−1 80.58 561.50 246.95 14,966 433.24
KT mg kg−1 4464.10 737.84 4123.44 99,515 202.07
CaT mg kg−1 2262.96 2318.81 538.96 136,044 280,168
CrT mg kg−1 0.13 1.88 0.74 36.28 4.51
MnT mg kg−1 614.92 30.19 356.28 10,554 33.75
FeT mg kg−1 43.13 169.78 47.27 12,081 3535
CoT mg kg−1 0.03 0.20 0.38 17.25 1.02
NiT mg kg−1 2.17 1.86 0.93 69.25 8.16
CuT mg kg−1 2.80 <LD 3.81 146.33 6.72
ZnT mg kg−1 7.66 6.98 5.78 853.00 7.66
AsT mg kg−1 0.02 <LD 0.02 8.36 1.12
CdT mg kg−1 0.0 0.13 0.05 19.93 0.07
Alo mg kg−1 45.0 315.0 169.0 8323 178.33
Feo mg kg−1 77.0 74.0 15.0 4233 171.0

The effective cation exchange capacity (eCEC) values also varied greatly depending on
the type of bio-adsorbent, from 23.94 cmolc kg−1 for pine needles to 361.15 cmolc kg−1 for
wood ash. In pine bark and mussel shell, the predominant exchangeable cation was Ca2+,
while it was K+ in wood ash, eucalyptus leaves, and pine needles. In addition, noteworthy
are the high values of available P present in wood ash, followed by eucalyptus leaves
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and pine needles (always higher than 200 mg kg−1). The total contents of heavy metals
were clearly higher in wood ash compared to the other bio-adsorbents, also presenting
the highest concentrations of noncrystalline Fe and Al (Feo, Alo), followed by mussel shell
(Table 1).

3.2. Adsorption and Desorption of CFX
3.2.1. Adsorption

Figure 1 shows the adsorption curves of CFX for the different adsorbents. Table S1
(Supplementary Material) shows the values of the adsorbed amounts and adsorption per-
centages as a function of the concentration of antibiotic added. The maximum adsorption
values were between 551.62 μmol kg−1 of pine bark and 927.95 μmol kg−1 of wood ash.

A statistical analysis showed that the maximum adsorption values for CFX were
significantly and positively correlated with the eCEC of the adsorbents (r = 0.927, p < 0.05),
with its Ca contents (r = 0.918, p < 0.05), its K contents (r = 0.927, p < 0.05), and its Na
contents (r = 0.903, p < 0.05).

Comparing CFX adsorption data for the five adsorbents, wood ash showed the high-
est adsorption percentages, retaining practically 100% of the amount added, even for the
highest concentration (50 μmol L−1). For pine bark and pine needles, percentage adsorp-
tion values decreased as the CFX concentration added increased, going from 100% (for
the lowest concentration added) to around 55% (for the highest concentration added).
Eucalyptus leaves also presented a higher CFX adsorption percentage (94.26%) when low
concentrations of the antibiotic were added, compared with a value of 67.29% reached
when higher CFX concentrations were used, which is probably due to the progressive
saturation of the adsorption sites. In the case of mussel shell, adsorption percentages varied
to a lesser extent depending on the concentration of antibiotic added, ranging between
71.19% and 85.02%.

Comparing the results obtained for the different adsorbents, it is clear that the materi-
als with the highest pH (mussel shell and wood ash) are those with the highest adsorption
values, especially when the highest concentrations of the antibiotic are added. Similarly,
Fakhri and Adami [30] pointed out that the parameter that most influences the adsorp-
tion of cephalosporins is pH, as it simultaneously affects the chemical speciation of the
antibiotics and the adsorbent surfaces, making the adsorption of cephalosporins low at
pH < 6, while a basic or alkaline medium favors the adsorption processes for these com-
pounds. These same authors also studied the adsorption of CFX in different materials
(magnesium oxide nanoparticles and carbon nanotubes), finding that sorbents with pH > 8
presented a higher adsorption, as has occurred in the present study with wood ash. The
acid dissociation constant (pKa) is an important parameter that determines the mobil-
ity/retention of organic compounds, and therefore their distribution in environmental
compartments [8,31]. Cephalosporins have at least two dissociation constants (pKa1 = 3.15
and pKa2 = 10.97) [32,33], and their molecules can have a positive or negative charge, as
well as behave as a zwitterion, depending on the pH of the medium. At pH above 10.97,
they are in anionic form, while they are cations when the pH is below 3.15, and they will
be zwitterions between these two pH values. In view of that, CFX would be a zwitterion in
all the adsorbents used in this work (except wood ash), so the positively charged groups
(NH4

+) of the antibiotic will interact electrostatically with the surfaces of the negatively
charged adsorbents, which are more abundant in adsorbents with a higher pH, while the
anionic groups (COO−) of CFX will bind to these surfaces through a cationic bridge [34].
In the case of wood ash, the pH value is higher than that of the pKa2 value of the antibiotic
(10.97), so CFX would be negatively charged, as would certain components of the ash,
specifically noncrystalline Fe and Al minerals (Table 1), favoring adsorption taking place
through a cationic bridge, an interaction that will be also favored by the high concentration
of changeable Ca2+ present in the ash.
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Figure 1. Adsorption curves for CFX and the five sorbent materials used.

When all five adsorbents were considered together, significant correlations were
obtained between the amount of CFX adsorbed when the highest concentration of this
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antibiotic was added and the exchangeable cations (with values of r = 0.918, 0.903, and
0.927, for Ca, Na, and K, respectively; p < 0.05). This suggests their participation in bonds
taking place by means of cationic bridges.

For three of the materials used in this study (wood ash, pine bark, and mussel shell),
Conde-Cid et al. [35,36] studied in previous works their adsorption capacity for three
tetracycline antibiotics (oxytetracycline, chlortetracycline, and tetracycline) and for three
sulfonamides (sulfadiazine, sulfamethazine, and sulfachloropyridazine). In the case of
tetracyclines, a high adsorption capacity was also obtained for wood ash, with pine bark
also showing a high capacity to retain tetracyclines (unlike what was observed in the
present study for CFX and pine bark), while the mussel shell was not suitable for the
removal of these substances. Regarding the results of sulfonamide adsorption on those
materials, Conde-Cid et al. [36] also obtained results showing differences in relation to the
current work, with pine bark retaining practically 100% of the added sulfonamide, while
wood ash and mussel shell were not effective in retaining these antibiotics.

Several authors have studied the adsorption of different cephalosporins on other
materials [37–41]. For example, activated carbon obtained from different plant remains
showed an adsorption capacity higher than 80% for cephalexin present in an aqueous solu-
tion [38,39,41]. In a study by Samarghandi et al. [42], the natural zeolites used retained 28%
of the added cephalexin at pH 7, but the adsorption increased to 89% when these zeolites
were coated with manganese oxide nanoparticles. Biochar made from pine wood showed a
very high adsorption for different antibiotics and, therefore, can be considered promising in
terms of treating contamination by these substances [14,43,44]. This kind of biochar reaches
and even exceeds the adsorption capacity of powdered activated carbon biochar, a product
that is commercially available but is very expensive [14,44]. It should be noted that, in the
present study, residual materials such as mussel shell and especially wood ash showed
high potentials to adsorb CFX, without performing additional modification treatments.

3.2.2. Modeling of Adsorption Data

The Langmuir isotherm assumes that the adsorption is homogeneous and in a single
layer, with no interaction among the molecules of the sorbate. It is recognized that each
sorbate molecule occupies a site, and no further adsorption can take place on it [45]. Unlike
Langmuir’s model, the Freundlich’s model assumes that adsorption can occur in multiple
layers, and that the adsorption sites are heterogeneous, with those with the highest energy
being the first to be occupied, which means that there may be different functional groups
involved in adsorption on the surface of the sorbent, with the intervention of different
binding energies [45].

In the present study, the experimental adsorption data obtained were adjusted to the
Freundlich (Equation (1)), Langmuir (Equation (2)), and Linear (related to the Henry’s
isotherm equation) (Equation (3)) models. Table 2 shows the parameters of the adsorption
equations obtained from the adjustments to the three models. Figure 2 shows graphically
the fitting to the adsorption models used.

Table 2. Fitting of the adsorption data to the Freundlich, Langmuir, and Linear models. KF (Ln μmol1−n kg−1); KL

(L μmol−1); n (dimensionless); qm (μmol kg−1); Kd (L kg−1). -: standard error values too high for fitting.

Freundlich Langmuir Linear Model

Adsorbent KF Error n Error R2 KL Error qm Error R2 Kd Error R2

Eucalyptus
leaves 66.94 18.00 0.72 0.13 0.955 0.067 0.056 862.05 458.17 0.951 36.41 2.45 0.929

Pine bark 110.86 27.94 0.54 0.09 0.965 0.096 0.038 817.67 140.82 0.971 30.41 2.70 0.867
Pine needles 161.98 27.35 0.43 0.07 0.967 0.202 0.067 700.09 75.87 0.974 34.25 4.31 0.748

Wood ash - - - - - - - - - - 597.15 181.51 0.145
Mussel shell 93.25 34.91 0.77 0.18 0.909 0.077 0.067 1223.47 666.70 0.923 56.83 5.09 0.884
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Figure 2. Adsorption curves for CFX also including data of fitting to the adsorption models used.

For the linear model, the R2 values were lower than 0.90 in all materials (with the
exception of eucalyptus leaves, R2 = 0.929), with R2 being very low in the case of wood ash.
On the contrary, in the Freundlich and Langmuir models, R2 values were higher than 0.9,
with the exception of wood ash (bearing in mind that for this material, it was not possible to
adjust both models, due to the existence of too high an error). In fact, CFX adsorption onto
wood ash did not fit any model, as it adsorbed 100% of the concentrations of CFX added,
which prevents the adjustment of the experimental data to the adsorption models used.

The Freundlich’s KF parameter, related to the adsorption capacity, varied between
66.9 and 162.0 Ln μmol1−n kg−1. The dimensionless Freundlich’s n parameter, related to
the heterogeneity of the active sites of the sorbent [46], showed values between 0.43 and
0.77, with the highest corresponding to mussel shell. All the adsorbents used in this study
presented values of n < 1, which indicates a heterogeneous adsorption surface, where the
highest energy sites are occupied first. This means that the adsorption energy decreases
exponentially as the available surface is smaller [46,47]. It is also relevant that, the closer n
is to zero, the more heterogeneous the adsorption surface will be [46,48,49].

3.2.3. Desorption

Table 3 shows data corresponding to CFX desorption from the different adsorbents,
expressed in μmol kg−1 (and as a percentage, between parentheses). The adsorbents
presenting the highest desorption values were eucalyptus leaves (ranging between 6.4 and
212.2 μmol kg−1) and pine bark (ranging between 8.4 and 157.0 μmol kg−1). Regarding the
rest of the adsorbents (pine needles, mussel shell, and wood ash), the desorbed quantities
did not exceed 20.7 μmol kg−1 in any case.

With desorption data expressed as percentages, it is confirmed that eucalyptus leaves
and pine bark were the materials showing the highest desorption, with values ranging
between 19.5 and 28.6% for eucalyptus leaves, and between 25.9 and 59.1% for pine bark. In
the rest of the materials, desorption was less than 20.6% for pine needles, 12.3% for mussel
shell, and 0% for wood ash. The lower desorption values of mussel shell and wood ash
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correspond to the presence of higher contents of noncrystalline Al and/or Fe compounds
(Alo, Feo) in these bio-adsorbents (Table 1).

Table 3. CFX desorption, expressed in μmol kg−1 (and in a percentage, between brackets), for the five different sorbents, as
a function of the concentration of antibiotic added (C0, in μmol L−1). -: no data. Average values (n = 3), with coefficients of
variation always <5%.

C0 (μmol L−1)

Sorbent 2.5 5 10 20 30 40 50

Eucalyptus leaves 6.4(19.8) 16.3(20.2) 41.1(22.2) 65.9(19.5) 141.1(27.5) 164.5(24.9) 212.2(28.6)
Pine bark 8.4(25.9) 36.2(44.8) 84.0(59.1) 133.3(44.5) 157.0(37.1) 141.8(28.6) 146.5(26.6)

Pine needles 0(0) 15.4(20.5) 20.7(13.0) 19.5(5.9) - - -
Wood ash 0(0) - - 0(0) - 0(0) 0(0)

Mussel shell 0.3(12.2) 0.6(8.4) 1.6(10.7) 1.5(3.9) 1.4(2.9) 1.5(2.1) 1.5(2.1)

In three of these materials (oak ash, pine bark, and mussel shell), previous works
studied the desorption of other groups of antibiotics, specifically three tetracyclines and
three sulfonamides. For the former, Conde-Cid et al. [35] also obtained a low desorption
from wood ash, but (unlike what was observed in the present study with CFX) these authors
found that pine bark adsorbed tetracyclines in a way that was practically irreversible, while
desorption from mussel shell was high (up to 44% of what was adsorbed). In the case of
sulfonamides, Conde-Cid et al. [36,50] (2021, 2020) reported that only pine bark retained
irreversibly high concentrations of these antibiotics, while wood ash and mussel shell had a
low adsorption capacity and desorbed a high percentage of what was previously retained.

Considering together data on CFX adsorption and desorption for the five different
adsorbents used, wood ash presented the best results, with the highest adsorption and
the lowest desorption values. In previous studies, this material was also found to be very
effective for the irreversible adsorption of tetracyclines [35]. Mussel shell also has potential
utility for retaining CFX present in polluted media. However, pine bark could not be
recommended for the adsorption of CFX, as it had low adsorption and high desorption,
especially for the highest concentrations added, despite the fact that in previous studies, it
showed great effectiveness to strongly retain tetracyclines and sulfonamides [35].

4. Conclusions

Among the five sorbents evaluated, the most effective for the adsorption of the antibi-
otic cefuroxime (CFX) were wood ash and mussel shell. Both materials were those with
the highest pH values and were also characterized by their richness in noncrystalline com-
pounds. Both sorbents would be of high interest for being used in CFX retention/removal
processes, which would contribute to their recycling. The rest of the materials studied
(pine bark, pine needles, and eucalyptus leaves) could not be recommended for reten-
tion/removal of this antibiotic, as they showed low adsorption and high desorption when
the highest concentrations of CFX were added.

CFX adsorption generally showed a good fit to the Langmuir isotherm, and especially
to the Freundlich model. Furthermore, in these materials, the Freundlich’s n values were
always lower than 1, which would indicate the relevance of heterogeneous adsorption
sites, with those with the highest energy being the first to be occupied. Future additional
studies could focus on delving into the retention mechanisms of CFX and other antibiotics
(especially cephalosporins) in the sorbents that showed better results in the current work.
Likewise, the influence of the simultaneous presence of several antibiotics, or of antibiotics
and other contaminants, both organic and inorganic, could be evaluated, as well as the
impact of modifying the values of different variables that could affect the final effectivity in
the retention/release of the pollutants. Globally, the results of this study can be considered
relevant at an environmental level, in relation to the potential promotion of waste and by-
product recycling, protection against pollution, and its potential repercussions on aspects
that affect public health.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pr9071151/s1, Table S1: Adsorption amounts (μmol kg−1) and percentages for the five
adsorbents used, after adding the different initial concentrations (C0) of the antibiotic CFX; Figure S1.
Selected chromatograms corresponding to the detection of CFX after adding various concentrations
of the antibiotic to the different adsorbents used in the study.
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Abstract: On the basis of binary perfectly inelastic collision theory, the time evolutions of kinetic
energy and surface area for a particle agglomerate system, due to Brownian motion, are investigated
by using the Taylor series expansion technology. The asymptotic behaviors over a long time period
show a significantly negative power function of time. The thermodynamic constraints of this system
are then obtained according to the principle of maximum entropy, which establishes a relationship
of inequality between the first three particle moments and some physical parameters (i.e., surface
tension and temperature). In the thermodynamic equilibrium state, this function provides a new
approach for estimating the effect of molecular structure on surface tension of liquid polymers.

Keywords: thermodynamic equilibrium; entropy criterion; Brownian agglomeration; moment
method; asymptotic solutions; population balance equation

1. Introduction

Particle agglomeration is a common phenomenon in both nature and industrial ap-
plications, such as particle synthesis and soot formation processes. It plays a significant
role in these aerosol processes by profoundly affecting the size distribution of a particle
system [1], which strongly determines the physical properties of aerosol particles, such
as light scattering, toxicity, deposition rate and diffusion. Nowadays with the escalation
of fine particle pollution, the agglomeration processes are also widely used in the field of
contamination control to improve removal efficiency, especially for the particles whose
diameters are less than 2.5 μm [2,3]. The main principle is that through physical or chemical
action, particles can coagulate with each other to form particles with larger particle size and
then be removed efficiently. An appropriate approach for investigating the time evolution
of particle size distribution (PSD) due to agglomeration is typically called the population
balance equation (PBE) or the classic Smoluchowski equation (SE), which can be expressed
as the following form [4]:

∂n(υ, t)
∂t

=
1
2

∫ υ

0
β(υ1, υ − υ1)n(υ1, t)n(υ − υ1, t)dυ1 −

∫ ∞

0
β(υ1, υ)n(υ, t)n(υ1, t)dυ1 (1)

where n(υ, t) is the number density function of the particles with volume from υ to υ + dυ at
time t; β(υ, υ1) is the collision frequency function between particles with volume υ and υ1.

Due to the strong non-linear integro-differential structure, the PBE is difficult to solve
analytically. By trading off between accuracy and computational cost, three main numerical
methods are proposed and developed, including the method of moments (MOM) [5,6],
sectional method (SM) [7] and Monte Carlo method (MCM) [8]. It can’t be ignored that the
analytical solutions show great merit in computational cost and direct physical insights
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into agglomeration mechanisms. Thus, some researchers focus on the asymptotic or
analytical solutions of the moments of PSD by converting the original PBE to a system of
ordinary differential equations (ODEs). Due to the complexity of its kernel function and
the universality of Brownian motion, the study on the solution of the PBE for Brownian
agglomeration is considered to be important but one of the most difficulties. Mainly using
the log-normal method of moments (LG-MOM) [6] or the Taylor series expansion method of
moments (TEMOM) [9], the asymptotic behavior of moments, due to Brownian coagulation
(for spherical particles) and agglomeration (for agglomerates) over the entire particle size
regimes [10–13], the analytical solution for Brownian coagulation in the free-molecule
and the continuum regime [14], and so on, are obtained. These articles reveal that the
geometric standard deviation will reach a constant for a long period of time, namely, the
self-preserving size distribution theory [15].

Particle coalescence upon collisions subject to conservation of mass and momentum
is called ballistic aggregation, but it is well known that the kinetic energy of this system
decreases with time [16]. However, the loss of particle kinetic energy after collisions is
rarely taken into account in the framework of PBE. Nowadays, with an assumption of a
perfectly inelastic collision process, the rate of change for kinetic energy is correlated with
that of particle number density, and the relationship of inequality between particle mo-
ments and some physical parameters (i.e., surface tension and temperature) for Brownian
coagulation have been firstly proposed by Xie and Yu based on the principle of maximum
entropy [17,18]. In this paper, we will extend their efforts to Brownian agglomeration, and
the asymptotic behaviors of kinetic energy, surface area and entropy over a long period of
time are obtained.

2. Theory and Model

2.1. Brownian Agglomeration

Particle agglomeration due to thermal motion is called Brownian agglomeration.
Unlike spherical particles, agglomerates are not rigid structures and can be described as
fractal morphology statistically. They are clusters of primary particles, which are ideally
considered to be spherical with point contacts and uniform size. Considering the case
of monodisperse primary particles, which form power law agglomerates, the Brownian
agglomeration kernels β are represented as [1]:

βFM = B1(υ
−1
i + υ−1

j )
1/2

(υ
1/Df
i + υ

1/Df
j )

2
(2)

βCR = B2(υ
1/Df
i + υ

1/Df
j )(υ

−1/Df
i + υ

−1/Df
j ) (3)

Here, the subscripts FM and CR stand for agglomeration in the free molecular and

continuum regimes, respectively; the constants B1 =
(

6kBT
ρp

) 1
2
(3/4π)2/Df −1/2a

2−6/Df
p0 and

B2 = 2kBT/3μ, with kB the Boltzmann’s constant; T is the temperature; μ is the gas viscosity;
ρp is the particle density; ap0 is the radius of a primary particle; υ is the particle volume;
Df is called the fractal dimension, which can be related to the arrangement of the primary
particles within an agglomerate. It should be noted that Df < 2 is not applicable for Equation
(2) in physics [1], thus the following discussions are limited to a range of 2 ≤ Df ≤ 3.

2.2. Taylor Series Expansion Method of Moments

With the definition of k-th order moment Mk,

Mk =
∫ ∞

0
υkn(υ)dυ (4)

Equation (1) can be converted into a system of original differential equations by
multiplying both sides with νk and then integrating over all particle sizes:
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dMk
dt

=
1
2

∫ ∞

0

∫ ∞

0

[
(υ + υ1)

k − υk − υ1
k
]

β(υ, υ1)n(υ, t)n(υ1, t)dυdυ1 (5)

The main objective of all MOMs is to achieve the closure of Equation (5). In the
classic TEMOM, this is accomplished in two procedures [9,19]: (1) the collision kernel is
directly approximated by a two-variable third-order Taylor series expansion, for example,

the power function (υ−1
i + υ−1

j )
1/2

in Equation (2) can be expanded with respect to mean
volume u = M1/M0; (2) and all the higher and fractional moments are approximated by the
polynomial equation with respect to the first three moments:

Mk =
Mk

1

Mk−1
0

[
1 +

k(k − 1)(MC − 1)
2

]
(6)

Here the dimensionless moment MC = M0M2/M1
2 is the function of geometric stan-

dard deviation σ which can be noted as ln(MC)/9 = ln2 σ [6]. The moment equations
based on TEMOM in the free molecule regime are obtained [11]:

dM0
dt

∣∣∣
FM

= −
√

2B1 M0
2

64D4
f

(
M1
M0

) 4−D f
2D f (a1MC

2 + a2MC + a3)

dM1
dt

∣∣∣
FM

= 0

dM2
dt

∣∣∣
FM

= −
√

2B1 M1
2

32D4
f

(
M1
M0

) 4−D f
2D f (b1MC

2 + b2MC + b3)

(7)

where the coefficients a1, a2, a3, b1, b2, b3 are:

a1 = D4
f − 24D3

f + 70D2
f − 48Df + 16

a2 = 54D4
f − 144D3

f + 52D2
f + 96Df − 32

a3 = 73D4
f + 168D3

f − 122D2
f − 48Df + 16

b1 = 3D4
f + 16D3

f + 10D2
f − 16Df − 16

b2 = 2D4
f − 96D3

f − 212D2
f + 32Df + 32

b3 = −133D4
f + 80D3

f + 202D2
f − 16Df − 16

(8)

Now the most important moments for describing the particle dynamics, namely, the
particle number density M0, total particle volume M1 and a polydispersity variable M2, can
be obtained. Here, M1 remains constant due to the rigorous mass conservation requirement.
The corresponding moment equations in the continuum regime are:

dM0
dt

∣∣∣
CR

= − B2 M0
2

4D4
f
(p1MC

2 + p2MC + p3)

dM1
dt

∣∣∣
CR

= 0

dM2
dt

∣∣∣
CR

= B2 M1
2

2D4
f
(p1MC

2 + p2MC + p3)

(9)

where the coefficients p1, p2, p3 are:

p1 = 1 − D2
f ; p2 = −2 + 6D2

f ; p3 = 1 − 5D2
f + 8D4

f (10)

2.3. Principle of Maximum Entropy

As a characteristic function composed of internal energy U, total particle volume
M1, and particle number M0, the rate of change for entropy S of a disperse system can be
expressed as:
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dS
dt

=
∂S

∂M0

dM0

dt
+

∂S
∂U

dU
dt

+
∂S

∂M1

dM1

dt
(11)

According to the thermodynamic analysis [18], the rate of change for S can be arranged
and then correlated with that of M0, the particle kinetic energy ke, and the particle specific
surface area s:

dS
dt

= −kB ln(M0λ3
th)

dM0

dt
+

1
T

(
dke

dt
+ γ

ds
dt

)
(12)

in which λth is the thermal wavelength and γ is the surface tension. Thus, the focal point is
to determine dke/dt and ds/dt. With the assumption of simplified physical model according
to the binary perfectly inelastic collision theory, the loss of particle kinetic energy after
collision for two colliding particles and the whole system are [18]:

Δke = − kbT
2

(
1 − 2

√
υ1υ2

υ1 + υ2

)
≤ 0 (13)

dke

dt
= − kBT

4

∫ ∞

0

∫ ∞

0

(
1 − 2

√
υ1υ2

υ1 + υ2

)
β(υ1, υ2)n(υ1, t)n(υ2, t)dυ2dυ1 (14)

Assuming that υ1 is the larger particle, the relative loss of ke increases with a larger
ratio of υ1 to υ2, which is illustrated in Figure 1. This shows that a wider range of PSD,
namely, a larger MC, would lead to a more rapid reduction in ke. Substituting Equation (2)
into the above equation and then using the Taylor series expansion technology, we can get
the rate of change for kinetic energy in the free molecular regime:

dke

dt

∣∣∣∣
FM

= kBT
x1M2

C + x2MC + x3

a1MC
2 + a2MC + a3

dM0

dt
(15)

in which x1, x2, x3 are:
x1 =

(
D4

f − 12D3
f + 8D2

f

)
/2

x2 = 15D4
f + 12D3

f − 8D2
f

x3 =
(
−31D4

f − 12D3
f + 8D2

f

)
/2

(16)

Figure 1. The relationship between |Δke/ke| and υ1/υ2.

As the structure of agglomerate is complex, modeling of its surface area is even more
difficult, given the scarcity of experimental data. It is also very difficult to numerically
determine which part of primary particles are the boundary particles and which part of
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the surface of these boundary particles forms the agglomerate surface. For an ideal case
that k primary particles agglomerate with point contacts, its surface area equals 4kπa2

p0,
where ap0 is the radius of primary particle [20]. Obviously, it is more suitable for chain-like
structures with Df→1 but not compact aggregates with Df →3. In a statistical sense, the
collision radius of agglomerates composed of k monomer is [1]:

r = Aap0

(
υ

υ0

)1/Df

= Aap0k1/Df (17)

where A is the dimensionless proportionality constant and can be assumed to be in unity to
simplify calculations. In this paper, we will use this collision radius to calculate the surface
area approximately:

s = 4πr2 = 4πk2/Df a2
p0 = B3υ2/Df (18)

in which the constant B3 = 4π(3/4π)2/Df a
2−6/Df
p0 . Thus, for chain-like structures with

Df = 2, s = 4kπa2
p0 equals to that of an agglomerate without necking and for compact

aggregates with Df = 3, s = (36π)1/3υ2/3 equals to that of a spherical particle. Apparently,
the agglomerates composed of the same number of primary particles with smaller Df
would have larger specific surface area and collision radius. Now the total surface area of
this system can be expressed as:

s =
∫ ∞

0
sn(υ, t)dυ = B3M2/Df

(19)

and the rate of change for s can be written as:

ds
dt

= B3
dM2/Df

dt
(20)

ds
sdt

=
dM2/Df

M2/Df
dt

(21)

where the fractional moment M2/Df is approximated by using Equation (6):

ds
sdt

=
dM2/Df

M2/Df
dt

(22)

and its derivative with time t can be achieved:

dM2/Df

dt
=

(1 − 2/Df )

Df

M
2/Df
1

M
2/Df
0

[
(1/Df − 1)(2MC − 2 − Df )

dM0

dt
− M2

0dM2

M2
1dt

]
(23)

Combining the first and third equations in Equation (7) gives:

dM2

dt

∣∣∣∣
FM

=
2M2

1
M2

0

b1MC
2 + b2MC + b3

a1MC
2 + a2MC + a3

dM0

dt
(24)

Then Equation (23) can be rearranged as:

dM2/Df

dt

∣∣∣∣∣
FM

=
(1 − 2/Df )

Df

M
2/Df
1

M
2/Df
0

[
(1/Df − 1)(2MC − 2 − Df )−

2(b1 MC
2+b2 MC+b3)

a1 MC
2+a2 MC+a3

]
dM0

dt
(25)

Substituting the above equation into Equation (21), the rate of change for s in the free
molecular regime has the following form:
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ds
dt

∣∣∣∣
FM

=
(1 − 2/Df )

[
(1/Df − 1)(2MC − 2 − Df )− 2(b1 MC

2+b2 MC+b3)
a1 MC

2+a2 MC+a3

]
Df + (2/Df − 1)(MC − 1)

sdM0

M0dt
(26)

Analogously, the rate of change for particle kinetic energy and surface area in the
continuum regime can be calculated as:

dke

dt

∣∣∣∣
CR

= kBT
q1MC

2 + q2MC + q3

p1MC
2 + p2MC + p3

dM0

dt
(27)

ds
dt

∣∣∣∣
CR

=
(1 − 2/Df )

[
(1/Df − 1)(2MC − 2 − Df ) + 2

]
Df + (2/Df − 1)(MC − 1)

sdM0

M0dt
(28)

where q1, q2, q3 are noted as:

q1 = (−9D4
f + 12D2

f )/16

q2 = (34D4
f − 24D2

f )/16

q3 = (−25D4
f + 12D2

f )/16

(29)

Finally, the rate of change for S can be found:

dS
dt

=
1
T

(
−kBT ln(M0λ3

th) + kBTC2 +
γs
M0

C1

)
dM0

dt
(30)

in which C1, C2 are functions of the dimensionless moment MC and fractal dimension Df:

C1|FM =
(1 − 2/Df )

[
(1/Df − 1)(2MC − 2 − Df )− 2(b1 MC

2+b2 MC+b3)
a1 MC

2+a2 MC+a3

]
Df + (2/Df − 1)(MC − 1)

(31)

C1|CR =
(1 − 2/Df )

[
(1/Df − 1)(2MC − 2 − Df ) + 2

]
Df + (2/Df − 1)(MC − 1)

(32)

C2|FM =
x1M2

C + x2MC + x3

a1MC
2 + a2MC + a3

(33)

C2|CR =
q1MC

2 + q2MC + q3

p1MC
2 + p2MC + p3

(34)

From the viewpoint of the second law of thermodynamics, the entropy of an isolated
system will never decrease: dS/dt ≥ 0. Moreover, the total particle number M0 will decrease
with time due to agglomeration: dM0/dt < 0. Thus, the thermodynamics constraints for
Brownian agglomeration at a certain temperature and pressure can be obtained:

γs
kBT

≤ M0(ln(M0λ3
th)− C2)

C1
(35)

The equality would hold in the thermodynamic equilibrium state, and the critical
time to reach this state can be determined. Moreover, the growth of the mean particle size
M1/M0 will tend to a limit depending on the operating temperature and specific surface
energy for thermal agglomeration technology.

3. Results

According to the self-preserving size distribution theory, the dimensionless particle
moment MC will tend to a constant at long time periods, and the asymptotic solutions of
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particle moments based on the TEMOM model can be found [11]. Here, the results are
listed in the Appendix A. In the free molecular regime, the asymptotic solution of kinetic
energy can be solved by directly integrating Equation (15) with respect to t:

ke|FM = C3 + kbTC2M0 → kbTC2[g1t]
− 2D f

3D f −4 (36)

where C3 = ke(t1) − keTC2(t1)M0(t1) is the integral constant, t1 is the critical time in which
the particle size distribution approaches self-preserving and the definition of g1 is shown
as Equation (A7). In our previous work [21], a criterion to calculate this critical time has
been given based on the asymptotic solution of M0 in the continuum regime, which can
also be available in the free molecular regime. Now the effect of primary particle size ap0
on ke can be obtained, which is as the same as that on M0:

ke|FM ∝ ap0

12−4D f
3D f −4 (37)

Thus, its relative dissipative rate becomes:

dke

kedt

∣∣∣∣
FM

=
dM0

M0dt
= − 2Df

3Df − 4
t−1 (38)

The asymptotic solution of surface area and the effect of primary particle size can
be expressed as the following forms after substitution of Equations (A6) and (22) into
Equation (19):

s|FM → B3M
2/Df
1

[
1 +

(2/Df − 1)(MC − 1)
Df

]
[g1t]

− 2D f −4
3D f −4 (39)

s|FM ∝ ap0
− 6−2D f

3D f −4 (40)

and its relative dissipative rate becomes:

ds
sdt

∣∣∣∣
FM

=
Df − 2

Df

dM0

M0dt
= −2Df − 4

3Df − 4
t−1 (41)

For simplification and without loss of generality, the calculation can be non-dimensionalized
through the following relations: M0 * = M0 /M00, M1 * = M1/M10, M2 * = MC0M2/M20,
t∗ = tB1M(3D f−4)/2D f

00 M(4−D f )/2D f
10 , ke * = ke/(M00kbT), s∗ = sM2/D f−1

00 M−2D f
10 /B3. Then the

Equation (7) coupling with Equations (15) and (19) can be solved numerically by means of
fourth-order Runge–Kutta method with the initial dimensionless conditions set as M00 = 1,
M10 = 1, M20 = 4/3, ke0 = 1/2 (the star symbol ‘*’ is omitted thereafter). The numerical and
asymptotic solutions of kinetic energy and surface area are shown in Figure 2. According
to the principle of equipartition of energy, the agglomerates share the molecular thermal
motion of the fluid and have the same initial kinetic energy, thus the dissipative rate of ke
strongly depends on the collision rate. The evolutions of kinetic energy with time show
the larger descent at lower fractal dimension because of the larger collision radius, which
result in a more rapid agglomerated rate [22]. Oppositely, the contacting surface between
primary particles in an agglomerate with smaller fractal dimension is less than that in an
agglomerate with larger fractal dimension, thus the decay of surface area shows the reverse
trend in the dual role of the higher specific surface area and more rapid agglomerated rate.
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(a) 

(b) 

Figure 2. The decay with time between numerical solutions and asymptotic solutions in the free
molecular regime: (a) kinetic energy; (b) surface area.

Analogously, the asymptotic solutions of kinetic energy and surface area, as well as
their relative dissipative rates, in the continuum regime can be expressed as:

ke|CR → kbTC2M0 = kbTC2g−1
2 t−1 (42)

dke

kedt

∣∣∣∣
CR

=
dM0

M0dt
= −t−1 (43)

s|CR → B3M
2/Df
1

[
1 +

(2/Df − 1)(MC − 1)
Df

]
[g2t]2/Df −1 (44)

ds
sdt

∣∣∣∣
CR

=
Df − 2

Df

dM0

M0dt
= −Df − 2

Df
t−1 (45)

where g2 is a function of Df showed as Equation (A12). The results are showed in Figure 3.
These allow us to simplify the rate of change for S as the asymptotic form in both the free
molecular and continuum regime:
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dS
dt

=
1
T

(
−kBTM0 ln(M0λ3

th) + ke +
Df − 2

Df
γs

)
dM0

M0dt
(46)

And the corresponding thermodynamics constraints are:

γs
kBT

≤ M0(ln(M0λ3
th)− C2)

1 − 2/Df
(47)

(a) 

(b) 

Figure 3. The decay with time between numerical solutions and asymptotic solutions in the contin-
uum regime: (a) kinetic energy; (b) surface area.

4. Discussion

The above equation establishes an inequality relationship between moments and some
physical parameters, such as temperature and specific surface energy, and the equality holds
if and only if the system reaches the thermodynamic equilibrium. Obviously, increasing
temperature leads to decreasing particle number density and greater mean volume, which
can be useful for dust collection efficiency. It also shows the effect of molecular structure
on surface tension. By substituting the expression of surface area into this equation, we can
get the following formula in the thermal equilibrium state:
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γB3
M

2/Df
1

M
2/Df
0

[
1 +

(2/Df − 1)(MC − 1)
Df

]
=

(
ln(M0λ3

th)− C2
)

1 − 2/Df
kbT (48)

For liquid pure substance, M0λth
3 usually takes the value as Vm in the free molecular

regime and M1/M0 = Vm /NA, where Vm is the molar volume and NA is the Avogadro
constant. A modification coefficient γ∞, which is equal to the value of surface tension at
infinite molar volume, should be introduced because the surface tension decreases almost
linearly with the increase of temperature. Then a correction function of molar volume can
be constructed:

γ = γ∞ − k1

Vm2/3 (49)

where k1 is a function of the temperature and fractal dimension:

k1 =
(ln Vm − C2)

Vm
2/Df −2/3

N
2/Df
A Df

B3

(
1 − 2/Df

)[
Df + (2/Df − 1)(MC − 1)

] kbT (50)

The surface tension increases as molar volume increases and tends toward the constant
γ∞ at infinite molar volume, and it decreases monotonously with increasing temperature
and tends to zero at the critical temperature. Unfortunately, it should be noted that some
important factors, i.e., the effect of end groups, cannot be considered. It also can be written
as the molecular weight-surface tension relationship with Vm = M/ρ,

γ = γ∞ − k2

M2/3 (51)

k2 =
(ln(M/ρ)− C2)

M2/Df −2/3

(ρNA)
2/Df Df

B3

(
1 − 2/Df

)[
Df + (2/Df − 1)(MC − 1)

] kbT (52)

where M is the molecular weight and ρ is the density. Some research shows that the
correlation with molecular weight is better than that with molar volume for alkanes and
perfluoro alkanes, but the discrepancy can be ignored for the siloxanes [23]. The effect
of fractal dimension on the slope k2 is illustrated in Figure 4 for n-alkanes at 0 ◦C, where
ap0 = 0.2 nm is equal to the radius of methane and n is the number of carbons. Compared
to bulks, the surface tension of molecules with long-chain structure generally increases due
to the large contact areas and intermolecular forces, which leads to a small slope k2. In the
range of 2.7 to 2.8, the result is mostly close to the value k2 = 360 of least-squares fitting
based on experimental data [24].

Figure 4. The effect of fractal dimension on the slope k2 for n-alkanes.
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5. Conclusions

On the basis of the theory of maximum entropy and binary perfectly inelastic collision,
the thermodynamic constraints of Brownian coagulation for spherical particles are extended
to agglomerates, and a relationship of inequality between particle moments and some
physical parameters is established using the TEMOM. Meanwhile, the evolutions of kinetic
energy and surface area with time are presented, as well as their asymptotic behaviors.
While some of our present simplifying assumptions will have to be relaxed, even our
present results are of potential interest for a number of applications, for example, the
estimation of surface tension of liquid polymers and the enhancement of dust collection
efficiency.
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Appendix A. The Asymptotic Solutions of TEMOM Model for Brownian Agglomeration

The self-preserving size distribution theory implies that the dimensionless moment
MC approaches a constant as time advances, thus we have:

dMC
dt

=
M2

M2
1

dM0

dt
+

M0

M2
1

dM2

dt
= 0 (A1)

Substituting the first and the third equations of Equation (7) into Equation (A1) leads
to a third-order algebraic equation of MC in the free molecular regime:

c1MC
3 + c2MC

2 + c3MC + c4 = 0 (A2)

In which c1, c2, c3 and c4 are functions of Df:

c1 = a1 = D4
f − 24D3

f + 70D2
f − 48Df + 16

c2 = a2 + 2b1 = 60D4
f − 112D3

f + 72D2
f + 64Df − 64

c3 = a3 + 2b2 = 77D4
f − 24D3

f − 546D2
f + 16Df + 80

c4 = 2b3 = −266D4
f + 160D3

f + 404D2
f − 32Df − 32

(A3)

and for a given value of Df, the solution of MC, which is also an invariant constant, can be
solved as [11]:

MC1|FM = 1
6c1

(
(d1 + d2)

1/3 − 4d3

(d1+d2)
1/3 − 2c2

)

MC2|FM = 1
12c1

(
−(d1 + d2)

1/3 + 4d3

(d1+d2)
1/3 − 4c2

)

MC3|FM =
−c3+

√
c2

3−4c2c4
2c2

(A4)

where d1, d2 and d3 are:
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d1 = 12c1

√
3(27c2

1c2
4 − 18c1c2c3c4 + 4c1c3

3 + 4c3
2c4 − c2

2c2
3)

d2 = −108c2
1c4 + 36c1c2c3 − 8c3

2

d3 = 3c1c3 − c2
2

(A5)

Then the asymptotic solution of M0 can be obtained:

M0|FM → (g1t)
− 2D f

3D f −4 (A6)

where g1 is a function of Df:

g1 =

√
2B1(3Df − 4)

128D5
f

M1

4−D f
2D f (a1M2

C + a2MC + a3) (A7)

And its relative agglomerate growth rate is:

dM0

M0dt

∣∣∣∣
FM

→ − 2Df

3Df − 4
1
t

(A8)

Analogously, the asymptotic solution of MC in the continuum regime is:

MC|CR = 2 (A9)

And the asymptotic solution of M0 and its relative growth rate are:

M0|CR → (g2t)−1 (A10)

dM0

M0dt

∣∣∣∣
CR

→ −1
t

(A11)

where g2 is a function of Df:

g2 =
B2(1 + 3D2

f + 8D4
f )

4D4
f

(A12)
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Abstract: An important aspect of air pollution analysis consists of the varied presence of particulate
matter in analyzed air samples. In this respect, the present work aims to present a case study
regarding the evolution in time of quantified particulate matter of different sizes. This study is
based on data acquisitioned in an indoor location, already used in a former particulate matter-related
article; thus, it can be considered as a continuation of that study, with the general aim to demonstrate
the necessity to expand the existing network for pollution monitoring. Besides particle matter
quantification, a correlation of the obtained results is also presented against meteorological data
acquisitioned by the National Air Quality Monitoring Network. The transformation of quantified
PM data in mass per volume and a comparison with other results are also addressed.

Keywords: particulate matter; counting; variation

1. Introduction

Particulate matter (PM) is mentioned among the important pollutants that are nec-
essary to be permanently monitored in highly populous cities in the European Union [1].
According to the mean diameter of the measured particulates, PM is classified in various
categories, PM10 being one of the most researched and regulated [2]. Although already
suspected to be dangerous, when present in great quantities in breathable air [3–6], PM
of all kinds were even more so cataloged, in a new study, after using a physicochemical
kinetic model [7] that proved the higher extent of the hazardous potential of these pollu-
tants for human health. These later studies further emphasize the necessity to pinpoint
the sources of particulate matter generators and to determine the variability in time and
space of these pollutants in preparation towards measures to hinder their presence, at least
in highly populated regions. Towards this purpose, an important factor to be considered
is the relation of PM concentration to meteorological conditions, high amounts present
in breathable air usually being in direct correlation with temperature, wind speed and
precipitation [8,9].

The legislation currently in force [2] aims at the outdoor monitoring of PM, although a
vast majority of the population carries out most of its activities indoors [10]. This is perhaps
why, lately, a variety of studies have concentrated on indoor PM measurements [10–15].
Each mentioned study had in common the measurement of PM10, and the general con-
clusion is that the indoor PM concentration is obviously strictly related to the outdoor
PM concentration; a possible measure in the case of registering high PM values could be
represented by air purification filters, especially on premises where a large and young
part of the population is situated, namely in schools [11]. As a provisionary measure, the
amount of indoor particulate matter may be reduced, with moderate expense [16] and high
efficiency [17], through utilization of air purifiers [16], although, as specified in [18], the
effectiveness of this process is highly dependent on the resuspension factors that can vary
from the surface and purpose of the indoor space, the number of people using that space,
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heating, cooling or ventilation means, etc. All these factors can be utilized in concordance
with data related to meteorological conditions, and the possible utilization of purifiers
might thus become more efficient.

The acquisition of different data related to air pollution and meteorological data is
constantly underway in large cities in most countries, and in addition to these existing
systems, some pilot projects [19–22], among which are independent ones such as [23,24], are
already using relatively cheap sensors that can be integrated in a network able to provide
real-time data on pollutant concentration and/or meteorological data. The valuable results
of all this research lacks only the will of decision makers in order to create an efficient
system that could autonomously activate, when necessary, any air purifiers in sensible
indoor locations.

The present work was intended as a case study towards creating a clearer view on
particulate matter circulation in a city that seems to lack an efficient air pollution monitoring
system. This could represent an aid to solving the problems that air pollution can create for
people’s health in agglomerated areas, and the present study can be of such aid through
results regarding the variation of PM concentration in an indoor space during a specific
time of the year. These data, correlated with meteorological conditions and compared
with official results from the National Air Quality Monitoring Network, for the same
area, exposed the limitations of the existing capabilities and the necessity to enhance their
number and efficiency. Additionally, as a novelty of the present work, the architecture
of the measuring campaign emphasized the difference in PM concentration relative to
different positions of the same indoor location.

2. Materials and Methods

The location used in the present study is the same as that used in a previous study [25],
and the timing was almost similar: namely, January, February and March months were
used for the present study measurement campaign. These months are of greater interest,
compared to the rest of the year, since the transition from the colder to warmer season
offers the possibility to determine particle matter presence unhindered by the vegetation
in its path. Additionally, similarities were encountered from the meteorological point of
view between the two sampling campaigns, in both cases, little to no precipitation being
registered.

An airborne particle counter apparatus, model Fluke 985 (Figure 1), was used to
quantify the particulate matter by different types of dimensions. Some specifications are as
follows: (i) 6 channels for measuring 0.3 μm, 0.5 μm, 1.0 μm, 2.0 μm, 5.0 μm and 10 μm
sized airborne particles; (ii) flow rate: 2.83 L/min; (iii) light source: 775 nm to 795 nm,
90 mW class 3B laser. As a novelty for the indoor PM concentration measurement, the
measuring apparatus used in this study was placed in three different spots of the same
location, namely: S1—in the furthest point relative to the living room tilt-opened window;
S2—near the living room tilt-opened window and S3—near the balcony’s tilt-opened
window. At all times, both the balcony and the living room windows were tilt-opened, and
the height of the sampler’s position was kept constant at 1200 mm. For each sampling spot,
the same sampling program was used consisting of 168 sessions of airflow intake lasting
15 min each followed by a 45 min break and resulting in a 7-day period for each sampling
spot. The architecture used for the measuring campaign was intended to emphasize the
differences of PM concentration in three spots of the same location, starting from the
furthest to the closest distance relative to the window that was seen as the major source of
particulate matter.
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Figure 1. Fluke 985—the apparatus used to count the particle matter of different sizes [26].

The data related to meteorological conditions during sampling were collected from the
official website of the Romanian National Air Quality Monitoring Network [27], the values
being correlated with the exact timing of particle matter sampling, making the analysis of
all data easier to compare.

Conversion of data related to counts of particle matter in mass per volume (as utilized
in legislation regarding PM measurements) was done using a method that takes into
account a mean of different densities that usually characterize these types of particles [28].
This method, although it presents a great deal of error margin, is nonetheless useful in the
present study to demonstrate the indoor variation of particulate matter against time, the
particulate matter dimension used for this purpose being 10 μm. This size allows for a
better highlighting of PM evolution during an entire week, since the greater particulate
mass also implies a more rapid deposition. Moreover, using the values for PM10, another
novelty of the present study is the comparison of PM evolution data from the national
monitoring network against data of the present study, during the same period of time and
from the same area.

3. Results and Discussion

The measuring of the data obtained using the apparatus and procedure described in
the previous section was organized so that a specific time was the same for each measuring
spot. Thus, the starting time was 2 p.m., and a graphic was drawn for each particulate
matter dimension, resulting in six graphical representations with three curve series (for
each measuring spot: S1, S2 and S3) each, presented in Figure 2.

As expected, the amount of smaller particulate matter was the highest registered
during measurements. Although no reference was found in the literature, another confir-
mation was obtained related to the expectation that in the furthest measuring spot relative
to the windows, the number of airborne particulates was mostly lower than the other
measuring spots. These higher PM values near the windows are not necessarily expected
to be present in other indoor sites such as schools with numerous individuals, as referred
to in other studies [11,12]. Additionally, some unusually high values were registered, most
of them for the S3 measuring spot, the majority being confirmed for all particulate matter
dimensions. Another characteristic of smaller particulates (being airborne for longer) is
easily distinguishable from graphics depicting 0.3 and 0.5 μm PM count evolution, high
values being registered throughout the measuring period for all three measuring spots.
Different, clearer patterns begin to unveil for the data related to 1 μm PM count evolution,
higher numbers of particulates being registered starting from 8 a.m. until, usually, 12 a.m.,
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when these values fall towards zero. The same pattern is seen even clearer for heavier
particulates, the data for 10 μm dimensions being the most representative in this respect,
these reaching nil values for all measuring spots during the still time, a trend also similar
and confirmed in other studies [11,17,29].

  

  

Figure 2. Results regarding the number of particulate matter measured in three different spots (S1—in the furthest point
relative to the living room tilt-opened window; S2—near the living room tilt-opened window and S3—near the balcony’s
tilt-opened window) and for six different dimensions (0.3; 0.5; 1; 2; 5 and 10 μm).

Regarding the meteorological data, these are presented in Figure 3, which contains
three graphics corresponding to the measuring spot that was utilized continuously, each
one for a week. The measuring campaign started from the measuring spot farthest away
from the windows; thus, the first graphic (from 30 January 2021 to 6 February 2021)
corresponds to S1, the second graphic (from 8 February 2021 to 15 February 2021) to S2 and
the last graphic (from 9 March 2021 to 16 March 2021) to S3. During the entire measuring
period, the temperature varied from −7 ◦C to 17 ◦C, a normal variation for this time of the
year. Higher temperatures were registered during the day period, as expected, and one
of the direct consequences was the increase in registered wind speeds due to promoting
the convection of air [30]. These two meteorological factors each present a similar curve to
those of the PM number variation in Figure 2, highlighting the direct contribution of high
temperature and wind speeds to a higher amount of particulate matter in the air of the
present study’s measuring spots (a pattern similar to some studies [31,32] and contrary to
others [33,34]), confirming, as mentioned in [8], the spatial heterogeneity of concentration
and meteorological factors. Opposite to this correlation, a higher value for precipitation was
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expected, as reported in [31], to decrease the number of airborne particulates. However, the
lack of long timespans with precipitation deprived the present study of such confirmation.
Two small precipitation periods were registered during measurements, and as mentioned,
a clear result in PM number variation was not noticed, mostly since the measurements
took place indoors, and a longer precipitation period would be needed to visibly affect the
registered amount of airborne particulate matter.

  

 

Figure 3. Meteorological data from the Romanian National Air Quality Monitoring Network during the particulate matter
sampling period.

Overall, the correlation of meteorological conditions with PM concentration is an
important aspect to be considered concerning air quality prediction, although, as mentioned
in [8], other factors should be taken into account, such as the sources and components
of PM, the local climate and the terrain [8,35,36], which cause the influencing degree of
different processes to vary by region. All these factors should be thoroughly monitored for
each city or region that might implement any type of decision making based on scientific
results.

In order to place the data of the present work in context with the national legislation
limits, one batch of data was transformed using a relatively trustworthy method [28]
into data expressed in mass per volume. This data translation was realized in order to
ease a comparison with results from the National Air Quality Monitoring Network (data
selected from the closest measuring station, named GL-2), and the data batch was for PM10
(particulate matter with diameter lower than 10 μm), since this is one of the air quality
indices regulated by the national air quality law [37] and was also that presenting a clearer
variation in number during the measuring period for the present study.

Figure 4 presents the data for PM10 expressed in μg/m3 against the maximum limit
that, according to the national law, should not be exceeded 35 times throughout an entire
year [37]. Considering that the transformation procedure from the PM10 number into the
PM10 expressed in mass per volume is close to reality, the obtained data present a large
number of maximum limit (50 μg/m3) overruns, at least 17 times, during the week taken
into account. Although the transformation of data is not exact, since it is impossible to
precisely appreciate the density of counted airborne particulates, the results presented in
Figure 4 are believed to be not far from reality, especially since, in a previous work, higher
than normal values of airborne particulates were registered in the same location [25], as was
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the case in another paper dealing with PM10 measurements in the same city of Galat, i [38].
Aside from the city on which the present work focuses, other studies also reported higher
than the maximum admissible values in indoor places, such as 280.6 μg/m3 in Warsaw,
Poland [11]; 578 μg/m3 in Beijing, China [39] and 322 μg/m3 in Castellón, Spain [12].

 
Figure 4. Hourly mean values of PM10, expressed in μg/m3, registered in the three measurement
spots (S1, S2 and S3), compared with the maximum admissible value according to the national
legislation.

Using the same results of PM10 transformed into μg/m3, and in order to level out any
extreme values, daily averages were calculated for each measuring spot and presented
against the maximum regulated limit. All these and the averages of results gathered by the
GL-2 measurement station of the National Air Quality Monitoring Network are presented
in Figure 5. The results from the GL-2 station are represented as curves, each of them being
calculated using the available data and corelated to the same time period as the measuring
period of this study; thus, the abbreviation in the figure represents the Romanian National
Air Quality Monitoring Network (RN) during the weeks when measurements took place
in the three mentioned spots (S1, S2 and S3) for the present study.

 
Figure 5. Daily mean values of PM10, expressed in μg/m3, registered in the three measurement
spots (S1, S2 and S3), compared with the maximum admissible value according to the national
legislation and the weekly mean values registered by the closest measuring station of the national
measuring system (RN-GL2-S1, RN-GL2-S2 and RN-GL2-S3) during the same time as this study
measurement period.

The trends in Figure 5 are somewhat similar when comparing the results from the two
different sources of data, yet higher values are still registered for data from the present
study compared to data from the national measuring network. Similar situations are
reported in [11,12], where some indoor measurements present higher PM values compared
to outdoor PM concentrations, although these studies are focused on schools as indoor
measuring sites, where the number of individuals might represent the main reason for
these results. Additionally, in [40], some cases are presented where higher indoor values
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were registered in households with smoking individuals. On the contrary, in [10,41], the
values for outdoor PM concentration measurements were always higher than the indoor
ones; for that study, only households were used as indoor measuring sites. For the present
work, this difference might mainly be the result of the positioning of the measuring sites.
As already suggested in a previous work [25], some air quality monitoring locations are
not representative for all situations that might occur in a vast and industrialized city such
as Galat, i. Thus, a more realistic view on the variation in time of particulate matter could be
obtained in the future by diversifying and increasing the number of measuring stations
used by the National Air Quality Monitoring Network. A possibility in this respect might
be represented by small, cheap and resilient measuring units that already exist on the open
market throughout the world [23,42,43] and their potential integration into the existing
hardware and software infrastructure.

4. Conclusions

The present study demonstrates the direct dependance of particulate matter amount
on meteorological conditions, a clear correlation being emphasized for temperature and
wind speed, of which high values also correspond to high number of airborne particulates
for the indoor location used in this work. These data were also presented against the
maximum allowable by legislation and the ones registered by the National Measurement
Network. Aside from similar trends between the two PM related datasets, high values
and numerous overruns of the maximum admissible were also registered for the indoor
measurements from this study, while the values from the National Measurement Network
were always well below this maximum. The validation of the methodology used in the
present work is realized by a comparison with other studies in the literature, confirming
the correlation between indoor PM concentration and meteorological conditions.

All this being said, it is clear that a more thorough monitoring of these pollutants
in large cities might be useful for decision makers and for the general population, which
might be affected. In this respect, broader research could be undertaken, focusing on
an entire year in the same indoor location and also using a more precise and complete
instrumentation. This method of data acquisition might offer some clarifications regarding
the degree of inertia of meteorological conditions towards indoor PM quantity variation.
Additionally, the intermittent utilization of an air purifier in the same indoor location could
offer some valuable data about the utility of such an apparatus in terms of obtaining a
cleaner breathable air.
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Abstract: Natural adsorbents as low-cost materials have been proved efficient for water remediation
and have significant capacity for the removal of certain chemicals from wastewater. The present
investigation aimed to use Citrullus colocynthis seeds (CCSs) and peels (CCPs) as an efficient natural
adsorbent for methylene blue (MB) dye in an aqueous solution. The examined biosorbents were char-
acterized using surface area analyzer (BET), scanning electron microscope (SEM), thermogravimetric
analyzer (TGA) and Fourier transform infra-red (FT-IR) spectroscopy. Batch adsorption experiments
were conducted to optimize the main factors influencing the biosorption process. The equilibrium
data for the adsorption of MB by CCSs were best described by the Langmuir isotherm followed by
the Freundlich adsorption isotherms, while the equilibrium data for MB adsorption by CCPs were
well fitted by the Langmuir isotherm followed by the Temkin isotherm. Under optimum conditions,
the maximum biosorption capacity and removal efficiency were 18.832 mg g−1 and 98.00% for
MB-CCSs and 4.480 mg g−1 and 91.43% for MB-CCPs. Kinetic studies revealed that MB adsorption
onto CCSs obeys pseudo-first order kinetic model (K1 = 0.0274 min−1), while MB adsorption onto
CCPs follows the pseudo-second order kinetic model (K2 = 0.0177 g mg−1 min−1). Thermodynamic
studies revealed that the MB biosorption by CCSs was endothermic and a spontaneous process in
nature associated with a rise in randomness, but the MB adsorption by CCPs was exothermic and a
spontaneous process only at room temperature with a decline in disorder. Based on the obtained
results, CCSs and CCPSs can be utilized as efficient, natural biosorbents, and CCSs is promising since
it showed the highest removal percentage and adsorption capacity of MB dye.

Keywords: biosorption; Citrullus colocynthis; methylene blue; isotherms; kinetic modeling; thermody-
namic study

1. Introduction

Dyes are considered one of the most concerning industrial contaminants that are
discharged into the environment in large amounts. They significantly spoil pleasant water
characteristics and damage the aquatic environment [1]. Therefore, there are increasing
research efforts, as it is vitally important to develop suitable and efficient techniques for
the treatment of dye pollutants and their effective removal from wastewater to guarantee
the safe discharge of treated liquid wastes into watercourses and water bodies [2]. Many
conventional chemical, physical, and biological methods have been developed for the
decontamination of water, but unfortunately, most of these methods are not applicable for
large scale industries because of the limitations posed by the majority of them, such as high
cost, low efficiency at low dye concentrations, and sludge production [3,4]. Adsorption
is considered an efficient and prevalent process used for wastewater remediation, as it
is capable of eliminating hazardous pollutants and color [5]. It has been reported as an
attractive method, due to its multiple benefits, such as the operation facileness, the design
simplicity and the high-quality treated water production [6,7]. Activated carbon is the most
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commonly used effective adsorbent for several kinds of dyes, owing to its high surface
area, but it is restricted by its high cost and regeneration problems [8]. Various low-cost
adsorbents, including agricultural and industrial by-products, have been developed as an
alternative to commercial adsorbents and examined for their ability to remove dyestuffs [6].
The advantage of using these materials is largely by virtue of their omnipresent availability
and low cost, and their regeneration is unnecessary [9]. Numerous studies reported the
successful adsorption of dyes, using different parts of plants as adsorbent materials, such as
Calotropis Procera [10], Artocarpus heterophyllus leaf [11], banana peels [12], almond gum [13],
Oleander plant tissues [14], apple peels [15], Vigna Trilobata pod [16], Cucumis sativus
peel [17], Antigonon leptopus leaf [18], Lathyrus sativus husk [19], etc.

Citrullus colocynthis is a species of the genus Citrullus of the Cucurbitaceae family known
as handal in Arabic. It is native to tropical Africa and Asia and largely distributed in the arid
regions of the Mediterranean basin [20]. The fruit is rich in biologically active constituents
and used in the treatment of different ailments [21]. Recent studies have focused on the
efficiency of Citrullus colocynthis waste ash and seed ash as phenol biosorbents [22,23].

In this work, MB was adopted as a model dye, which is widely used by a huge
number of industries, such as the textile, pharmaceutical and food industries; exposure
to it can cause different adverse health effects [24]. Several studies have highlighted the
use of ecofriendly low-cost adsorbents based on natural materials for the removal of this
contaminant from water systems.

To the best of our knowledge, CCSs and CCPs untreated forms have not been used for
such a purpose. Hence, this work is dedicated to investigating the effectiveness of CCSs
and CCPs as adsorbent materials for removing MB dye from aqueous solutions. The impact
of the contact time, MB initial concentration, adsorbent particle size, adsorbent dosage,
pH and temperature factors on the biosorption process were examined. Additionally, the
biosorption kinetics, isotherms and thermodynamic properties were analyzed.

2. Materials and Methods

2.1. Materials and Solutions

MB dye (molecular formula: C16H18ClN3S) was purchased from Sharlau (Spain) and
was used without further purification. A total of 1000 mg/L MB dye stock solution was
prepared in the laboratory. The required standard solutions were obtained by diluting the
stock solution, using distilled water, and were used to prepare the calibration curve.

Citrullus colocynthis plant fruits were collected from the Al-Aqiq region in Al-Baha
province located in the southwestern part of Saudi Arabia in November 2019. The collected
fruits were rinsed thoroughly with tap water and air dried in the shade for two weeks. Then,
CCSs and CCPs were separated, dried in the oven at 50 ◦C for about 24 h, crushed in a
mixer grinder, screened through a set of sieves to obtain three fractions viz. <600 μm,
600–1180 μm and >1180 μm, and were stored in plastic containers for further use as
adsorbent materials.

2.2. Characterization of Biosorbents

The point of zero charge (pHPZC) of the biosorbents was measured as described by
Miyah et al. [25]. The surface area, pore volume and pore radius were measured by the
Surface Area and Pore Size Analyzer (model Nova touch-Quantachrome instruments,
Anton Paar QuantaTech, New York, NY, USA). The TGA measurements were performed
on thermogravimetric Analyzer (Model Pyris 1, Perkin Elmer, Waltham, MA, USA). The
morphological features of the biosorbents and MB-loaded biosorbents were determined by
SEM (model: Nova-Nano SEM-600, FEI, Hillsboro, OR, USA) at 15.0 kV and 500× mag-
nification. Infrared spectra of the biosorbents and MB-loaded biosorbents were recorded
over 4000–400 cm−1, using Thermo Scientific Nicolet iS50 FT-IR spectrophotometer in the
attenuated total reflectance (ATR) mode.
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2.3. Batch Biosorption Experiments

The batch biosorption experiments were performed in a shaking incubator (JSSI-100C,
JSR, Tokyo, Japan) at 140 rpm. The experiments were performed at different parameters,
including contact time (0–240 min), initial MB dye concentration (2–7 mg/L), particle size
of biosorbents (<600 μm, 600–1180 μm and >1180 μm), adsorbent dosage (0.5 g/L–10 g/L),
pH (2–12), and temperature (20–60 ◦C). The solution pH was adjusted by adding 0.1M
NaOH or 0.1M HCl before adding the adsorbent. Finally, the adsorbent was separated
from the solution, using a HPLC syringe filter. The residual dye concentration was deter-
mined by monitoring the optical density for the dye solution at 665 nm, using a UV-Vis
spectrophotometer (PD 303S, APEL, Japan).

The removal percentage R (%) was determined using Equation (1):

R% =
Ci − Ct

Ci
× 100 (1)

where Ci and Ct are the MB dye concentration (mg/L) before and after the adsorption, re-
spectively.

The equilibrium biosorption loading qe (mg g−1) of MB adsorbed by CCSs and CCPs
was assessed using Equation (2):

qe =

(
Ci − Ce

m

)
× V (2)

where Ce is MB dye concentrations (mg/L) at equilibrium, V is the volume of aqueous
solution (L) and m is the mass of the biosorbent (g).

2.4. Adsorption Isotherms

Different isotherm equations are available to analyze the equilibrium data. Langmuir,
Freundlich and Temkin equations, which are the most common ones, were adopted in the
present investigation. Regression methods are generally used to assess the coefficients of
the isotherm equations.

The used Langmuir equation was used in linearized form as shown in Equation (3) [14]:

1
qe

=
1

qmKLCe
+

1
qm

(3)

In addition, the linear form of Freundlich equation is described by Equation (4) [26]:

lnqe = lnKf +
1
n

lnCe (4)

The used Temkin isotherm linear expression is given in Equation (5) [19]:

qe =
RT
bt

lnKt +
RT
bt

lnCe (5)

where qe is adsorbent-phase concentration of adsorbate (mg g−1) and Ce is the aqueous-
phase concentration of adsorbate (mg/L) at equilibrium. qm is the maximum adsorption
capacity (mg g−1) and KL is the Langmuir constant (L/mg) related to the free adsorp-
tion energy. Kf (mg g−1) (L g−1)1/n is the Freundlich constant related to the adsorption
capacity and 1/n is an indicator of the adsorption strength. R is the ideal gas constant
(8.314 J mol−1 K−1), T is the absolute temperature (K), and bt (J mol−1) and Kt (L mg−1) are
the Temkin constants linked with the equilibrium binding constant and adsorption heat.
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The Langmuir model is helpful in calculating the separation factor abbreviated as RL,
which is a dimensionless factor, by using Equation (6):

Rl =
1

1 + KLCi
(6)

According to RL values, the biosorption process can be either favorable (0 < RL < 1),
linear (RL = 1), irreversible (RL = 0) or unfavorable (RL > 1) [27].

2.5. Biosorption Kinetics

The pseudo-first order kinetic model, developed by Lagergren in 1898, suggests the
existence of physisorption, which is represented by Equation (7) [19]:

ln
(
qe − qt

)
= lnqe − k1t (7)

where qe is the adsorption capacity (mg g−1) at equilibrium time and qt is the adsorption
capacity at any time t (min), k1 (min−1) is the rate constant for the pseudo-first-order
adsorption process.

The pseudo-second order kinetic model presumes that chemisorption is the rate-
limiting step [28]. It is described by Equation (8):

t
qt

=
1

k2q2
e
+

1
qe

t (8)

where qe is the adsorption capacity (mg g−1) at equilibrium and qt is the adsorption capacity
at any time t (min), k2 (g mg−1 min−1) is the rate constant for the pseudo-second-order
adsorption process.

2.6. Thermodynamic Studies

Thermodynamic parameters’ determination is required to study the spontaneity and
feasibility of the adsorption process. These thermodynamic properties were assessed at a
given temperature, using Equations (9) and (10) [27]:

ΔG◦ = −RTlnKd (9)

lnKd =
−ΔH◦

RT
+

ΔS◦

R
(10)

where kd = qe/Ce is the apparent equilibrium adsorption constant at temperature T (K),
ΔGº is Gibb’s free energy, ΔHº is the enthalpy and ΔSº is the entropy.

3. Results and Discussions

3.1. Characterization of Biosorbents
3.1.1. Surface Area

The surface area, pore volume and pore radius values of CCSs and CCPs were 24.6794
and 11.9878 m2/g, 0.023 and 0.013 cc/g, and 14.90 and 15.60 Å, respectively. It is worth
noting that the surface area was approximately two-fold higher in the case of CCSs than
in CCPs, suggesting that CCSs had better adsorbent capacity than CCPs. These observed
values were higher compared with other reported biosorbents, such as orange and banana
peels [29], jackfruit leaf [11], pinus durangensis sawdust [30], tea waste [31] and Lathyrus
sativus husk [19], but were smaller than other adsorbents, such as activated carbon [32].
As the pore volumes were found to be less than 20 Å, CCSs and CCPs are considered
predominately microporous materials, according to IUPAC classification [33].

3.1.2. TGA Analysis

The thermal stability of CCSs and CCPs was determined by TGA. The plot of the per-
cent weight loss versus temperature over time is portrayed in Figure 1. Thermogravimetric
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(TG) experiments were performed at a temperature range starting from 25 ◦C to 800 ◦C
with 10 ◦C/min as heating rate. The TG pyrolysis plots exhibit the typical reverse s-shaped
curves distinctive of the thermal degradation of lignocellulosic biomass under an inert
atmosphere [34]. Moreover, the TG curves indicate that the thermal degradation of CCSs
and CCPs occurred in two stages. During the first stage, the % weight loss was 2.80% and
3.12%, which occurred at 88.28 ◦C and 91.91 ◦C for CCSs and CCPs, respectively, which
may be ascribed to the release of moisture. In the second stage, for both biosorbents, a con-
tinuous mass loss was observed with the rising of temperature, up to 610 ◦C and 670 ◦C
for CCSs and CCPs, respectively. The highest mass % loss during the second stage was
estimated to be 76.74% and 73.05%, which occurred at 351.28 ◦C and 303.18 ◦C for CCSs and
CCPs, respectively. These findings may be associated with the removal of light molecules,
including cellulose, hemicellulose and lignin, representing the essential constituents of the
biomass among which hemicellulose is the most thermally unstable component [25]. It
was revealed that the degradation temperatures of these components were in the range
of 200–350 ◦C for hemicellulose, 250–400 ◦C for cellulose and 150–1000 ◦C for lignin [35].
At the end of this stage, it was observed that CCSs and CCPs were completely pyrolyzed,
followed by a gradual drop in weight loss. The mass of biosorbents remained constant at
15.67% for CCSs and 17.14% for CCPs with the increasing of temperature, which is linked
to the ash content of the biosorbents.

 

Figure 1. TG pyrolysis curves of CCSs and CCPs.

3.1.3. FT-IR Spectra

FT-IR spectroscopy is a useful technique for obtaining information on the nature of
interactions between the adsorbent and adsorbate and for identifying the functional groups
involved in these interactions [26]. The FT-IR spectra of CCSs and CCPs pre- and post
adsorption are illustrated in Figure 2. The main FT-IR peaks were identified, assigned to
their appropriate functional groups and the percent difference in band intensities (% ΔI)
pre- and post-absorption was calculated. The findings are presented in Table 1. The FT-IR
spectra for CCSs and CCPs showed the main peaks fundamentally linked to lignocellulosic
biomass components [34], which were attributable to -OH groups (broadband), the -CH
aliphatic group (sharp), the carbonyl group of ester and carboxylate, C=C of aromatic ring
and C-O of carboxylate groups. It was observed that the positions of the bands before and
after adsorption remained unchanged, while some major decrease in the band intensity
of some specific peaks’ characteristic of -OH groups, C=C, C=O and C-O bonds appeared
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in the IR spectra of MB-loaded CCSs and CCPs. These observations suggest that there is
involvement of the above-named functional groups in the MB biosorption process. Similar
findings were obtained by Shakoor and Nasar [26] who concluded significant engagement
of the corresponding functional groups, due to the peak intensity reduction instead of the
peak shifts.

Figure 2. FT-IR spectra of (a) CCSs pre- adsorption, (b) CCSs post adsorption, (c) CCPs pre- adsorption and (d) CCPs
post adsorption.

Table 1. FT-IR band position (cm−1) and function groups assignments of CCSs and CCPs before and after adsorption.

CCSs CCSs-MB % ΔI CCPs CCPs-MB % ΔI Suggested Assignments Reference

3292 3292 −13.66 3328 3328 −11.57 stretching vibration of -OH (alcohols and
phenols) [36]

2923 2924 −3.42 2917 2917 −1.05 asymmetric stretching of -CH group
[37]

2854 2854 −3.8 2847 2847 −2.4 symmetric stretching vibrations of -CH
group

1739 1739 −7.68 1735 1731 −6.25 C=O stretching vibration of carboxylate
(-COO−) / (-COOR) [38]

1635 1636 −7.93 stretching vibrations of aromatic -C=O and
-C=C bonds in carboxylic acid anions.

[39]
[40]

1538 1540 −8.9 1596 1596 −13.58 aromatic ring vibrations [41]

1455 1456 −6.23 phenolic -OH and -C=O stretching of
carboxylates [42]

1370 1370 −12.04 stretching vibration of -COO

1237 1236 −2.19 1235 1232 −8.24 C=O stretching vibration [43]

1036 1032 −8.76 1027 1027 −17.06 C-O stretching of carboxylate groups [44]

3.1.4. SEM

The pre- and post-adsorption SEM micrographs of CCSs and CCPs with MB, recorded
at 500 magnifications, are illustrated in Figure 3. The SEM of CCSs exhibited the presence of
irregular polygonal parenchymal cells with different sizes and shapes [45], while the SEM
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of CCPs exhibited a highly uneven, rough and porous surface, displaying clearly visible
pockets with channels between them. The porous aspect and the surface heterogeneity
are considered beneficial for any adsorbent [31]. It was noticed that these surfaces were
completely modified after adsorption, indicating the filling of the pores and irregularities
with the MB dye molecules.

 

Figure 3. SEM micrograph of (A) CCSs pre- adsorption (B) CCSs post adsorption (C) CCPs pre-
adsorption (D) CCPs post adsorption.

3.2. Effect of Contact Time

The effect of contact time on the MB removal by CCSs and CCPs as biosorbents over
the time range of 0–240 min was studied; the changes in the MB removal efficiency are
given in Figure 4. The removal rates of MB rose rapidly with both adsorbents during
the first 20 min for CCSs and the first 45 min for CCPs, which was followed by a very
slow adsorption rate. The equilibrium was reached after 60 min (R% = 95.57) for CCSs
and 180 min for CCPs (R% = 85.55). This trend could be explained by the fact that a
huge number of abundant unoccupied binding sites on the surface of both adsorbents
were accessible at the adsorption process onset. In the middle stage, these sites were
progressively covered, resulting in the adsorbent surface saturation. In the final stage,
when all sites were fully occupied, the removal efficiency values remained constant, as
no further adsorption occurs after the mentioned equilibrium times [26]. Hence, 60 min
and 180 min were selected as the MB-CCS and MB-CCP optimum times, respectively, for
subsequent batch experiments.
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Figure 4. Effect of contact time on MB dye removal efficiency using CCSs and CCPs.

3.3. Effect of Initial MB Dye Concentration

The effect of the initial MB dye concentration on the removal of MB dye by CCSs and
CCPs adsorbents was investigated at various concentrations, ranging from 2 mg/L–7 mg/L.
Figure 5 represents the dye removal efficiency (R%) versus concentration. The obtained
results revealed that the removal efficiency of dye by CCSs increased from 78.36% to 98.09%
as the MB dye concentration varied from 2 mg/L to 6 mg/L but insignificant changes were
observed in the removal efficiency with further increases in the dye concentration. The
rapid uptake of MB at low concentrations could be linked to the availability of a huge
count of free active sites on CCSs particles, compared to the initial count of MB molecules,
enhancing the collisions between MB and CCSs. A higher concentration provides a vital
driving force to surmount the mass transfer resistance of dye molecules between the
aqueous solution and the solid surface [14].

Figure 5. Effect of initial MB dye concentration on the removal efficiency of MB dye using CCSs
and CCPs.

On the other hand, the dye removal efficiency by CCPs insignificantly decreased from
70.88% to 69.49% as the MB dye varied from 2 mg/L to 4 mg/L, followed by a quick
decline to reach 55.82% at 7 mg/L. This could be explained by the availability of a limited
number of active sites on the surface of CCPs, which would have become saturated at
a definite concentration. At higher MB concentrations, the majority of the molecules are still
unadsorbed, producing a decrease in the removal efficiency [11]. To make the biosorption
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process effective, MB dye concentrations of 6 mg/L and 4 mg/L were chosen as optimum
values with CCSs and CCPs, respectively.

3.4. Impact of Adsorbent Particle Size

The impact of three different particle sizes of CCSs and CCPs on MB dye removal was
investigated, and the results obtained are manifested in Table 2. The increase in particle
size of CCSs decreased the MB dye removal efficiency (97.80% for <600 μm, 85.64% for
600 μm–1180 μm and 75.62% for >1180 μm). This may be explained by the fact that the
adsorbent surface area with the smallest particles is the largest and contained the highest
number of active sites and pores, which are more accessible [46]. Similar behavior was
observed in using CCPs. Indeed, as the particle size decreased from >1180 μm to <600 μm,
the MB removal efficiency was increased from 54.17% to 68.20%. However, the particles of
the size 600–1180 μm were selected for further batch experiments, due to problems in the
handling of CCPs smaller particles during the adsorption process.

Table 2. Effect of adsorbent particle size on MB removal efficiency.

Particle Size (μm) R% (CCSs) R% (CCPs)

<600 97.80 68.20

600 μm–1180 μm 85.64 63.50

>1180 75.62 54.17

3.5. Effect of Adsorbent Dosage

The effect of CCSs and CCPs dosage on MB dye removal was examined under various
doses, ranging from 0.5 to 10 g/L. The obtained results are portrayed in Figure 6. It
is obvious that a rise in the dosage of both biosorbents resulted in an increase in the
MB removal efficiency. This may be associated with the attainability of unfilled active
binding sites over a greater adsorbent surface area [18,47]. The removal efficiency increased
promptly from 88.34% to 97.38% as the CCSs dosage increased from 0.5 to 3 g/L, followed
by insignificant changes in R% with further enhancement in CCSs dosage. The removal of
MB dye using CCPs adsorbent increased with a slow pattern from 15.35% to 81.14% by
varying the CCPs dose from 0.5 to 9 g/L. Thereafter, R% remained unchanged, despite the
further increase in the CCPs dosage. Based on these observations, 3 g/L and 9 g/L were
concluded as the optimum CCSs and CCPs dosages, respectively.

Figure 6. Effect of adsorbent dosage on MB removal efficiency using CCSs and CCPs.

45



Processes 2021, 9, 1279

3.6. Effect of PH

Batch experiments were executed by changing the pH of solutions from 2 to 10, while
other parameters were maintained constant. Figure 7 showed the dye removal efficiency
variation versus the initial solution pH. The percent removal of MB on CCSs and CCPs
increased significantly by increasing pH from 2 to 8 and thereafter, no considerable change
in MB efficiency removal was observed for further increases in the solution pH. The lowest
values of MB adsorptive elimination were observed at pH < 8 because of the repulsion
between the positively charged surface of both biosorbents and the cationic dye [47].
Moreover, the lower sorption of MB dye in acidic media may be associated with the
competition from excess H+ ions with the cationic dye for the binding sites [4,14]. MB dye
removal efficiency under slightly alkaline conditions was found to be favorable. Indeed, at
pH 8, the optimum values were 98.02% and 86.63% on CCSs and CCPs, respectively. This
could be explained by the reduction in H+ ions on the free sites and the predominance of
negative charges on the surface of the biosorbents, enhancing the electrostatic attraction
between the negatively charged adsorbent particles and the cationic dye [47,48]. Therefore,
all further experiments were carried out at initial pH = 8 for MB-CCSs and MB-CCPs
adsorption experiments.

Figure 7. Effect of pH on MB removal efficiency using CCSs and CCPs (Inset–pHPZC).

The impact of pH on the biosorption process could be interpreted based on pHPZC.
The values of pHPZC were determined as 7 and 6.4 for CCSs and CCPs, respectively
(Figure 7–inset). The surface of biosorbents is positively charged at pH < pHPZC, owing to
the protonation in the presence of extra hydrogen ions, negatively charged at pH > pHPZC
as a result of the deprotonation by the excess of OH− ions neutral at pH = PHPZC and [26].
Hence, the MB cationic dye should be adsorbed on a negatively charged biosorbent surface;
in other terms, the pH of the medium should exceed pHPZC, which approves our selection
of pH = 8 as the optimum value.

3.7. Impact of Temperature

The impact of temperature on the MB dye uptake percentage by CCSs and CCPs was
investigated between 293 and 333 K. As shown in Figure 8, the MB percent uptake by CCSs
was increased from 93.58 to 98.00% upon increasing the temperature, which is indicative
of the nature of the endothermic process. This could be linked to the rise in the kinetic
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energy of MB dye ions, resulting in increasing the chemical interaction with the adsorbent
surface as well as an enhancement in the diffusion rate of the adsorbate molecules on the
adsorbent particles [13,14].

An adverse trend was detected for the uptake of MB by CCPs, which was decreased
from 91.43% to 82.52%, suggesting the exothermic nature of the adsorption process. This
could be attributable to the proneness of MB molecules to run away from the biosorbent sur-
face to the aqueous solution upon increasing the temperature, or could be assignable to the
bonds’ weakness between the biosorbent binding sites and the adsorbate molecules [11,41].

Figure 8. Impact of temperature on MB removal efficiency using CCSs and CCPs.

3.8. Isotherm Studies

Adsorption isotherms generally describe the nature of interactions between adsorbates
and adsorbents by establishing the relationship linking the quantity of the dye adsorbed
and the dye concentration remaining in the solution at equilibrium (qe and Ce respectively)
at a constant temperature and pH to evaluate the adsorbents’ capacities [33].

In this investigation, three isotherm models were adopted to analyze the equilibrium
data of MB dye loaded onto CCSs and CCPs (Langmuir, Freundlich and Temkin). The
isotherm parameters of each model were calculated from the intercept and the slope of
the appropriate linear curves portrayed in Figure 9a–c; the values are listed in Table 3.
The correlation coefficients are also given in Table 3 to confirm the applicability of the
adsorption isotherm models.

 

Figure 9. Adsorption Isotherm models: (a) Langmuir, (b) Freundlich, (c) Temkin.
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By analyzing these results, it was noted that the Langmuir model presented the best
fitness for MB-CCSs system pursued by the Freundlich model (R2 = 0.9753 and R2 = 0.9503
respectively). Unfortunately, the Temkin model is not well suited to the equilibrium
data because of the moderate value (R2 = 0.8642). The fitness of both Langmuir and
Freundlich isotherms implied that CCSs and CCPs may display monolayer coverage and
an irregular surface [38]. The Langmuir model presented the best fitness for the MB-
CCPs system followed by the Temkin model (R2 = 0.9982 and 0.9776, respectively). The
Freundlich model could not fit well to the adsorption of MB onto CCPs based on the
R2 value (0.9456). The high value of the Langmuir model correlation coefficient postulates
that the adsorption process was monolayer, reversible at the homogenous adsorbent surface
with no lateral interaction between the adsorbate molecules [33]. Furthermore, the Temkin
model correlation coefficient was greater than 0.95, suggesting that electrostatic interactions
describing a chemical process are involved in the adsorption mechanism between MB and
CCPs [31].

Table 3. Different parameters of isotherm models for MB adsorption onto CCSs and CCPs.

Sample MB-CCSs MB-CCPs

Langmuir

qm (mg g−1) 18.832 4.367

KL (L/mg) 0.0698 1.8438

R2 0.9753 0.9982

Freundlich

Kf (mg g−1) (L g−1)1/n 1.2054 2.6485

n 1.0625 2.8910

R2 0.9503 0.9456

Temkin

Kt (L/mg) 20.884

bt (kJ mol−1) 2.682

R2 0.8642 0.9776

The Freundlich constants Kf and n that represent the adsorption capacity and the
strength of adsorption were estimated. The values of n were larger than 1 for both CCSs
and CCPs, which indicates that the adsorption processes were favorable and followed the
normal Langmuir isotherm [19,26]. The values of Kt and bt from the Temkin isotherm
model were 20.884 L/mg and 2.682 kJ mol−1 for MB-CCPs, suggesting a strong interaction
between the MB dye and the biosorbent surface, and that the sorption process is of a physio–
chemical nature [38,49]. The obtained values of RL listed in Table 4 varied between 0 and 1,
suggesting the favorable MB biosorption on CCSs and CCPs.

Table 4. Dimensionless separation factor RL.

MB (Ci, mg/L) 2 3 4 5 6 7

MB-CCSs 0.878 0.827 0.782 0.741 0.705 0.672

MB-CCPs 0.213 0.153 0.119 0.098 0.083 0.072

The maximum monolayer biosorption capacities (qm) of Langmuir isotherms were
equal to 18.832 and 4.480 mg g−1 for MB-CCSs and MB-CCPs, respectively. It is clear
that CCSs was 4.2 times more efficient as a MB biosorbent than CCPs. On comparing the
maximum adsorbed quantity of MB obtained in this study with other biosorbents reported
in the literature (Table 5), it was clear that the biosorption capacity of CCSs was greater than
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those of six materials out of fifteen biosorbents and larger than that of activated carbon,
while the adsorption capacity of CCPs was the lowest one.

Table 5. Comparison of biosorption capacities of different biosorbents for MB dye elimination.

Biosorbent Qm (mg g−1) Reference

Brazil nut shells 7.81 [50]

Water hyacinth root powder 8.04 [51]

Spent rice 8.13 [52]

Sugar extracted spent rice biomass 8.13 [52]

Bio-char from pyrolysis of wheat straw 12.03 [53]

Pine sawdust 16.75 [54]

Cucumis sativus peels 21.459 [55]

Sunflower seed husk (Helianthus annuus) 23.20 [56]

Orange waste 30.3 [57]

Marula seed husk 33 [58]

Palm tree waste 39.47 [59]

Ginkgo biloba leaves 48.07 [44]

Vigna Trilobata pod 71.42 [16]

Coconut leaves 112.35 [60]

Tea waste 113.1461 [31]

Activated carbon 8.77 [61]

CCSs 18.832 present study

CCPs 4.480 present study

3.9. Adsorption Kinetics

The investigation of adsorption kinetics is of remarkable importance for the determi-
nation of the equilibrium time and the rate of adsorption [62]. In this work, biosorption
kinetics of MB dye was assessed, using pseudo-first and pseudo-second order models.
The parameters of each model were calculated from the intercept and the slope of the
appropriate linear curves shown in Figure 10a,b. These values are summarized in Table 6
in addition to the correlation coefficients in order to check the fitness of the kinetic models
with the experimental data.

 

Figure 10. Adsorption kinetic models: (a) pseudo-first order, (b) pseudo-second order.
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Table 6. Kinetic parameters for the biosorption of MB dye onto CCSs and CCPs.

Sample MB-CCSs MB-CCPs

MB (Ci, mg/L) 6 4

qe, exp (mg g−1) 18.832 4.367

Pseudo-First Order

K1 (min−1) 0.1113 0.0274

qe1, cal (mg g−1) 14.036 3.681

R2 0.991 0.9947

Pseudo-Second Order

K2 (g mg−1 min−1) 0.0177 0.0061

qe2, cal (mg g−1) 19.531 4.801

R2 0.9994 0.9803

It was observed that the experimental data of MB adsorbed by CCSs fitted perfectly
to the pseudo-second order (R2 = 0.9994) rather than pseudo-first order (R2 = 0.991).
Moreover, there was only a small difference between qe,exp (18.832 mg g−1) and qe,cal
(19.531 mg g−1), confirming the suitability of the pseudo-second order mechanism process,
while the pseudo-first order was the model that best fitted the experimental data of MB
sorption by CCPs, which was due to the high value of R2 (0.9947), compared to pseudo-
second-order (R2 = 0.9803). Kinetic data results revealed that the MB adsorption by CCSs
and CCPs followed chemisorption and physisorption, respectively [63].

3.10. Thermodynamic Studies

Thermodynamic studies are useful for the estimation of the feasibility and the adsorp-
tion process nature. Hence, the thermodynamic parameters were calculated by examining
the impact of temperature on the biosorption processes under optimum conditions. The
values of ΔHº and ΔSº were deduced from the slope and the intercept of the linear plot of
Van’t Hoff, i.e., ln Kd versus 1/T, and were further used to calculate ΔGº at a given temper-
ature. The mentioned plots are presented in Figure 11 and the estimated thermodynamic
parameters are outlined in Table 7.

 

Figure 11. The plot of ln Kd as a function of 1/T for the removal of MB dye by CCSs and CCPs.
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Table 7. Thermodynamic parameters for MB dye adsorption by CCSs and CCPs.

Adsorbent ΔHº(kJ mol−1) ΔSº(J mol−1 K−1) Temperature (K) ΔGº(KJ mol−1)

CCSs 23.09 91.17

293 −3.62

303 −4.53

313 −5.44

323 −6.36

333 −7.27

CCPs −16.25 −54.47

293 −0.29

303 0.25

313 0.80

323 1.34

333 1.89

The negative values of ΔGº in the temperature range 293–333 K are indicative of the
spontaneity and the feasibility of the biosorption of MB onto CCSs. These values decreased
when temperature increased, indicating that adsorption is favored at high temperature
values [17]. The positive value of ΔHº (23.09 kJ mol−1) indicated that MB biosorption
by CCSs is an endothermic and chemical process [48]. The positive value of ΔSº is an
indication of the increase in disorder at the solid–liquid interface during the adsorption
process, which could be associated with structural modifications of MB molecules and the
adsorbent surface during the process [28]. The biosorption process is likely to take place
spontaneously at any temperature since ΔHº > 0 and ΔSº > 0 [13].

MB dye adsorption by CCPs was favorable at a normal temperature and was non-
spontaneous at higher temperatures, as the only negative value of ΔGº was obtained at
293 K, and it was observed that ΔGº increased positively between 303 and 333 K. The
negative value of ΔHº shores up the exothermic comportment of the adsorption process.
The negative value ΔSº suggests the decline of disorder at the solid/solution interface
during the biosorption process, resulting in decreasing the adsorption capacity because of
dye molecules escaping from the biosorbents [19].

3.11. Adsorption Mechanism

The results of the different parameters, physical characterization, kinetic and isotherm
modeling were adopted to understand the adsorption mechanism. Based on the obtained
results, MB biosorption onto CCSs and CCPs was found to be a complicated process
involving different types of interactions. The removal of MB by CCSs and CCPs was rapid
at the first stage and then reached an equilibrium. The MB uptake by CCSs could be
considered a physicochemical process since the MB biosorption by CCSs follows pseudo-
second order, which suggests that chemisorption interactions play a crucial role in this
operation. It is best suited by Langmuir and Freundlich models, indicating a physisorption
process, while the pseudo-first order best fits the biosorption of MB by CCPs, suggesting
that physical interactions play a fundamental role in the MB-CCPs adsorption process,
while electrostatic interactions are also involved between MB and CCPs since the Temkin
model was well applicable (R2 > 0.95).

The effect of pH on MB loading is another indicator on the importance of electrostatic
interaction between the dye and biosorbents. Indeed, it was found that the electrostatic
interaction between the cationic MB dye dissociated into MB+ and Cl− groups and ad-
sorbents increased at pH > pHPZC since the biosorbents’ surface became more negatively
charged. At the surface, the carboxylic groups were deprotonated and the carboxylate
anions (-COO−) were electrostatically attracted to the positively charged quaternary ammo-
nium group of MB cationic dye [40]. Furthermore, dipole–dipole hydrogen bonds might be
formed between hydroxyl groups acting as proton donors on the surface of the biosorbents
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and nitrogen atom acting as proton acceptors in the MB dye [64]. The n–π interactions
could be formed between oxygen atoms in the carbonyl groups (electron donors) of the
biosorbent surface and aromatic rings (electron acceptors) in the MB dye [19]. This mecha-
nism is supported by the FT-IR results, which revealed that the intensity of the IR bands of
the above-named functional groups decreased after MB adsorption. Accordingly, organic
functional groups of CCSs and CCPs played a significant role in the MB biosorption. Hence,
the adsorption of MB onto CCSs and CCPs could occur via three possible mechanisms,
viz. hydrogen bonding, n–π interactions and electrostatic attraction, which prove that
physisorption and/or chemisorption could be involved in the biosorption process. All
these interactions are shown in Figure 12.

 

Figure 12. Proposed mechanism for MB adsorption by CCSs and CCPs.

4. Conclusions

MB dye adsorption onto CCSs and CCPs was studied concerning equilibrium, ki-
netics and isotherms. Batch experiments were used to determine the effect of different
parameters on the MB removal efficiency. The results indicated that all parameters affected
significantly the adsorption process. Maximum removal percentage was achieved, using
6 mg/L of MB dye, 3 g/L of adsorbent at 60 min and 333 K for CCSs and using 4 mg/L
of MB dye, 9 g/L of adsorbent at 180 min and 293 K for CCPs under alkaline conditions.
Under optimum conditions, 98.00% and 91.43% of MB removal was reached, using CCSs
and CCPs, respectively. Kinetic studies revealed that biodsorption of MB by CCSs follows
pseudo-second order, while MB biosorption onto CCPs is well described by pseudo-first or-
der, suggesting chemisorption and physisorption processes, respectively. The equilibrium
data fitted well with Langmuir and Freundlich models, indicating monolayer coverage
at the heterogeneous surface for the MB-CCSs system, while Langmuir and Temkin mod-
els for MB-CCPs suggest that the adsorption process was monolayer and reversible at
the homogenous adsorbent surface. MB maximum adsorption by CCSs was found to
be 18.832 mg g−1, which is considered relatively high, compared with many biosorbents,
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while MB maximum adsorption by CCPs was 4.480 mg g−1. The thermodynamic results
revealed that the biosorption process using CCSs was endothermic, feasible, spontaneous
at any temperature and favorable at higher temperature values with increasing the random-
ness at the solid–liquid interface, while the adsorption process using CCPs was exothermic
and spontaneous only at a normal temperature of 293 K with decreasing the randomness
at the solid–liquid interface of the adsorbent
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Abstract: Uranium mining waste causes serious radiation-related health and environmental problems.
This has encouraged efforts toward U(VI) removal with low cost and high efficiency. Typical uranium
adsorbents, such as polymers, geopolymers, zeolites, and MOFs, and their associated high costs
limit their practical applications. In this regard, this work found that the natural combusted coal
gangue (CCG) could be a potential precursor of cheap sorbents to eliminate U(VI). The removal
efficiency was modulated by chemical activation under acid and alkaline conditions, obtaining
HCG (CCG activated with HCl) and KCG (CCG activated with KOH), respectively. The detailed
structural analysis uncovered that those natural mineral substances, including quartz and kaolinite,
were the main components in CCG and HCG. One of the key findings was that kalsilite formed
in KCG under a mild synthetic condition can conspicuous enhance the affinity towards U(VI).
The best equilibrium adsorption capacity with KCG was observed to be 140 mg/g under pH 6 within
120 min, following a pseudo-second-order kinetic model. To understand the improved adsorption
performance, an adsorption mechanism was proposed by evaluating the pH of uranyl solutions,
adsorbent dosage, as well as contact time. Combining with the structural analysis, this revealed
that the uranyl adsorption process was mainly governed by chemisorption. This study gave rise to
a utilization approach for CCG to obtain cost-effective adsorbents and paved a novel way towards
eliminating uranium by a waste control by waste strategy.

Keywords: combusted coal gangue; chemical modification; uranium; adsorption

1. Introduction

Even with the growth of renewables and natural gas, coal resources are still the pri-
mary fuel to provide energy for daily life and industry. However, coal mining activities
lead to various wastes, including CO2 emissions [1,2], heavy metal-induced acid mine
drainage [3], and coal gangue heap [4]. Among them, the accumulation of coal gangue (CG)
and combusted coal gangue (CCG) without appropriate utilization has resulted in land
occupation, landscape destruction, as well as heavy metal pollutions [5]. Currently, coal
gangue is mainly used in the field of backfilling, building materials, agriculture, energy
generation, soil improvement, and other high-added applications [6–8].

Nuclear power can partially substitute fossil energy and provide low-cost electrical
power [9]. However, uranium used in the nuclear reactor is radiative, which causes
both environmental and health issues [10]. Considering the rapid growth in uranium
demand, efficient methods are necessary to eliminate or reduce uranium from contaminated
media. Numerous methods, such as ion exchange, chemical precipitation, chromatographic
extraction, and electrochemical techniques, have been developed to deal with uranium
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contaminations [11]. Among them, adsorptions show the most promising method due to
their easy-handling and efficiency [12,13]. The designed synthesized materials, such as
polymers, geopolymers, zeolites, and MOFs, have been applied in the removal of U(VI) [14].
These materials feature high surface area, uniform pore structure, excellent stability, and
thus high sorption capacities [15]. The functional species, such as the hydroxyl, phosphoryl
oxygen and metal oxide, were found to have strong interactions with U(VI). However,
the associated high cost of precursors limits their practical applications.

In general, the CG and CCG contain natural mineral adsorbents, such as quartz,
kaolinite, illite, chlorite, feldspar, and calcite. Due to the huge production and low-cost,
the adsorption on constituents of CG and CCG was tested in environmental related reme-
diation in the early stage. The main challenge of using them as a commercial adsorbents
is due to a low surface area, pores, low ion exchange, and as a result low adsorption
capacity [16]. Recently, chemical activations by mixing CG and CCG with strong alkali
(e.g., Na2SiO3, NaOH and KOH) or and acidic solutions (e.g., HCl) has been investigated,
which can open the pores increase the surface area of particles through disaggregation,
elimination of mineral impurities, and dissolution of the external layers. An alkali solution
dissolves aluminosilicate-reactive materials and forms AlO4 and SiO4 tetrahedral units
that polysialate disiloxo (Al-O-Si-Si-Si chain), Al-O-Si chain, and siloxo Al-O-Si-Si-Si chain.
Some studies also believe that instead of forming polymers, SiO4

4− and AlO4
5− can be

dissolved by breaking the skeleton of aluminosilicate, depending on the alkali type and
concentrations [17,18]. Using modified CG as promising adsorbents has been performed
on adsorptions of methylene blue and heavy metal ions, including Cu2+, Cd2+ Zn2+, and
Pb2+ [19,20].

Despite the studies mentioned above, a systematic analysis of the chemical activation
of CG and CCG, with a wide characterization of the obtained solids and a complete dis-
cussion of their structural differences, is lacking in the literature. The increasing interest
in adsorption applications of natural, quite common, and cheap materials justifies such
a systematic study of this process [19–25]. Regarding that radioactivity U(VI) and coal
gangue are coexistent wastes in certain cases, the target of this work is not only to eliminate
them by a low-cost strategy, but also to deeply understand the active adsorption compo-
nent, under chemical treatments, of CCG [26,27]. Herein, we report the results of uranyl
adsorption under various experimental conditions using a CCG-based adsorbents, HCG
and KCG. The roles played by surface properties and constitutions were explained based
on characterizations and mechanistic studies.

2. Results and Discussion

2.1. Characterizations

The details of the synthetic approach are described in the Supplementary Materials
and illustrated in Scheme 1. To confirm the successful chemical-modification of CCG,
detailed characterizations of all the materials were performed by FTIR, PXRD, TGA-DSC,
XPS, and SEM measurements. As shown in Figure 1 (left), the PXRD patterns of the solids
treated with acid at room temperature did not show significant variations with respect to
quartz and kaolinite, which are the major mineralogical composition of CCG and HCG.
The acid treatment produced the dissolution of Ca2+, Mg2+ cations, provoking a relatively
increased crystallinity in the HCG constitutions due to the increased purity and concen-
trations of quartz and kaolinite. In contrast, treatment with KOH at room temperature
led to weak alternations in the composition and structure of the solids. The first strong
difference observed in PXRD is that the characteristic patterns of kaolinite phase decreased
and the patterns with new peaks were observed. The comparison of the new diffrac-
tograms with the PDF data file shows that the feldspathoid kalsilite (KAlSiO4) was formed
under this reaction condition, which has a framework of linked (Si, Al)O4 tetrahedra, and
corresponding PXRD peaks are located at 19◦, 21◦, and 28◦ [28–30].
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Scheme 1. The modification approach of CCG.

Figure 1. The PXRD (left) and FTIR (right) of CCG (black), HCG (red) and KCG (green).

FTIR spectrum showed the typical bands of quartz and kaolinite in CCG and HCG
(Figure 1 (right)). Thus, the bands assigned to O-H stretching vibration in kaolinite were
found at 3700, 3660, and 3620 cm−1 [31]. Meanwhile, the Al-O and Si-O-Al vibration from
kaolinite can be found at 915 and 900 cm−1. In this region of low wavenumbers, there
are characteristic peaks of quartz: 1098, 1035, 1010, and 781cm–1 (Si-O-Si vibration). FTIR
spectra of CCG treated with KOH showed the characteristic patterns of kalsilite, where
the appearance of 987 cm−1 and 689 cm−1 peak assigned to Si-O-Al asymmetric stretching
vibration in the linked (Si, Al)O4 tetrahedra [32].

To further characterize the surface property of the prepared samples, the binding
energies of C1s, O1s, Al2p, and Si2p as well as trace elements were determined by XPS
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(Supplementary Figure S1), a magnified view of which is shown in Figure 2. There were no
significant differences in the binding energy of Al2p, Si2p in CCG and HCG, while these
peaks shifted to lower binding energy in KCG. Distinct variation in peak area also revealed
changes in chemical structure [33]. As compared with CCG (1/1.40) and HCG (1/1.46),
the increased ratio of Al/Si (1/1.26) in KCG was caused by the minor kalsilite formation.
This suggests the alkaline treatment promoted an aluminum enrichment surface, while
acid modification is on the contrary. These results are consistent with reported studies [34].
Moreover, the aluminum on the surface is always regarded as the active site compared to
Si, which can influence adsorption as well as related physical properties [33].

Figure 2. The zoom in XPS analysis of Si2p and Al2p in CCG (black), HCG (red) and KCG (green).

The thermogravimetric analysis showed that higher decomposition temperature was
observed in all samples between 450 and 500 ◦C, whilst the KCG exhibited a dramatical
weight loss below 200 ◦C as compared with CCG and HCG (Supplementary Figure S2).
This can be related to the evaporation of lattice water, and explained by a larger pores and
relatively high surface area in the KCG sample [31,34]. The accurate surface area and pore
distributions of CCG, HCG, and KCG were investigated by nitrogen adsorption-desorption
measurements, and the results are shown in Supplementary Figure S3. The CCG already
showed certain porosity and activity, with a surface area of 21.34 m2/g and a pore volume
of 0.03 cm3/g. This is larger than the reported mechanical activation coal gangue [34].
After chemical modifications, the BET surface area and a pore volume of samples increased
conspicuously as compared to CCG (Table 1). Combined with the above characteriza-
tions, the increased surface in the HCG can be explained by the dissolution of metal ions.
The improved surface property of KCG could be attributed to kalsilite formation.

Table 1. The calculation of BET surface area, pore volume and pore size by the Barrett-Joyner-Halenda analysis.

Sample BET Surface Area (m2/g) Pore Volume (cm3/g) Pore Size (nm) Standard Deviation of Fit (cm3/g)

CCG 21.34 0.03 7.43 0.112

HCG 44.7 0.063 5.36 0.340

KCG 62.33 0.088 5.98 0.450

The surface features also related to the morphology of particles, therefore we con-
ducted SEM measurements (Figure 3). Briefly, the structure of as-synthesized HCG and
KCG became relatively loose after chemical modification. The surface of fresh CCG was
relatively dense, and there were no large pores or fractures. The activated HCG and KCG
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presented decreased particle size and some irregular layered structures, which contribute
to increased surface areas.

Figure 3. Cont.
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Figure 3. The SEM images of CCG (a), HCG (b) and KCG (c) at 500 nm, 1.00 um, 2.00 um, and
5.00 um.

2.2. Adsorption Performance

The above characterizations, including crystallinity, functional groups, surface area,
and pore volume, are key factors affecting adsorption process. Based on these, the batch
experiments were carried out to investigate the UO2

2+ adsorption on CCG, HCG, and
KCG samples.

2.2.1. Effect of pH

The acidity not only determines the existing forms of the targets, but influences
the surface charge of the adsorbents, due to the repulsion forces and electrostatic attractions
occurring between adsorbents and the U(VI) ions [35,36]. The U(VI) is in the style of cationic
with a positive charge in solution. Thus, the surface charge of the modified coal gangue
is strongly influenced by the pH of the solution. It can be noticed that uranyl carbonate
starts to form from pH 6.5 as the predominant species, and the negative charge of uranyl
carbonate will compromise the adsorption on the coal gangue surface. Therefore, we
selected the batch experiments conducted from pH 2 to 6.

As depicted in Figure 4, CCG showed the removal efficiency from 2.1% to 15.2%
under the pH from 2 to 6. The corresponding adsorption capacity increased from 4.2 to
39.6 mg/g. Generally, a more acidic solution can induce the protonation of reactive sites.
For the kaolinite and quartz, the number of negatively charged sites, including Al-O− and
Si-O−, increases under an increase in pH conditions [37,38]. As a result, the electrostatic
attractions between the positive U(VI) and negative adsorbents became stronger and
the removal percentage increased. These pH effects can explain the increasing adsorption
trends of all samples (Figure 4 and Supplementary Table S1). Although HCG and KCG
have improved porosity and surface area, the removal percentage of uranium by HCG
slightly increased to 14.6% (43.8 mg/g) at pH 6. Meanwhile, KCG reflected a much higher
adsorption performance than that of HCG, reaching the adsorption capacity of 140 mg/g.
The improved adsorption properties can be explained by the fact that Al of lower binding
energy has a higher affinity towards U(VI), and therefore KCG with a higher Al/Si (1/1.26)
ratio leads to a better adsorption performance [39].
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Figure 4. Removal efficiency (%) with 5 mg CCG (black), HCG (red) and KCG (green) adsorbents in
30 mL U(VI) (50 mg·L−1) solution under variant pH conditions (from 2 to 6).

2.2.2. Effect of Adsorbent Dosage

Generally, the adsorption capacity of metal ions is determined by the amount of
available adsorption sites on the adsorbents depends on the size and free energy of the hy-
drated ions, the activity of the metal ions, and other intrinsic reasons. As adsorbent dosage
increases keeping all the other parameters at constant value, the removal efficiency of
HCG increased continuously. The KCG sample, however, showed first increases, reached
maximum and then decreased to zero, due to the precipitation of uranium by basic sites
(Figure 5).
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Figure 5. The effect of adsorbent dosage of HCG (black), and KCG (red) that influence the U(VI) adsorption.

2.2.3. Influence of Contact Time and Adsorption Kinetics

Supplementary Figure S4 shows the UO2
2+ evolution with the contact time. The re-

moval efficiency of U(VI) adsorption onto HCG reached to 15% within 120 min, and then
increased slightly with contact time and reached 15.6% at 120 min. The high removal
efficiency of KCG reached equilibrium 41% within 120 min. To evaluate the adsorption
rates of uranium ions onto HCG and KCG, the kinetics experiments were fitted by pseudo
first-order and pseudo second-order kinetic models. The specific kinetic parameters as well
as the calculated adsorption rates are shown in Table 2.

Table 2. Parameters of the pseudo-first-order and pseudo-second-order kinetic models for adsorption
of U(VI) on HCG and KCG under pH 6.

Adsorbents

Pseudo-First-Order Pseudo-Second-Order

R2 qe

(mg/g)
K1

(g/mg/min)
R2 qe

(mg/g)
K2

(g/mg/min)

HCG 0.985 22.8 −0.03 0.999 47.6 0.00412

KCG 0.955 126.8 −0.038 0.999 144.9 0.000667

As depicted in Figure 6, the pseudo second-order model provided a relatively high
correlation coefficient (R2 = 0.999). Moreover, the calculated qe values of 47.6 mg/g
and 145 mg/g from second-order was closed to the experimental data (46.8 mg/g and
140 mg/g, respectively), which suggested that the UO2

2+ ion adsorption onto HCG and
KCG was mainly governed by chemisorption, which included diffusion, adsorption, and
interior pore diffusion. The two-step immobilization process was assumed in chemical
adsorption: (i) UO2

2+ moved to the surface of the HCG and KCG; (ii) UO2
2+ ions diverted

from their surface to the active sites on the interior pore.
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Figure 6. Adsorption kinetics of U(VI) on HCG (black) and KCG (red) fitted to pseudo-second-order
kinetic model under pH 6.

2.2.4. Adsorption Mechanism

The structural characterizations and batch adsorption experiments showed that
the structure optimization improved the adsorption properties of KCG controlled by
chemical adsorption. In order to clarify the nature of the interaction of uranyl with adsor-
bents, the structure changes after adsorption were measured and analyzed by FTIR, PXRD,
SEM, and XPS.

The comparison FTIR spectra before and after adsorption are shown in Figure 7
(left). The Al-O, Si-O, and Al-O-Si from kaolinite and kalsilite played an important role
in the creation chemical bonding between adsorbents and U(VI), due to the disappear
and/or shift of these bands together with the observation of SiO-UO2

2+, AlO-UO2
2+, and

UO2
2+-Si-O-Al-UO2

2+ [40]. The kalsilite formed in KCG had strong interactions with U(VI),
and thus prominently improved the adsorption capacity, which can be confirmed by PXRD.

Figure 7. The FTIR (left) and PXRD (right) before and after UO2
2+ adsorption of HCG (red) and after adsorption (blue),

KCG (green) and after adsorption (pink).
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In Figure 7 (right), the crystalline phases in HCG are retained, while obvious changes
can be observed in KCG after uranium adsorption, indicating the creation of new chemical
bonding. XPS showed obvious U4f peaks at 382 eV in Figure 8 (left). Especially the atomic
percentage of Si2s, Si2p, Al2s, and Al2p in KCG had a sharp decrease due to the higher
loading of U(VI). Indeed, additional confirmation of chemical adsorption came from SEM,
which displayed that the surface of adsorbents before uranium adsorption is smooth, but
became rough and irregularly shaped after uranium adsorption (Figure 9). All these results
show that the improved adsorption property is controlled by strong chemical interactions
in KCG.

Figure 8. The XPS analysis before and after UO2
2+ adsorption of HCG (red) and after adsorption (blue), KCG (green) and

after adsorption (pink). The right is the zoom in the analysis of Si and Al elements.

 
Figure 9. SEM images of HCG before (a) and after adsorption (b–d) are the SEM of KCG before and after adsorption
of U(VI).
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3. Conclusions

We successfully synthesized cost-effective adsorbents, namely HCG and KCG, from
CCG by a simple chemical modification. Besides the optimized porosity and surface area,
the kalsilite formation in KCG conspicuously enhanced the affinity towards U(VI). As we
showed here, KCG exhibited an excellent adsorption capacity (140 mg/g) under pH 6
within 120 min. The pseudo second-order model of the kinetic study indicated a chemical
interaction dominated process. Making use of the solid waste, the elimination of radioac-
tivity U(VI) was realized by a waste control by waste strategy. As most of the research is
still in the early stage, obtaining an in-depth understanding of the controlled synthesis of
kalsilite from minerals and the reusability of natural adsorbents remains ongoing.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/su13158421/s1, Figure S1: The XPS of CCG (black), HCG (red) and KCG (green), showing
the characteristic peaks, Figure S2: The TGA (Line) and DSC (dots) of CCG (black), HCG (red) and
KCG (green), Figure S3: The N2 adsorption isotherms at 77K (Left) and the pore size distributions
using BHJ analysis (Right). CCG (black), HCG (red) and KCG (green), Figure S4: Effects of adsorp-
tion contact time on the removal efficiency of U(VI) onto HCG (black) and KCG (red), Figure S5:
The isotherm linear plots of CCG (a), HCG(b), and KCG(c), Table S1: Adsorption capacity under
variant pH condition (from 2 to 6) (mg/g).
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Abstract: Dust generated in earthwork construction activities can seriously affect the air quality at
a construction site and have adverse effects on the health of construction workers. To accurately
and quantitively analyze the distribution characteristics of construction dust and the effect of dust
prevention measures during earthwork construction under normal construction and construction
with dust control measures, multiple collection points and one meteorological parameter collection
point were placed at the construction site. From half an hour before the construction to half an hour
after the construction, the particle concentration was recorded once every minute. The monitoring
results indicated that there was a significant positive correlation between dust concentration during
earthwork construction and the number of soil shipments. The dust concentration was highest
at the earth excavation site, followed by the area of the waste truck’s transportation path. Earth
excavation primarily resulted in the generation of many coarse particles, the concentration of which
was the highest near the excavation site. The average concentration increments of PM2.5 and TSP
(total suspended particulate) caused by earthwork construction were 55.06 and 375.17 μg/m3 at the
construction site, respectively. The concentration increment of PM2.5 and TSP decreased by 72.01%
and 40.16%, respectively, when a spray system and artificial sprinkling were adopted. Through
the methodology and results of this study, construction companies can systemically plan their
construction work by considering the key equipment to be used and can effectively manage the
pollutants found within construction sites.

Keywords: earthwork; construction dust; real-time monitoring; dust sensor; concentration increment

1. Introduction

Air pollution has become a vital issue worldwide, especially in areas in which in-
frastructure construction is carried out on a large scale. The construction industry is one
of the main causes of air pollution [1]. Construction projects discharge a large amount
of particulate matter into the environment, which causes harm not only to construction
workers but also to the surrounding residents. The adverse effects of air pollution are
extensive, especially in the area of public health. Studies have shown that an increase in the
PM concentration in the air will cause harm to human bodies [2], and inhalable particulate
matter will penetrate the lungs and cause lung diseases [3]. Therefore, air pollution has
attracted increasing attention in various industrial fields.

Outside the construction industry, many scholars have conducted correlated studies,
which have primarily focused on the dispersion rules of dust during tunnel construction
and mining construction [4,5], diseases caused by dust [6,7], dust prevention measures [8,9]
and health risk assessments of involved employees [10–12]. However, dust pollution in the
construction industry should be emphasized equally. Over the years, urban construction
activities have continued, especially due to the development and construction of new real
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estate. The development of large-scale construction has led to an increasingly serious
problem of dust pollution [13–15]. As shown in the comparative estimates, for every
increment of 3 × 104–4 × 104m2 in the amount of construction in the urban center, the
average contribution of dust generated from construction projects to the urban TSP (total
suspended particulate) increases by 1 μg/m3 [16]. Because of the large number of employ-
ees, as well as high labor intensity, outdoor production and poor working conditions in
the construction industry, dust pollution greatly threatens the health of related employees
and nearby residents [17,18]. With the increase in construction activities, the pollution
of construction dust is predicted to become more serious in the future. Therefore, it is
necessary to study the dispersion of building dust pollution.

As shown in previous studies [10,19,20], construction dust pollution is predominantly
derived from the following four sources: (1) excavation dust; (2) field handling, stacking
and processing of building materials; (3) dust from clearing and stacking construction
waste and (4) primary dust caused by scattering during the transportation of building
materials by vehicles and the secondary dust caused when the dust on the road surface
is raised by the vehicles and then dispersed with the wind. The above four sources of
construction dust pollution mostly occur during the foundation excavation and backfilling
stages, which are primarily correlated with earthwork construction. Therefore, during the
major construction stage of a project, dust pollution from earthwork is the most significant
factor [21].

However, to date, there has been insufficient research on dust dispersion during
earthwork construction. Most studies have been implemented on the premise that the level
of dust generated at a construction site is kept consistent under a certain construction period
and a certain construction area. This assumption mainly focuses on the analysis of the
overall pollution contribution made by construction dust to the entire city, but the variations
in the construction dust at the site are omitted [10,21–24]. Moreover, project construction is
divided into several different construction stages, and the construction activities and site
conditions of each stage differ significantly. The dust emission amount and intensity during
different construction stages also vary. Some studies have emphasized the health hazards
of construction dust to related employees as well as control measures [1,10,11,13,20,25,26].
In other studies, the meteorological factors and corresponding construction conditions at
the location of the case have been ignored [27], the data collection points were limited, the
field data coverage was incomplete or the data could not be collected in real-time [11,28].

Therefore, in this study, we chose a commercial-complex residential project located
in a typical city in the Jianghan Plain of China to study the space–time distribution of
dust diffusion under two construction conditions: normal construction and dust removal
measures. Targeting earthwork construction, the research set up a plurality of dust concen-
tration collection points inside and outside the workplace for real-time monitoring to record
meteorological and construction data. First, Pearson’s correlation coefficient was used to
analyze the degree of correlation between the dust generated by earthwork construction
activities and the influencing factors. Then, based on an analysis of the changes in the dust
concentration at each collection point during earthwork construction, the distribution of
the dust concentration at the construction site and changes in the dust particle composition
during the middle and late stages of the construction were explored in different states. On
this basis, the background concentration value of the dust was used for comparison, and
the increment of the dust concentration at the construction site as well as the retention of
dust at the construction site after completion were discovered to have different states.

2. Methods

2.1. Monitoring Location

The actual on-site monitoring was carried out on a housing construction project in
Wuhan, Hubei Province, China (Figure 1). The total construction area of the project is
approximately 280,000 m2, consisting of 18 residential buildings, affiliated commercial
buildings and basements. This site is a typical urban commercial-residential complex
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project. The Jianghan Plain, in which the project is located, is subject to a subtropical
monsoon climate. The earth’s surface constituents are predominantly composed of modern
river alluvium and lake silt, classified as fine sand, silt and clay.

Figure 1. The geographic location of the project.

2.2. Monitoring Equipment
2.2.1. Meteorological Observation

To study the influence of meteorological factors on the distribution characteristics of
construction dust, it is necessary to measure these factors on the construction site accurately.
In this study, a fixed meteorological dust monitor (JXBS-3000-ZSYC) was selected. The
monitor can accurately record meteorological factors such as wind speed, air humidity,
atmospheric pressure and temperature in real-time. In addition, it is equipped with a
built-in data logger to store the real-time monitoring data of the meteorological factors
and promote an analysis of the collected data. Because of the large volume of the fixed
meteorological dust monitor, such monitors are supposed to occupy large spaces. As a
result, the instalment of a fixed meteorological dust monitor near a construction site may
cause some inconvenience to the construction workers. As shown in Figure 2, the overall
area of the construction site accounts for 18,750 square meters, within which meteorological
factors such as wind speed, air humidity, atmospheric pressure and temperature in real-
time were the same, so the fixed meteorological monitor was placed at the exit of the
construction site (A1), as shown in Figure 2. During the research, the meteorological data
were recorded once every 3 min.

2.2.2. Particulate Matter Measurement

A dispersion-type dust monitoring station, PH-YC01, and the inhalable dust con-
tinuous tester, PC-3A and PC-3B were used to measure the concentration of particulate
matter. The PH-YC01 dispersion-type dust monitoring station is manufactured by Wuhan
Xinpuhui Technology Co., Ltd. Given the fact that such a dispersion-type dust monitoring
station needs to be connected to a 220 V power supply, it had to be fixed at the monitoring
point. Each dispersion-type dust monitoring station was connected to an environmental
data collector, and the data were read by the collector. The inhalable dust continuous
tester is a portable instrument used to continuously measure the mass and concentration
of particulate matter, the manufacturer of which is Qingdao Loobo Jianye Environmental

71



Sustainability 2021, 13, 8451

Protection Technology Co. Ltd. (Qingdao, China) Among the inhalable dust continuous
testers, PC-3A was used to monitor the concentration of PM2.5, while PC-3B was used to
monitor the concentration of TSP.

Figure 2. Schematic diagram of sampling points.

Both tools can continuously measure the mass and concentration of particulate matter.
Inside the measuring cell, the particles in the sampled air were detected using the laser
scattering method [29,30]. The interval ranged from 1 to 99 min; thus, the interval for
the above dust monitoring stations was fixed at 1 min and the installation height of the
particulate matter measurement sensor was 2.5 m.

2.3. Monitoring Plan
2.3.1. Particulate Matter Measurement

The study was conducted on 25–30 October 2020. The earthwork margin at the
construction site was approximately 100,000 m3. The construction site is located in the
central urban area; thus, the municipal regulations stipulated that earthwork could only
be transported at night. Therefore, the study was primarily conducted between 19:00 on
the first day and 04:00 on the second day. The specific start and end times are presented
in Table 1. The project management personnel were notified approximately 30 min before
the start of construction, and they turned on the equipment for monitoring and recorded
the time as the monitoring start time. The construction start time was when the excavator
began working, and the end of the construction was when the excavator was shut down.
The monitoring ended approximately 30 min after the end of construction, namely the
shutdown time of the first monitoring device. It should be noted that during this period,
the construction of the main structure was completely stopped, and only earth excavation
and transportation were carried out. Therefore, the influences of the construction of the
main structure were excluded, and the monitoring data in this study could accurately
reflect the influence of the earthwork construction on the dust distribution characteristics.
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Table 1. Research time interval table.

Date
Monitoring

Interval
Construction

Section
Monitoring
Time (min)

Construction
Time (min)

Start time 1 25 October 20:30 25 October 21:05
428 369End time 1 26 October 03:38 26 October 03:04

Start time 2 26 October 19:30 26 October 20:05
435 365End time 2 27 October 02:45 27 October 02:14

Start time 3 27 October 20:00 27 October 20:40
461 390End time 3 28 October 03:41 28 October 03:10

Start time 4 28 October 20:30 28 October 20:50
403 353End time 4 29 October 03:13 29 October 02:43

Start time 5 29 October 19:00 29 October 19:33
499 244End time 5 30 October 03:19 29 October 23:37

2.3.2. Monitoring Indicators

At present, detection indicators aimed at the concentration of dust in construction
projects mainly include dust fall, PM2.5, PM10 and TSP [31,32]. The sampling frequency of
dust fall is too low to accurately reflect the change in dust concentration in a short time [33];
therefore, this indicator was not selected for the study. In previous research, the correlation
between PM2.5 and PM10 was very high [34,35], and the changing trend and the change
range were almost the same; thus, PM2.5 and TSP were used in this study. The air humidity,
temperature, atmospheric pressure and wind speed at the construction site were obtained
using the meteorological monitor. In addition, the total numbers of excavators and earth
shipments on that day were recorded.

2.3.3. Monitoring Points and Sampling Frequency

In this study, four types of monitoring points were considered. Here, the specific
meanings of the four types of monitoring points and the significance of their selection are
introduced in detail. W1, W2, W3 and W4 were Type 1 monitoring points, which were
all located near the excavation site. Among them, W1 and W2 were approximately 25 m
and W3 and W4 were approximately 50 m from the earthwork excavation site. There were
no obstacles between the four points and the earthwork excavation site. B1, B2, B3, B4,
B5 and B6 were Type 2 monitoring points, which were located on the transportation path
of the truck. Of these, B1, B2, B3 and B4 were located near the unhardened pavement,
and B5 and B6 were set on the hardened pavement. A car wash pool was located near B6,
where the waste transport vehicle must be washed for mud removal before leaving the
construction area. C1, C2, C3 and C4 were Type 3 monitoring points located at the four
corner points of the construction site. O1 and O2 were Type 4 monitoring points. Point O1
was located at the entrance of the project department and along the path of the truck. Point
O1 was located on the roadway outside the project; therefore, it is not shown in Figure 2.
The O2 point was located near the residential area with a straight-line distance of 200 m
from the project, and it was used as the background concentration value sampling point in
the research.

2.4. Meteorological Observation and Working Conditions

Monitoring was carried out on five nights. Table 2 presents the working conditions
of each day, and Table 3 presents the meteorological data of each day. In the following
text, October 25 to October 26 is called the first day, October 26 to October 27 is called the
second day, and so on; October 29 to October 30 is called the fifth day.
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Table 2. Actual working condition.

Time Day 1 Day 2 Day 3 Day 4 Day 5

Number of excavators 3 3 3 3 3
Total number of soil shipments 161 140 183 144 101

Prevention and control measures × × × √ √
Weather Sunny Sunny Sunny Sunny Rain

Table 3. Weather condition.

Air
Humidity

Temperature

Wind
Velocity

This study aims to present the real temporal and spatial changes in the dust concen-
tration at the construction site caused by the earthwork construction, and the construction
party did not take relevant dust prevention measures during monitoring three days before
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the monitoring. On the fourth and fifth days, sprinkling systems and ground sprinkling
were adopted for dust control. Figure 3 is a schematic diagram of dust prevention measures
at the construction site. The light blue colored blocks indicate the locations where the spray
device was installed, while the blue dots show the area where the road was sprayed. In
general, the spray de-vice was installed above the enclosure of the construction site to
prevent the construction dust from spilling out. Due to the complexity of the construction
site, it was impossible to fix the spray device in a certain place, so the dust removal treat-
ment was carried out at the excavation site and the earthwork transport road by artificial
water spraying.

Figure 3. Schematic diagram of dust prevention measures.

According to the records, it rained on the construction site from 23:32 on the fifth day
to 01:46 on the next day. According to the local regulations, the construction on the site
was stopped when it rained. Therefore, the construction monitoring time on the fifth day
was short, but relevant data after the rain were also collected. In the five days of earthwork
construction, three excavators were working continuously at the construction site, but the
total number of excavated waste trucks daily was different from the first day to the fifth
day, at 161, 140, 183, 144 and 101, respectively.

As can be seen from the variation of the air humidity chart over time, the air humidity
on the fifth day was almost always higher and rose as time went on. On the fifth day, the
precipitous drop of the humidity occurred because the rain stopped. The construction
site is located in the Jianghan Plain near the Yangtze River, and the overall humidity was
at a relatively high level during the study period. Regarding the graph of temperature
change over time, the temperature reduced over the five days as time progressed, and the
temperature of the third day was the highest. It should be noted that the graph of wind
speed change with time shows only the wind speed on the third and fourth days, because
the wind speed on the first, second and fifth days was low, and the wind speed measured
by the instrument in the above days was 0.
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3. Results and Discussion

3.1. Analysis of Main Influencing Factors of Dust Emission from Earthwork

The Pearson correlation coefficient in the SPSS statistical analysis software was used to
analyze the degree of correlation between the dust generated from earthwork construction
activities and the related influencing factors, and then whether the relevant factors were
the main influential factors of dust emissions during earthwork construction activities was
determined [34]. Using a meteorological monitor, weather data such as the wind speed,
temperature, humidity and atmospheric pressure at each construction site were obtained.
The number of excavators on-site and the total number of soil shipments every day were
recorded manually.

To compare the influence of various factors on dust emissions before and after the
earthwork construction, data without dust prevention measures in the first three days
were selected for analysis. The dust concentration values of the data collection points
in the first three days were averaged as a whole, and the monitoring data were divided
into three parts: before construction, during construction and after construction. The data
were averaged over time at all times before and after construction. The data generated
during construction were averaged every 0.5 h. Finally, 44 sets of data were obtained
for the correlation analysis. It should be noted that if a shorter period were selected for
averaging, the difference in the changes in various indicators would be too small, and the
calculation results would be almost the same if more computing resources were used. If a
longer period were selected, the changes in the indicators could not be accurately mastered.
Since the wind speed was 0 in the first two days of the monitoring period, only 15 groups
remained after the data processing of the third day. There were too few data samples, so
wind speed and dust concentration were not analyzed in the correlation analysis. Relevant
literature has proved that the two are closely related [11,34].

As shown in Table 4, the significance level between the average concentration of PM2.5,
TSP and each meteorological factor was greater than 0.01, failing to pass the significance test,
and the correlation coefficient was less than 0.3, indicating that the dust emissions during
earthwork construction were not significantly correlated with any single meteorological
factor in Table 3. This result is also in line with those of previous studies [28,36]. The
average concentrations of PM2.5 and TSP were significantly positively correlated with the
number of soil shipments, with a correlation coefficient of 0.814 and a significance level of
less than 0.01, passing the significance test [2,28,36]. Obviously, the more soil shipments
per unit time, the higher the average dust concentration at the construction site.

Table 4. Correlation analysis of the dust concentration in earthwork construction and potential factors.

Temperature Humidity Atmospheric Pressure
Number of Soil

Shipments

PM2.5

Pearson correlation −0.193 0.238 0.185 0.814 **
Sig. (two-tailed) 0.210 0.120 0.230 0.000
Number of cases 44 44 44 44

TSP
Pearson correlation −0.202 0.211 0.075 0.843 **

Sig. (two-tailed) 0.188 0.169 0.630 0.000
Number of cases 44 44 44 44

** The correlation is significant at the level of 0.01 (two-tailed).

3.2. Increase in Dust Concentration Caused by Excavation and Transportation

Based on the high-density data collection, this study accurately quantified the dust
concentration at the construction site. Based on striking a balance between the represen-
tativeness and accuracy of the data, the difference was used as the discriminant index to
select the measured data to confirm the true situation of the data source.

As shown in Figure 4, as construction activities continued, the values of each monitor-
ing point increased to different degrees. For the background concentration value, the value
of the sampling point was relatively stable, while the values of other points fluctuated
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greatly. The numerical ranges of the different points varied considerably. For example, the
concentrations of PM2.5 and TSP at W1 near the earthwork excavation site were higher
than the concentration at C2, which was located at the corner of the construction site.

Figure 4. Concentration change diagram on 25 October at characteristic points in the monitoring interval.

Based on the above diagram, only the numerical order of each point could be deter-
mined. To further reveal the underlying causes, the concentration data of PM2.5 and TSP
during the start and end periods of the construction activities were processed to obtain
the average concentration and medians at each point during the construction activities. In
Table 4, each collection point corresponds to the three average concentrations. From left
to right, the data represent the average concentration on the first, second and third days
during construction, and the median index can be deduced similarly.

According to the data in Table 5, the following information can be obtained. During
construction, the average concentration of dust at all the sampling points was greater than
the background concentration, and all the positions of the construction site were affected
to varying degrees. The order of the degree of influence (from large to small) was Type
1, Type 2 and Type 3. Furthermore, as the earthwork construction activities continued,
the concentration values varied greatly across the construction site, and the data values
of one or two collection points could not be used to characterize the dust concentration
value of the entire construction site. If the scope of the construction site is substantial, it is
necessary to analyze data from multiple collection points to characterize the concentration
value of the construction site. For similar studies in the future, it is recommended to select
more than four characteristic points and one background concentration value point for
the research.
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Table 5. Average and median dust concentration during construction for three days at each collection point.

Sites
Average Concentration during Construction (μg m−3)

Median Concentration
during Construction (μg m−3)

PM2.5 TSP PM2.5 TSP

W1 173 881 172 871
W2 168 924 170 862
W3 152 701 150 653
W4 149 691 148 653
B1 135 567 136 564
B2 138 543 135 514
B3 126 530 126 498
B4 130 529 128 515
B5 121 450 121 439
B6 114 408 114 397
C1 64 117 65 113
C2 89 220 91 208
C3 86 260 87 241
C4 92 434 92 404
O1 60 140 60 134
O2 62 92 62 91

Earthwork operations are mainly carried out using large machinery. The increase in
the dust concentration is attributed to the waste transporting and loading behaviors of the
excavators, the exhaust generated by the excavator and waste trucks during use, the dust
emissions formed when the vehicles pass dust-covered surfaces and the secondary dust
caused by the wind. These four types of behaviors occur continuously near the first type
of points, so its average and median values are both at the highest level. The numerical
comparison of the sampling points can also reflect the significant variations in the dust
pollution in different areas at the construction site. By comparing the data from Table 5,
the following analysis can be carried out. According to the comparison results of W1, W2,
W3 and W4, for W1 and W2, the concentration values of PM2.5 and TSP were relatively
close and those for W3 and W4 were relatively close, but because the two points W3 and
W4 were relatively far away from the excavation site, the PM2.5 and TSP concentrations
were lower than those of W1 and W2, indicating that the closer the point was to the earth
excavation site, the higher the dust concentration value.

With regard to the second type of point, the increase in dust concentration was mainly
attributed to the emissions of dust formed when the vehicles passed the dust-covered
surface. The closer this was to the excavation site, the higher the concentrations of PM2.5
and TSP of the sampling point. The distance between the excavation site and point B4 in
the diagram was more than 100 m, indicating that the impact scope of dust dispersion
caused by earthwork excavation was greater than 100 m. According to the comparison
results of the dust concentration values of the sampling points on hardened and non-
hardened pavements, the hardened pavement had a significant effect on dust suppression.
The formation of road dust is caused by vehicles rolling over the dust on the road and
dispersing it into the air. Regardless of whether the road is hardened or not, there will be a
large amount of dust on the surface during earthwork, but the mass concentration of the
dust on the hardened road will be lower than that on the unhardened pavement.

The third type of point was located at the four corners of the construction site. Because
point C4 was close to the excavation site, its dust concentration value was relatively high.
However, because C4 was behind a small hillside, the dust was stopped by the intermediate
obstacle. The concentration of C4 was much smaller than that of W3 and W4. The other
three points were also affected by on-site construction and truck transportation, and the
dust concentration value was greater than the background concentration value. Point
O1 was located on the path of the waste transport vehicle outside the construction site.
However, because a car washing pool is set at the entrance of the construction site, the
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dust on the surface of the vehicle needs to be washed off before the vehicle leaves the
construction site, so the dust concentration is relatively low. In addition, the results also
indicate that the car wash pool can prevent the waste truck from taking pollutants out of
the construction site.

3.3. Time for Dust Concentration to Reach Steady State

Construction sites have widely adopted measures using enclosure spraying or fog
cannons to reduce dust. There is no scientific basis for the start-up time of spraying or fog
gun machines, and they are often operated continuously. This mode will cause a significant
waste of water resources. According to the observation of the former data, the increase in
dust concentration during the construction process will reach a stable state after a period of
time. In this state, the concentration value of the collection point will be close to the average
concentration value of the collection point throughout the construction. Therefore, it is
necessary to accurately predict the time at which the dust concentration reaches a stable
state in order to organize dust reduction measures at the construction site and save water
resources, which is helpful for the intelligent control of the construction process. Therefore,
it is necessary to study these characteristic times. Direct observations of the change in the
curve value per minute are insufficient to determine these factors, and detailed changes in
dust concentrations could not be reflected by averaging the concentration value over a long
period of time. In this study, the collected data were averaged every 10 min and sorted
based on the time sequence. It is assumed that when Equations (1) and (2) are satisfied
simultaneously, the dust concentration at the sampling point is deemed to have reached a
steady state.

Avg{Ti} > Min{Med, Avg} × 80% (1)

Avg{Ti+1} > Min{Med, Avg} × 80% (2)

where Ti denotes the average value of the dust concentration for 10 min in a certain period,
Ti+1 represents the average value of the dust concentration for 10 min in the next period,
Med represents the median of the dust concentration throughout the construction, and
Avg represents the average value of the dust concentration throughout the construction. It
should be noted that in most cases, the value of the dust concentration fluctuates greatly,
and the median can better reflect the state of the dust concentration than the average.

Table 6 shows the time interval required for the first and second collection points
to reach a stable state. As shown in the table, the time for the concentration of the two
pollutants PM2.5 and TSP to reach the steady-state level is inconsistent, and the time re-
quired for the concentration of PM2.5 to reach the steady-state level is earlier than that
of the TSP. This is because the TSP emissions are greater than that of PM2.5 during the
construction operation, so it takes a considerable amount of time to reach a higher con-
centration value. According to the time required for the above pollutants to reach a stable
state, the construction organization could turn on the enclosure spray or fog gun machine
for dust suppression for 5 to 15 min after the earth excavation and start of transportation,
as recommended. The key dust reduction area of the fog gun machine is near the earth
excavation site and on the transportation path of the truck.

As shown by the comparison of the values on the first, second and third days, it takes
longer for the pollutant concentration to reach the pollution state during the first two
days than on the third day. As measured by the meteorological observation instruments,
the wind speed during the construction operation during the first two days was 0, and
the windy state remained during the construction operation on the third day. It can be
inferred that the wind accelerated the dispersion of pollutants, causing the concentration
of pollutants to reach a pollution state level earlier.

As shown by the comparison of the first and second types of collection points, the
time for the dust concentration of the first type of collection points to reach the pollution
state level was shorter than that of the second type of collection points. The reason for this
phenomenon was consistent with the reason why the average dust concentration of the
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first type of collection points was higher, which will not be repeated here. It takes a long
time for the TSP concentration at the second type of points to reach the pollution level.
Because of their large weight, TSP particles cannot float in the air for a long time and drift
over substantial distances. This dispersion requires the movement of large construction
equipment at the construction site, which can increase the regional TSP concentration in
other areas.

Table 6. Time for the concentration values of the first and second types of collection points to reach a steady state.

Site

25–26 October 26–27 October 27–28 October

Time Required to Reach Construction Pollution State
PM2.5 (min) TSP (min) PM2.5 (min) TSP (min) PM2.5 (min) TSP (min)

W1 15–25 15–25 5–15 25–35 0–10 10–20
W2 15–25 15–25 5–15 15–25 10–20 10–20
W3 5–15 5–15 25–35 25–35 10–20 10–20
W4 5–15 5–15 15–25 25–35 10–20 10–20
B1 25–35 35–45 15–25 35–45 0–10 10–20
B2 25–35 45–55 15–25 35–45 10–20 10–20
B3 15–25 25–35 25–35 35–45 10–20 20–30
B4 25–35 25–35 15–25 45–55 10–20 10–20
B5 25–35 15–25 5–15 45–55 10–20 20–30
B6 25–35 15–25 5–15 45–55 20–30 20–30

3.4. Dust Removal Rate of Construction Site under the Action of Dust Prevention Measures

To more intuitively understand the dust removal effect caused by dust control mea-
sures, the dust concentration data of the first three days without dust control measures
were compared with the dust concentration data of the next two days with measures
taken. The dust removal rate of each monitoring point can be calculated according to
formulas (3) and (4):

RxPM2.5 =
Avg(x1PM2.5 + x2PM2.5 + x3PM2.5)− Avg(x4PM2.5 + x5PM2.5)

Avg(x1PM2.5 + x2PM2.5 + x3PM2.5)
(3)

RxTSP =
Avg(x1TSP + x2TSP + x3TSP)− Avg(x4TSP + x5TSP)

Avg(x1TSP + x2TSP + x3TSP)
(4)

where RxPM2.5 and RxTSP are, respectively, the PM2.5 and TSP dust removal rate of moni-
toring point x. x1PM2.5 and x1TSP are the average dust concentrations of PM2.5 and TSP at
monitoring point x during the construction of the first day, respectively.

Table 7 gives the average dust concentration in the construction stage two days after
each collection point and gives the dust removal rate at each monitoring point according to
Formulas 3 and 4. O1 and O2 were outside the construction site, hence this paper did not
calculate the values for those points.

Comparing the dust removal rates of TSP and PM2.5 in Table 7. Overall, the dust
removal efficiency of TSP was slightly higher than that of PM2.5, indicating that manual
water sprinkling and dust removal by spraying had a greater inhibitory effect on large
particles. Points B1~B4 in the second type of monitoring points and the first type of
monitoring points were mainly influenced by the dust removal by manual sprinkling,
indicating that the manual sprinkling measures had a positive effect on dust reduction.
Of the above points, the dust removal efficiency of Type 1 monitoring points was slightly
higher than that of B1~B4, but the overall value was close to that of B1~B4. The PM2.5 dust
removal efficiency was 23.7–42.3%, and the TSP dust removal efficiency was 35.7–47.2%.
B5 and B6 were close to the spray device and were located on the hardened road treated
by sprinkler measures. Therefore, the dust removal efficiency of B5 and B6 was at the
highest level in the collection point. The dust removal efficiency of PM2.5 and TSP could
both reach about 50%. Although C2 and C3 were close to the spraying device, they were
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not greatly affected due to being at a certain distance from the earth excavation site and
the earth transportation road. Therefore, the dust removal efficiency was lower than the
monitoring points located on the earth excavation site and the earth transportation road.
C1 and C4 were located at the far east and south of the construction site. Various dust
removal measures were located far from these points, but they still had a certain dust
removal efficiency, indicating that dust control measures not only had an impact on the
monitoring points near the measures taken but also could inhibit dust travel to a certain
extent. In summary, artificial sprinkling or spraying for dust removal showed a good dust
removal effect in the earthwork excavation site and earthwork transportation road, the
dust removal efficiency for TSP was higher than PM2.5, and the dust removal efficiency
was greater than 30%. However, the dust removal efficiency was relatively low in positions
where the dust itself was not greatly affected. The use of dust prevention measures could
effectively prevent the jump and migration of dust.

Table 7. Average dust concentration in the second two days of construction at each collection point and overall dust
removal efficiency.

Sites
Average Concentration during Construction (μg m−3) Dust Removal Efficiency (%)

PM2.5 TSP PM2.5 TSP

W1 111 479 34.8 44.3
W2 103 458 37.9 47.2
W3 87 406 42.3 40.5
W4 89 405 39.5 39.7
B1 87 355 35.5 35.7
B2 89 340 35.1 35.8
B3 88 322 29.6 37.6
B4 98 331 23.7 35.8
B5 61 211 49.6 52
B6 58 202 49.4 49.5
C1 60 113 7 2.3
C2 60 173 33.3 21.3
C3 65 169 24.7 34.3
C4 84 327 8.2 23.5
O1 72 150 - -
O2 50 81 - -

3.5. Changes in the Composition of Dust

To more intuitively understand the changes in the composition of the particulate
matter caused by the construction, the data from the entire monitoring period were divided
into three parts: before construction (A), during construction (B), and after construction
(C). Equations (5) and (6) were used to process the data:

K1A =
C1AavePM2.5

C1AaveTSP
(5)

KA =
K1A + K2A + K3A

3
(6)

where C1AavgPM2.5 is the average value of all the PM2.5 concentration values before con-
struction and C1AaveTSP is the average value of all the TSP concentration values before
construction. K1A indicates the percentage of PM2.5 in the TSP before the first day of
construction. KA indicates the proportion of PM2.5 in the TSP in all monitoring data before
construction. In the same way, according to the above rules, the proportions of PM2.5 in
the TSP, KB and KC during and after construction can be obtained. Notably, because the
construction operation will affect the dust concentration index for a period of time after
the construction is completed, during the calculation of KC, the last 10 min average value
of the monitoring data was used. It should be mentioned here that dust control measures
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were adopted on the fourth day. To compare the impact of dust fall on the change of dust
composition, the data of the fourth day were calculated separately in this paper. In the case
of sudden rain on the fifth day, the data on the fifth day would not be calculated. The data
were processed in the above manner, and the K value broken line graph was used to show
the change rule of each sampling point.

The following key information can be obtained by analyzing Figure 5:

Figure 5. K value diagram of each sampling point: (a) K value change diagram for the first type
of sampling point; (b) K value change diagram for the second type of sampling point; (c) K value
change diagram for the third and fourth types of sampling points.

(1) Except for monitoring point O1, the K value of all sampling points tended to first
decrease and then increase. This result indicates that in the non-construction stage,
PM2.5 accounted for a higher proportion of the TSP concentration, and the main
pollution source was fine particles (PM2.5), with fewer coarse particles (PM2.5−100).
However, coarse particles (PM2.5−100) increased sharply and were significant pollution
sources due to the impacts of the construction operations. Therefore, in dust fall
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research, it is necessary to study the coarse and fine particles separately and determine
the dust reduction measures for particles of different sizes. In earthwork construction,
the dust reduction method of coarse particles is mainly taken into account;

(2) Before construction, the K value of each sampling point in the construction site
differed significantly, varying between 0.35 and 0.6. Although other areas in the site
were in a shutdown stage before sampling, the construction operations during the day
still had a significant impact on those at night. The K value of each sampling point
was less than the K value of the O2 point, indicating that construction operations
during the day led to an increase in the concentration of coarse particles;

(3) During the construction, the K value of the first type of sampling point varied between
0.18 and 0.22, and the K value of the second type of sampling point varied between
0.24 and 0.28. This suggests that the closer the location to the excavation site, the
higher the proportion of coarse particles in the pollutants. The weight of coarse
particles was larger than that of fine particles, and they could not be suspended in the
air for a long time [36]; the closer the point was to the place where the disturbance
was greater, the higher the proportion of coarse particles. The K values of the third
and fourth types of sampling points varied between 0.21 and 0.66. Because point
C4 was located near the earth excavation site, the K value was small. The values at
all other points decreased but remained different. As for points C1 and O1, C1 was
located at the easternmost side of the construction site, avoiding the path of the waste
truck, and was the farthest point from the excavation point relative to other sampling
points and is the least affected. The K value of point O1 during the construction phase
further illustrates the necessity of setting up a car wash pool;

(4) After construction, the K values of all the sampling points increased. The K value
range of the first type point was 0.68–0.78. The K value range of the second type
point was 0.68–0.73. This indicates that the coarse particles settled at places that
were significantly affected by construction operations. However, their K value was
higher than those of the third and fourth sampling points (0.59–0.71), because the fine
particles were still suspended in the air due to the impact of construction;

(5) By comparing the variation rule of dust composition after the use of dust control
measures, the following noteworthy points were found. First, during the construction
stage, the K value of the site sampling points did not change significantly, indicating
that the sprinkler system and the artificial road sprinkler made no significant differ-
ence regarding the influence on the coarse and fine particles during the construction
stage. However, after the completion of construction, the K values of the sampling
points of Type 1 and 2 were smaller than those without dust removal measures. This
phenomenon indicated that after the construction, the use of dust removal measures
would make the proportion of TSP in the dust lower; that is, after the construction, the
coarse particles in the air would be relatively reduced. After the use of dust removal
measures, coarse particles were more likely to be captured by water fog, which could
achieve particle sedimentation or inhibit the migration of particles.

3.6. Increment of Dust Concentration on Construction Site

Based on the collected data, Equations (7)–(10) were used to calculate the dust concen-
tration increments at the sampling point, the relative increments of the dust concentration
at the sampling point, the average concentration increments of dust at the construction sites
and the relative increments of the average dust concentrations at the construction sites. In
this study, the above formula was used to analyze the emissions of dust from construction
quantitatively. The increments in the dust concentration at the sampling point indicate the
absolute value of that value caused by earthwork construction, and the relative increase
in dust concentration at the sampling point indicates the percentage of the concentration
increment caused by construction. In addition, the increment in the average concentration
of dust at the construction site and the relative increment in the average concentration of
the dust at the construction site were used to indicate an increase in the absolute value
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and percentage of the dust concentration generated by the earthwork construction for the
entire construction site. It should be noted that because the construction operation will
affect the concentration value for a period of time after the construction is stopped, the
dust concentration at each sampling point is the average value of the dust concentration
from the beginning of the construction until 30 min after stopping the construction.

Dust concentration increment at sampling point =
Avg{dust concentration value at each sampling point} − background concentration value

(7)

Relative increment of dust concentration at sampling point =
dust concentration increment at sampling point

background concentration value × 100%
(8)

Average concentration increment of dust at constrution site =
∑ ∑ increment of dust concentration at sampling points

number of sampling points ×number of monitoring days
(9)

Relative increment of average dust concentration at construction site =
∑ ∑ relative increment of dust concentration at sampling points

number of sampling points ×number of monitoring days
(10)

Figure 6 more intuitively shows the increase in the concentration of particulate
matter caused by the construction operations at each sampling point. According to
Equations (7) and (8), the average concentration increment of PM2.5 is 55.06 μg/m3 at
the construction site, and the average TSP concentration increment is 375.17 μg/m3, respec-
tively, without taking any dust control measures. According to Formula (9) and (10), the
average relative increment of the PM2.5 concentration is 0.99 at the construction site, and
the average relative increment in TSP concentration is 4.25. This means that in the earth-
work construction phase, the concentration of PM2.5 almost doubled compared with the
shutdown period, and the TSP concentration increased by 4.25 times. PM2.5/TSP = 0.147,
indicating that approximately 14.7% of the particles in the dust emissions during earthwork
construction had a particle size of less than 2.5 μm. These particles will remain suspended
in the air for a long time when there is no precipitation [35]. After being inhaled, these
particles can cause harm to humans [37]. In general, the content of particles with large
diameters in earthwork construction dust is relatively large, and the content of particles
with small diameters is relatively small. This conclusion has also been mentioned in similar
studies [38]. The average concentration increment of PM2.5 was 32 μg/m3 and that of TSP
was 224.67 μg/m3 when the dust-proof measures of a spray system and artificial water
sprinkling were adopted. Compared with situations without dust control measures, the pol-
lutant value was greatly reduced. At this time, the average relative increment of the PM2.5
concentration in the construction site was 0.64, and the average relative increment of TSP
concentration was 2.88. According to the above values, the PM2.5 concentration increment
and TSP concentration increment were reduced by 72.01% and 40.16%, respectively.

According to the classification of environmental air function zones in the Chinese
Ambient Air Quality Standards (GB3095-2012) [39], the first-class areas include nature re-
serves, scenic spots and other areas in need of special protection; the second-class areas
are business, traffic, and resident mixed districts, cultural districts, industrial districts
and rural areas. The construction site monitored in this work belongs to the second-class
area of the ambient air function zone, so it is subjected to the second-level concentration
limit. The daily average concentration limit of TSP is 300 μg/m3, and the daily average
concentration limit of PM2.5 is 75 μg/m3. According to the monitoring results, during the
earthwork construction, if no means were used to suppress the generation and diffusion
of dust, the sum of the background concentration value and the increment of the average
concentration of dust in the construction site would be far higher than the concentration
limit. The concentration level of dust particles could be greatly reduced by using a spray
system and artificial sprinkling. Therefore, in this stage, the construction organization

84



Sustainability 2021, 13, 8451

should take proper protective measures, and the staff at the construction site should take
safety precautions to avoid bodily harm caused by dust pollution.

Figure 6. Increment and relative increment of dust concentration at each sampling point.

3.7. Remaining Rate of Dust in Construction Site

Due to local government regulations, most earthworks are completed at night. From
the end of construction on the first day to the beginning of other projects on the second
day, a sufficient time interval was reserved during this period. In this study, the data
collected 30 min after the construction stopped at each collection point were monitored
to calculate the retention rate of the dust. This parameter could be used to measure the
residual amount of dust in the workplace after the construction stops. Project managers
can thus more clearly determine the degree of dust retention at the site after the completion
of the construction, which can promote construction organization and arrangement. The
retention rate of the dust at the construction site refers to the ratio of the increment of the
dust concentration generated by the construction activities to the dust concentration value
caused by the construction activity remaining in the construction site after the construction
activities have stopped for 30 min. The area under the concentration curve was used
(Figure 7), and the retention rate was calculated as follows:

Retention fraction =
B

A + B
× 100% (11)

Figure 7. Schematic diagram of the concentration curve.

According to the data shown in Table 8, 0.82~3.76% of PM2.5 and 0.81~1.9% of the
TSP generated by the construction operations at the construction site would remain 0.5 h
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after the completion of the construction. The coarse particles produced during construction
settle faster than the fine particles, and thus the fine particles will have a higher retention
fraction. According to the comparison results of the data from the second and third days,
the dust retention rate is higher under static wind conditions. Under the influence of
wind, although the construction site is more likely to reach a polluted state, it is also
easier to reduce the retention fraction of the dust at the construction site. According to the
calculation results, the retention rates of PM2.5 and TSP on the fourth and fifth days were
relatively large because the denominator in Equation (11) was greatly reduced after the
adoption of relevant dust prevention measures. By comparing the data of the fourth and
fifth days, it could be seen that due to the occurrence of rain, the value of the retention
fraction decreased, and the residual amount of particulate pollutants in the construction
site decreased to a certain extent.

Table 8. Calculation of retention fraction.

Date
Retention Fraction

PM2.5 TSP

25–26 October 0.0339 0.0158
26–27 October 0.0215 0.0107
27–28 October 0.0082 0.0081
28–29 October 0.0376 0.019
29–30 October 0.031 0.0154

4. Conclusions and Recommendations

4.1. Conclusions

This paper presents the results of a study on dust dispersion during the earthwork
construction of a typical urban commercial-residential complex project in Jianghan Plain,
China. The concentration values of PM2.5 and TSP in each area of the construction site
were taken as the research objects. The study provided estimates of the critical parameters
related to dust dispersion during earthwork construction. These parameters could be used
to reveal the distribution and changes in the dust at construction sites during earthwork
construction. At the same time, the positive effect of dust control measures on pollutant
concentration reduction was also presented. This study can be used as a reference for related
earthwork monitoring in other areas of the Jianghan Plain. The following conclusions were
drawn from this study:

(1) The aforementioned dust emissions were related to the average concentrations of PM2.5
and TSP. The correlation coefficient with the number of unearthed trips was 0.814, and
the significance level was less than 0.01, which showed a strong positive correlation;

(2) During the earthwork construction stage, all parts of the construction site were
affected, and there were obvious differences. The data of one or two collection
points could not be used to characterize the dust concentration value of the entire
construction site. The earth excavation area was the most affected, and the impact
scope of the dust dispersion caused by it was greater than 100 m, followed by the
impact on the transportation path of the truck. The closer the point was to the earth
excavation site, the higher the dust concentration;

(3) The dust removal efficiency was more than 30% when artificial sprinkling or spraying
was used in the earth excavation site and the earth transport road, and the dust
removal efficiency of TSP was higher than PM2.5. Where the two measures were used
at the same time, the dust removal efficiency of PM2.5 and TSP could reach about 50%;

(4) The time required for the concentration of the two pollutantsPM2.5 and TSP—to reach
the steady-state level was inconsistent. The time for the PM2.5 concentration to reach
the steady-state level was earlier than that of the TSP. The closer to the earthwork
excavation, the shorter the time to reach the steady level. In the non-construction
stage, PM2.5 accounted for a higher proportion of the TSP particle concentration.
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Under the influence of earthwork construction, coarse particles occupy a dominant
position as a pollution source. The closer to the excavation site, the higher the
proportion of coarse particles in the pollutants. The use of dust control measures
did not change the proportion of pollutants in the construction process, but after the
completion of construction, the coarse particles in the air of the construction site were
relatively reduced;

(5) The average concentration increment of PM2.5 at the construction site caused by
earthwork construction was 55.06 μg/m3, and the average concentration increment
of TSP was 375.17 μg/m3. The sum of the background concentration value and the
average incremental dust concentration at the construction site was much higher than
the concentration limit. The average concentration increment of PM2.5 was 32 μg/m3

and that of TSP was 224.67 μg/m3 when the dust-proof measures of the spray system
and artificial water sprinkling were adopted. Due to the use of dust control measures,
the PM2.5 concentration increment and TSP concentration increment were reduced
by 72.01% and 40.16%, respectively. With or without dust control measures, the ratio
of the concentration of particles with different diameters was close to the following:
TSP:PM2.5 = 1:0.147;

(6) Half an hour after the completion of construction, 0.82–3.76% of PM2.5 and 0.81–1.9%
of TSP remained at the construction site because of earthwork construction opera-
tions. The coarse particles generated during construction work settle faster than fine
particles. Under static wind conditions, the dust retention rate is higher. Under the
influence of wind, although the construction site was more likely to reach a steady
state, the retention rate of dust at the construction site could be reduced more easily.
Rainwater would reduce the number of particulate pollutants in the construction site.

4.2. Recommendations

The research results presented in this paper were based on the earthwork construction
of a typical urban commercial-residential complex project located in the Jianghan Plain.
The results generated from the selection of different construction sites from those used in
this study might be slightly different. Therefore, it is necessary to conduct a long-term
study on earthwork construction in more engineering cases to better understand dust
dispersion in workplaces during earthwork construction.

Based on the conclusions drawn in this paper, our research may enable construction
practitioners to create much more targeted countermeasures for different construction
activities based on their dust emission and to resolve the concerns raised by dust exposure
on a macro scale. The specific dust prevention measures implemented could include
the deployment of a dust sensor network. The collated information could be stored in a
repository in order to create much more targeted control measures for construction activities.
Furthermore, this approach may be able to expeditiously solve the unpredictable civil
complaints of residents who live near construction sites through the effective management
of and reduction in construction pollutants.

Author Contributions: Conceptualization, J.H., L.H. and Q.L.; project administration, J.H.; formal
analysis, Q.L.; validation, Y.L., F.Z. and X.X.; investigation, Q.L., Y.L., F.Z. and X.X. writing—original
draft preparation, Q.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Plan of the 13th
Five-Year Plan (Grant No.2016YFC0702105).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the cor-
responding author. The data are not publicly available due to data are applied to follow-up studies.

Acknowledgments: The instruments used in this study were provided by the Key Laboratory of
New Technology for Construction of Cities in the mountain area (Chongqing University).

87



Sustainability 2021, 13, 8451

Conflicts of Interest: The authors declare no conflict of interest. We wish to confirm that we do
not have any commercial or associative interest that represents a conflict of interest in connection
with the work submitted. We confirm that we have given due consideration to the protection of
intellectual property associated with this research and that there are no impediments to publication
with respect to intellectual property.

References

1. Li, C.Z.; Zhao, Y.Y.; Xu, X.X. Investigation of dust exposure and control practices in the construction industry: Implications for
cleaner production. J. Clean Prod. 2019, 227, 810–824. [CrossRef]

2. Gautam, S.; Patra, A.K.; Prusty, B.K. Opencast mines: A subject to major concern for human health. Int. J. Geol. Min. 2012, 2,
25–31.

3. Finkelman, R.B.; Orem, W.; Castranova, V.; Tatu, C.A.; Belkin, H.E.; Zheng, B.S.; Lerch, H.E.; Maharaj, S.V.; Bates, A.L. Health
impacts of coal and coal use: Possible solutions. Int. J. Coal Geol. 2002, 50, 425–443. [CrossRef]

4. Kanaoka, C.; Furuuchi, M.; Inaba, J.; Ohmata, K.; Myojo, T. Flow and dust concentration near working face of a tunnel under
construction. J. Aerosol Sci. 2000, 31, 31–32. [CrossRef]

5. Sun, Z.; Su, Z. Study on dust diffusion regularity in tunnel slag process. Ind. Saf. Environ. Prot. 2017, 43, 100–103.
6. Bakke, B.; Stewart, P.; Eduard, W. Determinants of Dust Exposure in Tunnel Construction Work. Appl. Occup. Environ. Hyg. 2002,

17, 783–796. [CrossRef]
7. Galea, K.S.; Mair, C.; Alexander, C.; de Vocht, F.; van Tongeren, M. Occupational Exposure to Respirable Dust, Respirable

Crystalline Silica and Diesel Engine Exhaust Emissions in the London Tunnelling Environment. Ann. Occup. Hyg. 2016, 60,
263–269. [CrossRef]

8. Liu, J.; He, N.; Wen, W.Y.; Liu, J. Water Jet Vacuum Dust Suppression Device Used to Tunnel Development. Adv. Mater. Res. 2012,
594–597, 1188–1192. [CrossRef]

9. Xu, Y.; Yang, D.H.; Zhang, Y.W. Tunnel Construction Dust Monitoring and Dust Control Technology of High Altitude and High
and Cold Area. Appl. Mech. Mater. 2014, 578–589, 703–708. [CrossRef]

10. Li, X.; Su, S.; Huang, T. Health damage assessment model for construction dust. J. Tsinghua Univ. (Sci. Technol.) 2015, 055, 50–55.
11. Huang, T. The Monitoring and Analysis of the Health Damage Caused by Fugitive Dust in the Building Construction Phase.

Master’s Thesis, Tsinghua University, Beijing, China, 2013.
12. Chen, X.F.; Guo, C.; Song, J.X.; Wang, X.; Cheng, J.H. Occupational health risk assessment based on actual dust exposure in a

tunnel construction adopting roadheader in Chongqing, China. Build Environ. 2019, 165, 106415. [CrossRef]
13. Wu, Z.Z.; Zhang, X.L.; Wu, M. Mitigating construction dust pollution: State of the art and the way forward. J. Clean Prod. 2016,

112, 1658–1666. [CrossRef]
14. Gangolells, M.; Casals, M.; Gasso, S.; Forcada, N.; Roca, X.; Fuertes, A. A methodology for predicting the severity of environmental

impacts related to the construction process of residential buildings. Build Environ. 2009, 44, 558–571. [CrossRef]
15. Zhu, W.N.; Feng, W.; Li, X.D.; Zhang, Z.H. Analysis of the embodied carbon dioxide in the building sector: A case of China. J.

Clean Prod. 2020, 269, 122438. [CrossRef]
16. Programme, T.U.N.D. Urban Air Pollution Control in China; Science and Technology of China Press: Beijing, China, 2001.
17. Liu, J.G.; Diamond, J. Science and government—Revolutionizing China’s environmental protection. Science 2008, 319, 37–38.

[CrossRef] [PubMed]
18. Chan, C.K.; Yao, X. Air pollution in mega cities in China. Atmos. Environ. 2008, 42, 1–42. [CrossRef]
19. Wen, L. Numerical Simulation of the Spatial Migration Rule of Fugitive Dusts at Urban Building Construction Sites. Master’s

Thesis, Lanzhou University, Lanzhou, China, 2011.
20. Xie, Z. Research on Formation, Diffusion and Controlling of Construction Dust; Chongqing University: Chongqing, China, 2018.
21. Huang, T.; Li, X.; Su, S.; Liu, S. Monitoring and Analysis of Dust Pollution during Earthwork Construction. J. Saf. Environ. 2014,

14, 317–320.
22. Zhang, X.L.; Shen, L.Y.; Zhang, L. Life cycle assessment of the air emissions during building construction process: A case study in

Hong Kong. Renew. Sustain. Energy Rev. 2013, 17, 160–169. [CrossRef]
23. Zhao, X.; Cheng, S.; Tian, G.; Li, G.; Wang, H. Construction Fugitive Dust Pollution and Control in Beijing. J. Beijing Univ. Technol.

2007, 10, 1086–1090.
24. Zhang, Z.; Wu, F. Evaluation of health damage caused by construction dust pollution. J. Tsinghua Univ. (Sci. Technol.) 2008, 6,

922–925.
25. Nlj, E.T.; Hilhorst, S.; Spee, T.; Spierings, J.; Steffens, F.; Lumens, M.; Heederik, D. Dust control measures in the construction

industry. Ann. Occup. Hyg. 2003, 47, 211–218.
26. Fan, S.C.; Wong, Y.W.; Shen, L.Y.; Lu, W.S.; Wang, T.; Yu, A.; Shen, Q.P. The effectiveness of DustBubbles on dust control in the

process of concrete drilling. Saf. Sci. 2012, 50, 1284–1289. [CrossRef]
27. Shou-bin, F.; Gang, T.; Gang, L.; Yu-hu, H.; Jian-ping, Q.; Shui-yuan, C. Road fugitive dust emission characteristics in Beijing

during Olympics Game 2008 in Beijing, China. Atmos. Environ. 2009, 43, 6003–6010. [CrossRef]
28. Gautam, S.; Prusty, B.K.; Patra, A.K. Dispersion of respirable particles from the workplace in opencast iron ore mines. Environ.

Technol. Innov. 2015, 3, 11–27. [CrossRef]

88



Sustainability 2021, 13, 8451

29. Li, J.Y.; Li, H.R.; Ma, Y.H.; Wang, Y.; Abokifa, A.A.; Lu, C.Y.; Biswas, P. Spatiotemporal distribution of indoor particulate matter
concentration with a low-cost sensor network. Build. Environ. 2018, 127, 138–147. [CrossRef]

30. Cheriyan, D.; Choi, J.H. Estimation of particulate matter exposure to construction workers using low-cost dust sensors. Sustain.
Cities Soc. 2020, 59, 102197. [CrossRef]

31. Zhao, P.; Feng, Y.; Jin, J.; Han, B.; Zhu, T.; Zhang, X. Characteristics and control indicators of fugitive dust from building
construction sites. Acta. Sci. Circumstantiae 2009, 29, 1618–1623.

32. Lee, C.H.; Tang, L.W.; Chang, C.T. Modeling of fugitive dust emission for construction sand and gravel processing plant. Environ.
Sci. Technol. 2001, 35, 2073–2077. [CrossRef]

33. China, Ministry of Ecology and Environment of People’s Republic of China. Ambient Air–Determination of Dustfall–Gravimetric
Method; Ministry of Ecology and Environment of People’s Republic of China: Beijing, China, 1994.

34. Hong, J.; Kang, H.; Jung, S.; Sung, S.; Hong, T.; Park, H.S.; Lee, D.E. An empirical analysis of environmental pollutants on
building construction sites for determining the real-time monitoring indices. Build. Environ. 2020, 170, 106636. [CrossRef]

35. Cheriyan, D.; Hyun, K.Y.; Jaegoo, H.; Choi, J.H. Assessing the distributional characteristics of PM10, PM2.5, and PM1 exposure
profile produced and propagated from a construction activity. J. Clean Prod. 2020, 276, 124335. [CrossRef]

36. Ding, G. Study on the Emission Characteristics and Modeling of Building Construction Dust; South China University of Technology:
Guangzhou, China, 2020.

37. Cohen, A.J.; Anderson, H.R.; Ostro, B.; Pandey, K.D.; Krzyzanowski, M.; Kunzli, N.; Gutschmidt, K.; Pope, A.; Romieu, I.; Samet,
J.M.; et al. The global burden of disease due to outdoor air pollution. J. Toxicol. Env. Health A 2005, 68, 1301–1307. [CrossRef]
[PubMed]

38. Yan, H.; Ding, G.L.; Li, H.Y.; Wang, Y.S.; Zhang, L.; Shen, Q.P.; Feng, K.L. Field Evaluation of the Dust Impacts from Construction
Sites on Surrounding Areas: A City Case Study in China. Sustainability 2019, 11, 1906. [CrossRef]

39. China, Ministry of Ecology and Environment of People’s Republic of China. Air Quality Standard of China; China, Ministry of
Ecology and Environment of People’s Republic of China: Beijing, China, 2012.

89



materials

Article

Nano-Porous-Silicon Powder as an Environmental Friend

Marwa Nabil 1,*, Kamal Reyad Mahmoud 2, Raghda Nomier 3, El-Maghraby El-Maghraby 3 and

Hussien Motaweh 3

Citation: Nabil, M.; Mahmoud, K.R.;

Nomier, R.; El-Maghraby, E.-M.;

Motaweh, H. Nano-Porous-Silicon

Powder as an Environmental Friend.

Materials 2021, 14, 4252. https://

doi.org/10.3390/ma14154252

Academic Editor:

Avelino Núñez-Delgado

Received: 25 June 2021

Accepted: 19 July 2021

Published: 30 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Electronic Materials Researches, Advanced Technology and New Materials Research Institute,
City for Scientific, Research and Technology Applications, New Borg El-Arab City 21934, Egypt

2 Department of Physics, Faculty of Science, Kafrelsheikh University, Kafr El Sheikh 33516, Egypt;
kamalreyad@gmail.com

3 Department of Physics, Faculty of Science, Damanhour University, Damanhur 22511, Egypt;
raghda.mhmd91@yahoo.com (R.N.); maghrabym@yahoo.com (E.-M.E.-M.);
prof_motaweh@yahoo.com (H.M.)

* Correspondence: marwamoh2000@yahoo.com

Abstract: Nano-porous silicon (NPS) powder synthesis is performed by means of a combination of
the ultra-sonication technique and the alkali chemical etching process, starting with a commercial
silicon powder. Various characterization techniques {X-ray powder diffraction, transmission electron
microscopy, Fourier Transform Infrared spectrum, and positron annihilation lifetime spectroscopy}
are used for the description of the product’s properties. The NPS product is a new environmentally
friendly material used as an adsorbent agent for the acidic azo-dye, Congo red dye. The structural
and free volume changes in NPS powder are probed using positron annihilation lifetime (PALS) and
positron annihilation Doppler broadening (PADB) techniques. In addition, the mean free volume (VF),
as well as fractional free volume (Fv), are also studied via the PALS results. Additionally, the PADB
provides a clear relationship between the core and valence electrons changes, and, in addition, the
number of defect types present in the synthesized samples. The most effective parameter that affects
the dye removal process is the contact time value; the best time for dye removal is 5 min. Additionally,
the best value of the CR adsorption capacity by NPS powder is 2665.3 mg/g at 100 mg/L as the
initial CR concentration, with an adsorption time of 30 min, without no impact from temperature and
pH. So, 5 min is the enough time for the elimination of 82.12% of the 30 mg/L initial concentration
of CR. This study expresses the new discovery of a cheap and safe material, in addition to being
environmentally friendly, without resorting to any chemical additives or heat treatments.

Keywords: microporous materials; positron annihilation spectroscopy; X-ray diffraction

1. Introduction

The major threat, for the time being, which must be dealt with on a global level is toxic
and carcinogenic environmental pollutants. In particular, the new technologies developed
for the easier decolorization of different compound types have attracted widespread
interest [1]. Many industries produce residual dyes (i.e., dye intermediates, textile, paper,
and pharmaceutical industries, etc.). Wastewater treatment systems have to deal with a
wide range of organic pollutants. Pollution with dyes is undesirable, as many of the dyes
released are toxic and carcinogenic [2]. In order to remove the wastewater color, several
physical and chemical experiments have been performed. Therefore, it was found that the
process of de-pigmentation using physical adsorption technology is the most effective and
economically appropriate [3]. So, the adsorption technique is one of the best techniques
for water reuse, as a result of its economic cost, simple design, ease of operation and non-
toxicity [4]. Accordingly, many porous adsorbent materials, such as activated carbon [5],
peat, chitin, and silica, are used for testing the possibility of dye removal [6]. However,
intraparticle diffusion associated with porous adsorbents may lessen the rate and capacity
of adsorption [7]. Therefore, the adsorption process is a surface process; its adsorption
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value and its specific surface area are directly proportional to each other [8]. The ratio
between the rising surface area and nano-adsorbent mass of materials can promote the
sorbent material’s adsorption capacity.

Generally, NPS material is a network containing a homogenous mixture of air and
silicon. From the optical point of view, NPS is specified as an effective medium, and it is
considered environmentally suitable for use as an adsorbent material. Its optical properties
rely on the silicon prorated volumes, and the pore filling medium [9]. The ultra-sonication
technique is one of the most famous materials processing techniques that is widely used
for powder technology, as a result of its simplicity and effectiveness, as shown in previous
research [10].

The PALS is an important tool and non-destructive technique that has been used
for the characterization and investigation of the microstructural properties of different
materials. Positron experiments confirmed the sensitivity of PALS to the studied defects in
metals/alloys, and free volume/pores in molecular solids [11]. Additionally, in the case
of porous materials, the formation of positrons are implanted from a radioactive source
in the molecular solids, and each pore of them annihilates with e- of the material’s atoms
and for the formation of a positronium (Ps), s shown in previous studies. Thus, the pluck
annihilation rate (also known as the lifetime) is correlated with the pore size in the simple
free-volume model size according to the simple free-volume model [12–16].

Doppler broadening spectroscopy (PADB) supplies valuable information regarding
the inner electronic shells’ contribution and provides valuable data about chemical an-
nihilation. The S-parameter is defined as the ratio of counts in the central part of the
Doppler broadened spectrum to the area below the annihilation line completely. It depends
on the average density of volume defects, which is open. On the other hand, the ratio
between the area below the annihilation line fixed-wing region and the area under the
whole annihilation line is defined as W [17]. This is related to the positron annihilation with
deeply bound core electrons, which provides information about the chemical environment
of the defect. Thus, the PALS technique obtains the e- density data at the positron anni-
hilation site, and the PADB methods provide information on the momentum distribution
of electrons. All of them are widely used in modern materials science. Several studies, in
particular on solids and porous systems, have included NPS and nonporous SiO2 via the
PALS technique [18–25].

As shown in our previous research [26–30], the solid’s nano-scale microstructure is
studied. We report herein the application of the PALS for tracking the free volume size
changes for synthesized NPS powder via a combination of the alkali chemical etching
process and the ultra-sonication technique, starting with commercial silicon powder. Ad-
ditionally, this work is targeted at studying acidic Congo red dye removal from aqueous
solutions using synthesized NPS powder via the adsorption process.

2. Materials and Methods

2.1. NPS Powder Production and Characterization

The combination of two techniques (ultra-sonication and alkali etching process) for
NPS powder production was performed, starting with commercially available Si-powder
(Silicium, Pulver—99%, Burlington, VT, USA), as shown in previous studies. A suitable
amount of Si powder was dispersed in n-propanol and KOH was dispersed in distal H2O.
The product powders were filtrated, washed, and then dried overnight.

The construction and crystallization of the synthesized NPS were analyzed using
XRD (X-ray 7000 Shimadzu diffractometer, Kyoto, Japan). (Fourier transform infrared
spectrophotometry (FTIR-Shimadzu FTIR-8400 s) was used to determine the NPS powder
forming chemical bonds. In addition, high-resolution transmission electron microscopy
(HR-TEM, Tecnai G20, FEI, Eindhoven, The Netherlands) was utilized in the description
process of the NPS powder product’s morphology.
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2.2. Positron Annihilation Lifetime Measurements

This work used the spectrometer due to its fast spectrometry [31], with a resolution
of ~350 ps via the 60Co source at room temperature for measurements of the lifetime
of the positron. To study the activity of 15 μCi of 22Na, the sample was deposited and
dehydrated upon Kapton foil (7.6 μm thick), and then glued using epoxy glue. During the
measurements, this assembly was sandwiched between two similar samples as a positron
source. The measurement of each sample was repeated at least 2–3 times, and the total
number of elementary annihilation events was approximately 1–2 million. The LT computer
program from Kansy was used to resolve the collected spectra. [32]

As a result of measured spectra analysis, there are 3 lifetime items (τ1, τ2, and τ3). The
1st lifetime item τ1 is produced due to the P-positronium (p-Ps) atom (fixed at 0.125 ns). The
2nd lifetime item τ2 is produced during the positron annihilation via free electrons inside
the material. Finally, the 3rd lifetime item (τ3), which is the longest lifetime component,
depends on the ortho-positronium (o-Ps) annihilation via the “pick-off” mechanism in the
amorphous regions free volume sites. All items were determined via the fit’s variance
(1.005 to 1.18). So, τ3 provides valuable data regarding the free volume cavities’ mean size
when probed by o-Ps.

For the free-volume model [12], the o-Ps lifetime focused inside a spherical solid
potential well (radius = Ro) and the free volume of radius R, and no electrons were found
below it, as shown in the following equation [33,34]:

τo − Ps = 0.5 × [1 − (R/RO) + (1/2π) Sin (2πR/Ro)]−1 (1)

where δR = Ro−R = 1.656 Å is the fitted empirical electron layer thickness. With this value
of δR, the free volume radius (R) was calculated from Equation (1), and the average size of
the free volume holes (Vf) was calculated as Vf = (4/3) πR3 (in Å3).

Furthermore, the free volume hole fraction, fv, can be estimated using the empirical
equation [35]:

fy = CVfI3 (2)

where Vf is in angstrom cube, I3 in percent, and C is an arbitrarily chosen scaling factor for
a spherical cavity.

2.3. Doppler Broadening Measurements

Using a Ge-detector (Ortec, p-type high-purity, GEM series, Oak Ridge, TN, USA),
Doppler broadening was measured. Its energy resolution was FWHM = 1.6 keV for the γ-
line (1.33 MeV) of 60Co. A relative efficiency of 25% was applied for defining S and W as the
line-shape parameters of the Doppler broadening. Ortec 570 was used for magnifying the
detector output signals, which were then obtained via an Ortec 919 multichannel analyzer
(MCA). A 5 μCi 22Na sample was prepared via a droplet of NaCl solution that was dried
on 2 congruent Kapton foils, and then glued using epoxy glue. Both samples (disks)
were coordinated with the 22Na source in a 4π configuration. The energy was calibrated
(~68 eV/channel) via the 133Ba source. The Doppler broadening spectra were taken until
more than two million counts had accumulated in the peak. These measurements were
performed in air at room temperature. The obtained Doppler broadening spectra were
analyzed using the SP ver. 1.0 program. The calculation of the S- and W-parameters,
depending on the centroid channel with maximum counts of the 511 keV peak, was
accurately determined. The input data were fixed for all spectra of the studied samples.

2.4. Dye Decolorization Using the Batch Procedure

The wastewater was synthesized by dissolving the acidic Congo red dye in distilled
water to gain the required waste solution concentrations; this was applied to monitor the
efficiency of the NPS product’s adsorption. Then, 30 mL of wastewater solution (10 and
50 ppm) was mixed with 0.15, 0.3, 0.6 and 1 g of the NPS product for 15 min using the
orbital shaker. The solid phase was separated from the solvent phase using a centrifugation
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technique (600× g rpm for 15 min). The remaining acidic Congo red concentration was
analyzed using a UV-Visible spectrophotometer at a wavelength of 486 nm.

The residual mass comprised adsorbed metal ions; the collected filtrate was exposed to
metal ion assessment via the UV-Visible Spectrophotometer Double Auto Cell (Labomend.
INC, Los Angeles, CA, USA). We then calculated the percentage of metal uptake, using the
sorption efficiency, and then the amount of metal ions that were adsorbed [36]. The tests
were executed to determine the impact of contact time (20–60 min) and the temperature of
the waste solution (25 ◦C).

Sorption efficiency = (Ci − Cf)/Ci × 100 (3)

Amount Adsorbed (Qe) = (Ci − Cf)/W × V (4)

where Ci is the initial metal ion concentration in the solution (mg/L), Cf is the final metal
ion concentration in the solution (mg/L), W is the adsorbent weight (g), V is the solution
volume (L), and Qe is the amount of metal ions that adsorbed per gram of adsorbent.

3. Results and Discussion

3.1. NPS Powder Characterization

The chemically prepared NPS powder material was examined via various physico-
chemical techniques in order to investigate its structure and properties.

3.1.1. X-ray Diffraction Analyses

Figure 1 describes the diffraction peaks of the NPS powder product which is perfectly
reported in the cubic phase NPS (JCPDS Card No. 01-079-0613 and 00-027-1402). The
strongest peak appears at 2θ = 28.23◦, which corresponds to (111), while other peaks
appeared at 2θ = 47.193◦, 56.023◦, 76.261◦, 87.9382◦ and 94.8370◦, which correspond to
(220), (311), (312), (422) and (511), respectively. It is also noted that limited silica formation
occurs at 2θ = 23.128◦. There are no impurity peaks in the pattern, meaning that it is
corroborative of the high purity of the prepared NPS powder.

 
Figure 1. X-ray diffraction pattern of the prepared NPS powder.

3.1.2. Fourier Transform Infrared Spectroscopy (FTIR)

Figure 2 presents the NPS product’s FTIR spectrum in the range 400–4000 cm−1. The
peaks within the wavelength range of 1000–1300 cm−1 are assigned to Si–O asymmetric
stretching in Si–O–Si, and the peak at 449 cm−1 corresponds to Si–O bending. In addition,
the formation of an NPS product peak is recorded at 1072 cm−1. The broad peak at
3449 cm−1 corresponds to the presence of interstitial water and the hydroxyl group. The
peak at 1662 cm−1 corresponds to the free water molecules’ deformation vibration [37].
Therefore, the FTIR spectrum agrees that the product is pure NPS with no pollutants due
to oxidizing and wetting agents, which were utilized in the preparation step.
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Figure 2. FTIR spectrum of the prepared NPS powder.

3.1.3. Transmission Electron Microscopic Analyses (TEM)

TEM images of the prepared NPS powder are shown in Figure 3. In the preparation
conditions—7 g of commercial Si powder, 3 wt.% KOH at sonication times of 3 and 4 h—the
morphological construction of the NPS powder product as illustrated in Figure 3A has
a spherical NPS morphology covered with a nano-silica layer. In the case of Figure 3B,
the TEM image presents the cubic shape with good crystallinity. Figure 3 shows that the
NPS product is in the nano range. These results provide a prediction of the NPS powder
product, which has a huge surface area, which is useful for enhancing its dye pollutant
removal affinity.

 

Figure 3. TEM images for NPS and nano porous silica powders in the preparation conditions—7 g of commercial Si powder,
3 wt.% KOH, and at sonication times; (A) 3 h, and (B) 4 h.

3.2. Positron Annihilation Lifetime (PAL) Parameters

The spectra of positron lifetime are classified in terms of three items of positron lifetime,
τ1, τ2, τ3, while the intensities are I1, I2, I3 for the NPS powder product, respectively. Due
to the poor resolution time of the apparatus (≈350 ps), the short-lived item data for the
p-Ps are unreliable. For the minimization of the scatter of the other parameters, τ1 was
fixed at 125 ps. Accordingly, the suitable quality of the spectra did not change and the
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derived parameters were close to those obtained when the analysis was made without
any restrictions.

For all measured samples, the intermediate-lifetime component (τ2 = 0.351–0.497 ns)
and its relative intensities (I2) ranged from 29.00% to 44.2%, as shown in Table 1. Addi-
tionally, it may arise from the interaction of positrons with e-s placed in higher negative
charge density. The τ2 and I2 values are found to be in the same order as those commonly
seen in the literature [20,24]. The longest-lived one, τ3, may be attributed to the o-Ps
annihilation localized in nano-regions, within the silica matrix, which is very sensitive to
the microstructural changes. In molecular systems, the o-Ps localized in a cavity annihilate
via a pickoff annihilation technique with an antiparallel electron spin from the cavity wall
surroundings. The τ3 determination provides valuable information on the mean size of
free volume cavities probed by o-Ps.

Table 1. The results of lifetime components with the corresponding intensities at 7 and 5 g of commercial silicon powder in
different weight of KOH (wt.%) at sonication times of 2, 3, and 4 h).

Sample
Composition

Sonication
Time (h)

τ2 (ns) τ3 (ns) I1 (%) I2 (%) I3 (%)

7 g Si Powder +
6 wt.% KOH

2 0.359 ± 0.004 1.780 ± 0.055 57.22 ± 0.50 40.56 ± 0.50 2.21 ± 0.10
3 0.378 ± 0.002 1.648 ± 0.019 68.20 ± 0.17 29.00 ± 0.17 2.79 ± 0.043
4 0.449 ± 0.004 1.334 ± 0.012 41.33 ± 0.19 39.61 ± 0.20 18.3 ± 0.59

4 + No. H * 0.008 ± 0.456 1.510 ± 0.013 40.01 ± 0.94 42.79 ± 0.86 17.2 ± 0.42

7 g Si Powder +
4.5 wt.% KOH

2 0.351 ± 0.004 1.78 ± 0.055 57.2 ± 0.50 40.6 ± 0.50 2.21 ± 0.10
3 0.369 ± 0.006 1.73 ± 0.043 63.3 ± 0.93 34.5 ± 0.93 2.18 ± 0.10
4 0.372 ± 0.002 2.19 ± 0.026 55.8 ± 0.53 41.7 ± 0.53 2.45 ± 0.03

4 + No. F * 0.470 ± 0.009 1.54 ± 0.014 36.6 ± 0.83 44.2 ± 0.70 19.3 ± 0.43

7 g Si Powder +
3 wt.% KOH

2 0.376 ± 0.009 1.58 ± 0.080 61.0 ± 1.40 36.0 ± 1.5 2.79 ± 0.20
3 0.358 ± 0.004 1.97 ± 0.038 58.9 ± 1.00 38.8 ± 1.0 2.32 ± 0.08
4 0.373 ± 0.007 1.86 ± 0.050 64.4 ± 1.00 33.3 ± 1.0 2.33 ± 0.11

4 + No. F * 0.497 ± 0.011 1.42 ± 0.015 43.9 ± 0.88 37.1 ± 0.8 18.9 ± 0.50

5 g Si Powder +
3 wt.% KOH

2 0.351 ± 0.003 2.15 ± 0.05 57.7 ± 0.95 40.06 ± 0.95 2.28 ± 0.07
3 0.353 ± 0.004 1.63 ± 0.05 62.7 ± 0.48 35.66 ± 0.48 1.63 ± 0.07
4 0.382 ± 0.015 2.26 ± 0.026 64.4 ± 0.42 32.59 ± 0.42 2.99 ± 0.04

4 + No. F * 0.481 ± 0.014 1.31 ± 0.014 41.0 ± 0.89 37.49 ± 0.91 21.47 ± 0.6

* No. H: without heat treatment, No. F: without filtration.

Table 1 contains the calculated values of the τ3 and its relative intensity I3 that classifies
the annihilation parameters of the o-Ps as a function of sonication time (2, 3, and 4 h) at
the preparation conditions (commercial silicon weight (5 and 7 g) and several KOHconc. (3,
4.5 and 6 wt.%)). Additionally, samples at a sonication time of 4 h and special conditions
without heat treatment (No. H) or without filtration (No. F) are presented. The range of
the longest-lived item, τ3, is 1.31–2.19 ns, and its corresponding intensity (I3) in within
the range 1.63–21.5%, for all the measured samples. The values of t3 and I3 are the
smallest [20,21,38,39].

It is clear from Table 1 that there is a directly proportional relationship between the
sonication time and the values of I3%). This is a logical relationship, which is a result of the
enhancement of the porosity percentage in Si powder for NPS formation. One can notice
that a surprising enhancement of the I3% values was shown in samples with 4 h sonication
time with special conditions of no heat treatment (No. H) or no filtration (No. F). In these
processes, a longer period time of the oxidized agent was achieved as a result of the NPS
surface oxidation process. Consequently, the porous silica layer was formed on the NPS
core, which has a larger surface area, increasing the porosity percentage and decreasing the
o-Ps lifetime (τ3 ns), and consequently decreasing the size of the free volume, as shown in
Table 1. This result was proven and in good agreement with the TEM measurements (see
Section 3.1.3).
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The calculated values of the o-Ps lifetime (τ3 ns) in Table 1 were used to calculate
the radius R of the free volume Vf (Å3) according to the free-volume model [12]. Figure 4
shows the variations of mean free volume Vf (Å3) as a function of sonication time (2, 3,
and 4 h) for the measured samples at weight of commercial silicon powder (5 and 7 g) in
different KOH concentrations (6, 4.5, and 3 wt.%). In addition to samples at a sonication
time of 4 h in special conditions and with a slow drying process (without heat treatment
(4 h + No. H)) and without the separation process (without filtration (4 h + No. F)). It
is clear from Figure 4 that the effect of sonication time on the mean free volume Vf (Å3)
has the same trend as the o-Ps lifetime, τ3 (ns) (as shown in Table 1), and also the same
explanation can be suggested. It can be concluded that a severe reduction in mean free
volume was observed in samples at a sonication time of 4 h in the special conditions and
with a slow drying process, without filtration as a result of the formation of a silica layer
on the NPS material.

Figure 4. The variation of mean free volume, Vf (Å3), as a function of sonication time (2, 3 and
4 h) in special conditions; 7 g commercial silicon powder in different KOH concentrations (wt.%):
(A) at 6 wt.% KOH, (B) 4.5 wt.% KOH, (C) 3 wt.% KOH and (D) 5 g commercial silicon powder and
3 wt.% KOH.

The variation of the fractional free volume (Fv) of the NPS samples as a function of
sonication time (2, 3 and 4 h) for all the measured samples are also shown in Figure 5. The
results show a small increase in the values of Fv with a sonication time of 2, 3 and 4 h for
all different KOH concentrations, then a steep increase at a sonication time of 4 h in the
special conditions and with a slow drying process (without heat treatment (4 h + No. H))
and without the separation process (without filtration (4 h + No. F)). This enhancement
may be attributed to the formation of a silica layer on the NPS material.
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Figure 5. The variation of fractional free volume, Fv, as a function of sonication time (2, 3 and 4 h) in
special conditions; 7 g commercial silicon powder in different KOH concentrations (wt.%): (A) at
6 wt.% KOH, (B) 4.5 wt.% KOH and (C) 3 wt.% KOH and (D) 5 g commercial silicon powder and
3 wt.% KOH.

3.3. Doppler Broadening Spectroscopy Measurements

Although the PALS results are strongly indicative of a long-lifetime component task Ps,
the results show this conclusion via another distinct technique, such as Doppler broadening
of annihilation radiation (DBAR). The sharpness of an annihilation peak of 511 keV can be
measured by the so-called S-parameter, which is an indicator of the fraction of positrons
annihilating with the valence electrons. This can be produced when positrons annihilate in
vacancies or pores and/or o-Ps annihilate in free volumes with low-kinetic momentum
electrons of the outer orbital of the neighboring atoms present at the wall of the pores or
the free volumes inside the materials. The estimated S- and W-parameters’ values as a
function of sonication time are shown in Figure 6.

The results show that the S-parameter values decreased. However, there is a directly
proportional relationship between the W-parameter and sonication time at 7 g commercial
silicon powder with 6 wt.% of KOH, as shown in Figure 6A. On the other hand, there are
a few variations of the S– and W–parameters for the samples of 7 g commercial silicon
powder with 4.5 and 3 wt.% of KOH and 5 g of commercial silicon powder with 3 wt.% of
KOH at the sonication times 2, 3, and 4 h, as shown in Figure 6B–D. These variances are in
agreement with the PALS information, due to the existence of the Ps; the distribution of
momentum is correlated with Ps (o-Ps and p-Ps). This is thinner than that linked with the
e+ annihilation (“free” positron gain). Thence, the overall line width has to increase at the
Ps intensity decreases, and vice versa, as is actually observed.
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Figure 6. The variation of W–parameters at 7 g commercial silicon powder at sonication time (2, 3 and
4 h) with special conditions with different weights of KOH (wt.%): (A) at 6 wt.% KOH, (B) 4.5 wt.%
KOH and (C) 3 wt.% KOH and (D) 5 g commercial silicon powder and 3 wt.% KOH.

A falling behavior compared with the steep growth of S- and W-parameters, respec-
tively, was recorded for samples in the special conditions of 4 h without filtration, as seen
in Figure 6B–D. The steep decrease is perhaps as a result of valance e-’s reduction, defect
size, and the concentration of particles [31]. Figure 7 shows the defect type number that
is obtained by plotting the S-parameter verses the W-parameter. For a sample with one
kind of defect, the plot of S against W is linear. From these figures, one notices that the
W-parameter is inversely proportional to the S-parameter values for all samples. Thus, only
one kind of defect exists in these samples. As shown in Figure 7A,D, the only exception
was found in the samples with 7 g commercial silicon powder with 6 wt.% KOH and 5 g
commercial silicon powder with 3 wt.% KOH at a sonication time of 2 h.

3.4. Basic Dyes Decolourization Process onto the Synthesized NPS Powder Using a Batch
Adsorption Technique
3.4.1. Effect of Contact Time

The contact time effect on the basic Congo red (CR) adsorption onto the NPS powder
surface is presented (Figure 8). The experiments are performed at an initial dye concentra-
tion of 10 ppm, with 10 g/L of NPS as an adsorbent, and with a 600 rpm agitation speed at
several time interval ranging from 0 to 60 min. It is stated that the CR adsorbed amount
is directly proportional to the contact time, and at 5 min reaches its maximum value. The
equilibrium time can be considered at 15 min for ensuring the full dye sorption atop the
prepared NPS. Therefore, the maximum dye removal above the synthesized NPS powder
occurred within 5 min, and subsequently, the system reaches an equilibrium point.
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Figure 7. The S versus W plot for 7 g commercial silicon powder at sonication times of 2, 3 and
4 h with special conditions in different weights of KOH (wt.%): (A) at 6 wt.% KOH, (B) 4.5 wt.%
KOH and (C) 3 wt.% KOH and (D) 5 g commercial silicon powder and 3 wt.% KOH. The solid line
represents a linear fitting of the experimental data.

 

Figure 8. The contact time impact for Congo red removal using NPS (pH = 7; adsorbent dose =
10 g/L; initial CR concentration = 10 mg/L).

3.4.2. Effect of NPS Powder Dosage

The NPS dosage is an important factor that sets the NPS adsorption capacity at an
initial CR concentration of 50 ppm. The CR removal percentage via various NPS dosages
and the equilibrium sorption capacity is illustrated in Figure 9a,b. From this figure, the
direct proportionality between the NPS dosage value and the removal percentage of CR
dye is noticeable. Furthermore, the amount of CR removed per gram of NPS powder tends
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to reduce with the enhancement of its amount. When raising the NPS dosage at the CR
dye concentration of 50 ppm, it supplies a more exposed area for dye adsorption, and thus
leads to the enhancement of the extent of CR removal. Otherwise, the amount CR dye
removed per gram of NPS reduces; essentially, this is due to the presence of NPS sites, and
the rest being unreacted due to the dye’s adsorption. Furthermore, regarding the prepared
NPS dosage (over 10 g/L), a trivial increase was recorded with the increase in NPS dosage
up to 33.3 g/L. Thus, 10 g/L of the NPS is chosen as the optimum adsorbent material
dosage for CR dye removal.

Figure 9. Effect of NPS dosage on: (a) CR dye removal, (b) the quality of the adsorption process, at initial dye concentration
= 50 ppm, temperature = 298 K, pH = 7, contact time = 15 min).

3.4.3. Initial Dye Concentration Impact

The quantitative analysis of the CR removal percentage at equilibrium on the NPS
surface at various initial dye concentrations is presented in Figure 10. It clarifies the
inversely proportional relationship between the dye adsorption percentages and the initial
dye concentration. Moreover, the adsorbed amount of dye per adsorbent unit mass is
affected by raising the concentration of the initial dye.

Figure 10. Impact of CR initial concentration on the adsorption values (at different adsorbent doses;
T = 298 K; pH = 7; t = 15 min).

At high dye concentrations, the dye adsorption onto the prepared NPS reduced. This is
as a result of the ratio value; the initial mole number of the dye to the adsorbent material’s
surface area. Hence, the fractional factor between the adsorbent and the adsorbate is
dependent on the adsorption process. Then, the dye concentration initially supplies a
significant driving force to overcome the resistance of the dye mass transfer between both
aqueous and solid phases. So, at the highest initial dye concentration, the ion number for
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the available sites on the NPS surface is high too, ameliorating the basic CR adsorption
capacity [40–42].

Furthermore, the impacts of the temperature and acidity on the value of CR adsorption
are studied. When changing the pH and temperature values, no obvious impact on the CR
adsorption values is observed. At room temperature and pH = 7, no change in the removal
percentage can be seen compared to the previous cases. Then, all the prepared samples
(as previously mentioned in Table 1) are tested in the batch technique for dye adsorption.
However, the result was negative, except for the samples which were prepared at the
preparation conditions of 7 g commercial silicon powder, with a sonication time of 4 h with
a slow drying process (without heat treatment (4 h + No. H)) and without a separation
process (without filtration (4 h + No. F)). This agrees with the results of the free volume
values (I3), which agree with the PALS measurement values. The PALS measurements and
the TEM images also agree with the final results of the CR adsorption process.

4. Conclusions

The morphological and crystalline description of the NPS product records the high
purity state with good crystallinity. The NPS powder is prepared using the combination of
two techniques. The PALS results show that positron annihilation can be a useful technique
to characterize the NPS product. The results indicate an enhancement of the I3% values at
a sonication time of 4 h; without heat treatment (No. H) and without a filtration process
(No. F). The produced results are in line with the TEM measurements. DBAR measurements
show an inversely linear relationship between S and W for all samples. This suggests that
only one type of defect is present in these samples.

The NPS product is used effectively for CR dye adsorption from aqueous solutions.
The dye removal percentage is reinforced at the increased contact time value. The best dye
removal occurs at 5 min, and afterwards the equilibrium point is reached by the system.
The best CR adsorption capacity of the NPS product is 2665.3 mg/g, at an initial CR
concentration of 100 mg/L and an adsorption time of 30 min, with no pH and temperature
effect. Therefore, 5 min is sufficient for removing 82.12% of CR at an initial concentration
of 30 mg/L.
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Abstract: In order to solve issues of air pollution, to monitor human health, and to promote agricul-
tural production, gas sensors have been used widely. Metal oxide semiconductor (MOS) gas sensors
have become an important area of research in the field of gas sensing due to their high sensitivity,
quick response time, and short recovery time for NO2, CO2, acetone, etc. In our article, we mainly
focus on the gas-sensing properties of MOS gas sensors and summarize the methods that are based on
the interface effect of MOS materials and micro–nanostructures to improve their performance. These
methods include noble metal modification, doping, and core-shell (C-S) nanostructure. Moreover,
we also describe the mechanism of these methods to analyze the advantages and disadvantages
of energy barrier modulation and electron transfer for gas adsorption. Finally, we put forward a
variety of research ideas based on the above methods to improve the gas-sensing properties. Some
perspectives for the development of MOS gas sensors are also discussed.

Keywords: MOS gas sensors; gas-sensing properties; improvement methods; gas-sensing mechanism;
research ideas

1. Introduction

In daily life, gas sensors have been used in various areas, including environmental
monitoring, medical diagnosis, and agriculture [1–5]. In 1953, Brattain et al. [6] found the
properties of semiconductors were affected by the change in the components of surrounding
gases. In 1962, Seiyama et al. [7] manufactured the first metal oxide semiconductor-based
gas sensor, which solved the problem of toxic gas adsorption and detection. With the de-
velopment of advanced manufacturing technology and new materials, high-performance
gas sensors based on different principles and structures have been widely developed [8,9].
Multiwalled carbon nanotubes and a graphene gas sensor have been successfully de-
veloped and manufactured by Dilonardo et al. [10] and Hayasaka et al. [11]. However,
traditional nanomaterials sensitize the adsorption of toxic gases, accompanied by a decline
in performance and the generation of by-products. In order to develop a stable and efficient
gas sensor, the metal oxide semiconductor (MOS) has attracted researchers’ attention due
to its excellent properties in gas sensing.

Gas sensors based on MOS materials have many advantages compared to others
such as the fast response, low cost, and easy operation [12]. Shendage et al. [13] reported
a WO3 thin-film sensor whose response was about 10 towards 5 ppm NO2 and about
131.75 towards 100 ppm NO2. Choi et al. [14] fabricated a SnO2 nanowire gas sensor.
When the NO2 concentration was 0.5 and 5 ppm, its responses were 18 and 180 in 200 ◦C,
respectively. However, there are some factors limiting its performance. The operation
temperature of pristine MOS gas sensors ranges from 150 to 400 ◦C in general, which can
cause high power consumption [8,15]. It is also harmful to the reliability of integrated
sensors. Ordered mesoporous materials may be a solution as they can improve selectivity
in high-temperature environments [16–18]. Wang et al. [19] synthesized hierarchical Cr-
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doped WO3 microspheres and achieved a significant improvement towards H2S in 80 ◦C.
Some researchers tried to use hierarchical metal oxides and binary metal oxides to solve
this problem. Joshi et al. [20] prepared hierarchical NiCo2O4 structures and improved the
response to O3 gas. Additionally, they also researched the feasibility of binary metal oxides
in gas sensing. The yolk-shelled ZnCo2O4 micro–nanostructure was proved to have a fast
response and shorter recovery time to 80 ppb O3 gas [21].

In order to demonstrate the energy dependence of the dynamical barrier and grasp
the key points for MOS gas sensors, we pay great attention to the interfacial properties
of gas-sensing materials and nanostructures for enhancing sensitivity, responsivity, and
recovery time. Many methods have been developed to enhance the property of MOS gas
sensors such as noble metal modification [22], doping [23], and core–shell (C-S) nanostruc-
ture [24]. Although these methods have been mentioned in some articles, the concepts
and application are introduced briefly [4,15,18]. Differently, we summarize the gas sensing
performance of various interface structures based on the sensing mechanism of material
interface. Meanwhile, we have classified these methods according to the mechanisms to
help readers further understand the types of gas sensors. For example, C-S nanostructure
gas sensors could be summarized as heterojunction gas sensors. We summarize these
gas-sensing methods and adsorption mechanisms in this review article. In addition, the
main properties of MOS gas sensors based on micro–nanomaterials are discussed. Finally,
some perspectives for the development of MOS gas sensors are proposed in this article.

2. The Properties of MOS Gas Sensors

The gas-sensing properties of MOS gas sensors are evaluated by the response [15],
selectivity [17], and stability [25]. Generally, response represents the ability of gas sensors to
detect target gas concentrations [26]. The resistance in air is named Ra, while the resistance
exposed to the target gas is named Rg. Ia is the current in the air, and Ig is the current
exposed to the target gas [27]. “a” is short for air, and “g” is short for target gas [28].
Response is expressed as the ratio of Ra and Rg, or the change in Ia and Ig [29]. Similarly,
the response is described as the change in currents in the target gas to air for FET [30].
Selectivity is the ability of the gas sensors to detect one or more target gases in a mixture of
gases [25,31]. Stability is the ability of a gas sensor to reproduce the results for a certain
period [32]. Stability is one of the key properties of sensor devices, which is related to
whether the device can effectively detect toxic gases over a long time in the detection
process. Moreover, there is also recovery time, response time, and LOD (limit of detection,
which expresses the smallest concentration of the target gas).

3. The Methods to Improve the Properties

It is essential to improve the properties on account of the extensive research for MOS
gas sensors. The methods to improve the properties of materials can be divided into six
aspects on the basis of our research. They consist of a change in nanostructure morphology,
noble metal decorating, doping, C-S nanostructures, carbon nanomaterials, conducting
polymers, 2D metal dichalcogenides, temperature modulating, heating and ultraviolet
irradiation (UV irradiation).

3.1. Changing the Morphology of Nanostructures

This method is used to improve response or selectivity of gas sensors by changing
the surface-to-volume ratios. The preparation process is usually used the hydrother-
mal method, CVD, ALD technique, etc. [33–35]. The morphology of nanostructures has
been classified into four kinds: zero-dimensional nanostructures [33], one-dimensional
nanostructures [36,37], two-dimensional nanostructures [38], and three-dimensional nanos-
tructures [39]. Next, we will focus on several typical types of nanostructures.
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3.1.1. Nanoparticles

Nanoparticles have higher surface-to-volume ratios, which is the cause of the deep
research of nanoparticles in nanostructures. Li et al. [33] synthesized α-Fe2O3 nanopar-
ticles via a hydrothermal reaction and calcination treatment (Figure 1a). The α-Fe2O3
nanoparticles could detect H2S gas whose concentration is 0.05 ppm at 300 ◦C.

 
Figure 1. Typical nanostructures. (a) Nanoparticles. Adapted from [33] copyright (2015), with permission from Elsevier.
(b) Nanowires. Adapted from [34] copyright (2008), with permission from Elsevier. (c) Nanorods. Adapted from [36]
copyright (2014), with permission from Elsevier. (d) Nanofibers. Adapted from [37] copyright (2009), with permission from
Elsevier. (e) Nanosheets. Adapted from [38] copyright (2010), with permission from Taylor & Franics. (f) Nanoflowers.
Reprinted from [39].

3.1.2. Nanowires

Nanowires are representative of one-dimensional nanostructured materials.
Liu et al. [34] used a chemical thermal evaporation method to manufacture Ga2O3 nanowire
gas sensors (Figure 1b). The experimental results indicated that the response to 5 ppm O2
was 10 at 300 ◦C, and the response to 500 ppm CO was 5 at 100 ◦C.

Networked nanowires are also an effective method to enhance sensing properties.
Park et al. [40] succeeded in synthesizing ZnO networked nanowires using thermal oxi-
dation of ZnSe nanowires. Single-crystal ZnO nanowire gas sensors were compared with
networked nanowire gas sensors at 300 ◦C and 10 ppm NO2; the responsivity of the latter
was 237, and that of the former was only 6.5. When the concentration of NO2 was 10 ppm,
the recovery time of multinetworked ZnO nanowire gas sensors was shorter (about 180 s),
and that of single-crystal ZnO nanowire gas sensors was 510 s.

Some researchers have used UV irradiation to improve the properties of nanowire
gas sensors. A ZnO nanowire gas sensor was synthesized on a plastic substrate to detect
ethanol gas by Lin et al. [41]. Under UV irradiation, it detected ethanol gas at 60 ◦C and
achieved the purpose of reducing power consumption. The principle can be explained
as follows: UV irradiation provided the power required for oxygen ions to reduce the
operating temperature to room temperature (RT). On the one hand, the absence of nooks
and crannies in nanowire-based devices contributes to the direct adsorption/desorption
of gas molecules from the surface of 1D nanomaterials structures [41]. On the other hand,
the bent morphology of nanowires is suitable for manufacturing flexible gas sensors. In
one-dimensional nanostructures, nanowires are a research hotspot. This is due to the
morphology advantages of nanowires.
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3.1.3. Nanorods

Nanorods are typical one-dimensional nanostructures. They usually exhibit the form
of a nanorod array. In contrast to networked nanowires, nanorod arrays have a higher
longitudinal orientation and better field electron emission properties [42].

Lim et al. [35] reported a vertical ZnO nanorod array on the Nb electrode by a two-step
method. First, Al film and Nb films were thermally evaporated on a Si substrate. Then, they
fabricated an AAO (deblock copolymers, polycarbonates, and anodic aluminum oxides)
nanotemplate with several vertical pores using the chemical etching method. Finally, they
used ALD techniques (atomic layer deposition techniques) to deposit ZnO film and finish
the vertical ZnO nanorod array (Figure 2). It had a higher response to H2 at 350 ◦C. The
response to 5 ppm H2 was 21 and to 500 ppm was 162 at 350 ◦C.

Figure 2. Schematic diagram of ZnO array fabricated by ALD technology. Reprinted from [35]
copyright (2013), with permission from Elsevier.

Aside from ALD techniques, Zhang et al. [36] used a ZnO nanorod array fabricated
by post-annealing treatment to realize the detection of H2 (Figure 1c). At 425 ◦C, the gas
sensing response was 3.56 corresponding to the H2 concentration of 25 × 10−6. They also
proved that post-annealing treatment improved the crystal quality and enhanced the H2
gas sensing properties [36].

3.1.4. Nanofibers

Nanofibers are another group of important one-dimensional nanostructures.
Zheng et al. [37] used electrospinning to synthesize In2O3 nanofiber gas sensors for ethanol
gas. At 300 ◦C and 10–500 ppm ethanol, the response was fast (1 s) and the recovery time
was short (5 s). Their morphology was characterized by SEM and TEM (Figure 1d). The
nanofiber structure was beneficial for ethanol molecule conduction and improved the rate
at which carriers passed through the barriers [37]. Katoch et al. [43] manufactured SnO2
and ZnO nanofiber gas sensors by electrospinning. The response of ZnO nanofibers was
higher (the response of ZnO nanofibers was 63.8, and the response of SnO2 nanofibers was
5.9.) in the experiment of detecting up to 10 ppm H2. The surface metallization of ZnO
nanograins induced by H2 may be the reason for the enhancement of their properties.

3.1.5. Nanosheets

Recently, two-dimensional nanostructures such as nanosheets have entered the view of
researchers. Nanosheets can provide more adsorption sites and strong connections allowing
more channels for electron transfer [44]. Hexagonal ZnO nanosheets, whose thickness
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was 17 nm, were synthesized by Guo et al. [45]. At 350 ◦C, this sensor, synthesized the
using hydrothermal method, had a short response time (9 s) and recovery time (11 s).
The response to up to 50 ppm formaldehyde gas was 37.8. Jia et al. [38] also used the
hydrothermal method to synthesize monodisperse and stable CuO nanosheets (Figure 1e).
The response to ethanol was about 3.

3.1.6. Nanoflowers

Nanoflowers are layered, three-dimensional nanostructures that can effectively in-
crease the contact area to enlarge the reaction between the target gas and sensor. This
is helpful in promoting the property of gas sensors. Song et al. [39] synthesized a SnO2
nanoflower gas sensor to detect methanol gas via the hydrothermal method and calcination
method (Figure 1f). The response of the sensor to methanol gas with a concentration of
100 ppm was about 58 at 200 ◦C. The response time and recovery time were 4 and 8 s,
respectively, at the same temperature. The sensing mechanism can be summarized as
follows: Oxygen or air seized free electrons from it and turned them into oxygen ions, and
the electron depletion layer was generated with it. The electron depletion layer caused
resistance to rising. When the sensor was exposed to methanol gas, oxygen ions with
methanol gas reacted and released electrons into the layered SnO2 nanoflower. This pro-
cess reduced the thickness and resistance of the electron depletion layer. The change in
resistance usually expresses the responsivity of a sensor. The delamination, adsorption
site, and contact area of nanostructures can greatly promote the reaction between oxygen
and methanol gas. The significant change in the electron depletion layer was due to the
increase in adsorption position and contact area.

In this section, we briefly introduce several nanostructures. Compared with the
traditional structure of gas sensors, they can increase the absorption part of gas and the
surface-to-volume ratio, so as to improve the performance of gas sensors. However, the ther-
mal stability of special nanostructures is a significant problem. When the characteristic size
is on a nanometer scale or smaller, the melting temperature of MOS will decrease [46]. In
this case, nanostructures can be deformed or damaged. Moreover, zero-dimensional nanos-
tructures have the largest ratio of surface to volume; the nanostructure stability is the worst
owing to the smallest characteristic size. The feature size should be increased appropriately
to prevent damage in the application process. The characteristic sizes of two-dimensional
and three-dimensional nanostructures are larger than those of zero-dimensional nanostruc-
tures. Their structure stability is better than that of zero-dimensional nanostructures. When
these nanostructures are close to each other, the adsorption sites could be sheltered owing
to their complex morphologies [39,44,45]. Thus, we need to prevent them from forming
clusters and hindering the gas adsorption in the manufacturing process.

However, the main limitation of nanoflower gas sensors is stability over their long-
term operation of bending and stretching [47]. Thus, we should improve the synthetic
technology of nanoflowers and add some other materials to enhance structural stability.
In summary, the structural and thermal stability of nanostructures are important in the
fabrication of gas sensors. In addition, the nanoflowers’ structure may have the most
potential for the application of gas sensors due to the huge surface area.

3.2. Noble Metal Decorating

This method mainly depends on the electron sensitization and chemical catalysis of no-
ble metals on the interface of materials [48,49]. Noble metal decorating can validly enhance
the responsivity and selectivity of MOS sensors [50–54]. Some noble metal particles also
increase recovery time [55–57]. When the surface of the material is decorated with a noble
metal, some chemical reactions often occur at the micro level, while the change of resistance
structure is observed at the macro level [58–60]. According to these changes, we often classify
sensors based on this method as chemical resistance sensors [60,61]. We demonstrate some
types of noble metal nanoparticles and some target gases in Table 1. In the next sections, we
use the example of NO2 gas to describe the effect of noble metal nanoparticles [56,59,60].
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Decorating (loading) with Au and Ag nanoparticles could improve response and
selectivity. For example, Liang et al. [56] and Zhang et al. [62] used Au nanoparticles to
decorate a VO2 nanowire sensor and bilayer WO3 nanoporous thin-film sensor, respectively.
This was useful to improve response and selectivity for NO2 gas. Moreover, decoration
with Ag nanoparticles had the same effect. Kamble et al. [59] improved the performance of
WO3 film in sensors by modification with silver nanoparticles. The response speed was
increased by 6 times. Xiao et al. [26] manufactured a Ag-In2O3 nanosphere sensor. The
best response was 58 toward NO2 gas with a concentration of 10 ppb, while the pristine
In2O3 nanospheres’ response was 25.5 at 120 ◦C. The selectivity of the sensor to NO2 was
more significant than that to some volatile organic compounds (VOCs). Additionally, this
sensor exhibited several responses under different concentrations of NO2 and proved that
decoration with Ag nanoparticles can reduce recovery time.

The performance of MOS gas sensors can be improved by modification with metal
materials through electron sensitization and chemical sensitization. The electronic sen-
sitization mechanism improves the response of MOS gas sensors in two ways. On the
one hand, when noble metal nanoparticles contact MOS nanomaterial, their Fermi levels
will be aligned together [58]. Due to the different work functions, electrons flow in their
energy bands, causing their energy bends to be bent. When the Fermi level arrives at a
new balance, the depletion region and the Schottky barrier will be created in the interfaces
(Figure 3) [56]. They influence the concentration of carriers or improve the mobility of
carriers [58,59]. In these circumstances, the baseline resistance changes, and the sensor
response is improved. On the other hand, when noble metal nanoparticles were decorated
on the surface of the gas sensor nanomaterial, adsorption sites were increased, and the rate
of gas adsorption was accelerated. In contrast to the electronic sensitization mechanism,
the chemical sensitization mechanism can be defined as the catalysis of noble metals [63].
The activation energy of the reaction between iron oxide and the target gas can be reduced
by using gold nanoparticles as a catalyst [64]. The chemical sensitization mechanism is also
known as the spillover effect [64]. Furthermore, Pt and Pd nanoparticles can be used to
decorate the surface of a MOS to improve the properties. More details can be found in [53]
and [65]. To reduce costs, we can decorate with transition metal oxide nanoparticles instead
of the noble metal nanoparticles to enhance the properties. Na et al. [66] decorated ZnO
nanowires with Co3O4 nanoparticles. This improved response and selectivity to NO2 and
C2H5OH. Ko et al. [67] synthesized SnO2 nanowires decorated with V2O5 nanoparticles
with a better response to NO2. The mechanism of the transition metal oxide nanoparticles is
characterized by the form of heterojunctions. With the help of heterojunctions, the electron
depletion layer and the mobility of carriers obtain modulation. Then, baseline resistance
can be altered. Based on this, response and selectivity were improved.

In summary, improving the performance of the gas sensors via the electronic sensi-
tization and chemical sensitization of the noble metal is very effective. The sensitization
mechanism with the catalytic effects has been pointed out in our article. Furthermore, the
impact on the selectivity of gas sensors depends on the type of noble metal. For instance,
Au nanoparticles show good selectivity for NO2 or CO [23,31], while Ag nanoparticles are
sensitive to NO2 or ethanol [26,58]. A noble metal with sensitive materials has the possi-
bility of forming a cluster and hindering gas adsorption. Therefore, we should uniformly
disperse the noble metal nanoparticles on the surface of host-sensitive materials [67–69].
Considering the structural stability, the noble metal is more easily destroyed than the host-
sensitive nanostructure owing to the size of nanoparticles. Thus, we should pay attention
to the preparation process of the noble metal decorating, the operation temperature, and
the thermal stability of gas sensors [49,53,56,60].
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Figure 3. Schematic diagram of the mechanism of Au nanoparticles [56]. Reprinted from [56] copyright (2018), with
permission from Elsevier. (a) The energy band diagrams of Au and VO2; (b) The gas sensing mechanism of Au nanoparticles.

3.3. Doping

In addition to noble metal decorating, doping can also be used to improve the prop-
erties of chemical resistance gas sensors. Some researchers have used doping to increase
MOS sensor properties, such as response, response time, and recovery time [27,70]. Metal
oxide [27], metal [28,71], nonmetallic elements [70,72], and so on can be used as dopants.

Han et al. [27] reported a self-doped nanocolumnar vanadium oxide gas sensor. Due
to the effect of self-doping, response and selectivity were both enhanced to NO2 gas. Bay-
ata et al. [28] synthesized an Al-doped titania gas sensor. The best response to hydrogen
was acquired under 300 ◦C. The response time and recovery time were shortened to differ-
ent degrees. Moreover, more adsorption sites occur due to doping. Yu et al. [71] produced a
2% Al-doped ZnO nanovase gas sensor. Compared to the pristine ZnO nanovase gas sensor,
the produced sensor had higher response and selectivity to CO, and its response time was
shortened. Basu et al. [70] fabricated an F-doped SnO2 film gas sensor. Its response time
and recovery time were shortened to 22 and 52 s, respectively. The mechanism can be
described in that dopants can modulate the concentration of carriers or expand the width
of the electron depletion layer to change baseline resistance or conductivity.

Compared with noble metal decorating, dopants cannot form a cluster on the surface
of host-sensitive nanostructures. Moreover, dopants can not only decrease the activation en-
ergy and control the specific exposed facets but also lead to a catalysis effect [69]. However,
excessive doping may cause poor electron mobility [72]. Therefore, we need to monitor the
number of dopants to avoid the adverse influence of excessive doping.
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3.4. Core-Shell (C-S) Nanostructures
3.4.1. Overview
The Definition of C-S Nanostructure

C-S nanostructure is a special nanocomposite and plays an important role in gas
sensing [31]. It is usually composed of a core nanomaterial and a shell nanomaterial
covering the core. Compared with non-C-S structures, C-S nanostructure provides a way
to maximize the interfacial area between two or more materials [73]. In addition, C-S
nanostructures can protect the core nanomaterial from the surrounding environment, so as
to improve physical and chemical properties [74].

Due to above, C-S nanostructure has been applied in zero-dimensional nanomaterials
(nanoparticles [75]), one-dimensional nanomaterials (nanowires [56,76–78], nanorods [79–81],
nanofibers [82–85]), two-dimensional nanomaterials (nanosheets [86]), and three-dimensional
nanomaterials (microcubes [87]). Figure 4 shows these C-S nanostructures. Because different
C-S nanostructures have diverse applications, their material combinations are also different.

Figure 4. Typical C-S nanostructures. (a) C-S nanoparticles. Adapted from [75] copyright (2019), with
permission from Elsevier. (b) C-S nanowires. Adapted from [76] copyright (2020), with permission
from Elsevier. (c) C-S nanorods. Adapted from [81] copyright (2017), with permission from Elsevier.
(d) C-S nanofibers. Adapted from [82] copyright (2017), with permission from Elsevier. (e) C-S
nanosheets. Adapted from [86] copyright (2018), with permission from Elsevier. (f) C-S microcubes.
Adapted from [87] copyright (2016), with permission from Elsevier.
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The Composition of C-S Nanostructures

The composition of C-S nanostructure materials can be roughly divided into the fol-
lowing categories: noble metal/noble metal [85,88], metal oxide/metal oxide [31,89–91],
metal oxide/metal sulfide [92,93], and metal oxide/noble metal (including core shell
exchange) [94,95]. Next, we introduce some typical examples.

(1) Metal oxide/metal oxide

Metal oxides are usually applied in metal oxide semiconductors (MOSs) as important
functional materials in gas sensing. MOSs are typically divided into n-type MOSs with the
electron as the carrier and p-type MOSs with the hole as the carrier. When oxidizing gas
acquires electrons contacting an n-type MOS, the concentration of electrons in the n-type
MOS will decrease and conductivity will weaken. When reducing gas releases electrons
contacting an n-type MOS, the concentration of electrons in the n-type MOS will increase
and conductivity will be enhanced. However, the conductivity of p-type MOS is contrary
to that of the n-type MOSs, as shown in Table 2. MOS conductivity will have different
changes in different gas environments. Thus, we can choose relevant a MOS to form the
heterojunction at the interface of C-S nanostructures such as p–n heterojunction [96,97],
n–n heterojunction [80], or p–p heterojunction [98]. The mechanism and cases will be
demonstrated in the section on applications of the C-S nanostructure.

Table 2. The conductivity of different MOSs in different gas conditions.

Semiconductor Type Majority Carrier Target Gas
Conductivity
Performance

n-type Free Electron
Oxidizing Gas Reduce
Reducing Gas Increase

p-type Hole
Oxidizing Gas Increase
Reducing Gas Reduce

(2) Metal oxide/metal sulfide

The metal oxide/metal sulfide combinations are similar to the metal oxide semicon-
ductor material combinations. Different types of semiconductor (n-type, p-type) materials
are used to form the corresponding heterostructure (such as p–p heterojunction) to improve
the properties of the sensor. The mechanism and cases are demonstrated in the section on
applications of the C-S nanostructure.

(3) Metal oxide/noble metal

The catalytic effect and the carrier mobility are amplified due to the participation of
noble metal nanoparticles. The mechanism and cases are demonstrated in the section on
applications of the C-S nanostructure.

3.4.2. The Thickness of Shell Layer

In the C-S nanostructure, the types of MOS (p-type and n-type) that constitute the core
and shell layer can be chosen according to the type of target gas (oxidizing gas or reducing
gas). However, the thickness of the shell layer will affect the response of the sensor.

Kim et al. [77] investigated the effect of the thickness of the shell layer on sensor
response under different gas concentrations. First, they measured the dynamic resistance
changes of ZnO-SnO2 C-S nanowire gas sensors with different thicknesses of the SnO2 shell
layer. The dynamic curve of resistance changes showed that the sensor has the properties
of an n-type semiconductor for detecting the C6H6, C7H8, and CO gas with concentrations
of 1, 5, and 10 ppm respectively. Then, they explored how the thickness of the SnO2 shell
layer affects the ZnO-SnO2 C-S nanowire gas sensor’s properties. The shell thickness of
40 nm is an important parameter for the gas sensing performance of ZnO-SnO2 materials,
which can be seen in the bell curve in Figure 5. In short, though the mechanisms of all kinds
of C-S structures are different, there is an optimum shell thickness where the response will
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arrive at the peak [77]. The influencing factor of the optimum shell thickness is the Debye
length (λD) of the shell layer. When the shell layer’s thickness is close to the Debye length
(λD) of the shell layer, an ideal response will be acquired. Besides, many articles relate the
shell layer’s thickness with the Debye length [81,99,100].

Figure 5. The influence of shell thickness of sensor response. Reprinted from [77] copyright (2020), with permission from
Elsevier. (a) Relationship between the Initial resistance and the shell thickness; (b) The dynamic curve of gas response with
shell thickness.

The Debye length, also known as the Debye radius, is a typical length describing the
action scale of charge in plasma and is an important parameter of plasma. The mechanism
of a C-S nanostructure is relevant to the changes in the electron depletion layer. The change
of the electron depletion layer is also related to the Debye length. Taking reducing gas as
an example, when reducing gas reacts with adsorbed oxygen ions and the shell material,
several electrons will be released to the electron depletion layer. If the shell layer’s thickness
is smaller or equal to the Debye length, the electron depletion layer can be changed from
the whole electron depletion layer to the part electron depletion layer. It will cause a
significant change in resistance, allowing a high response to be acquired [77]. If the shell
layer thickness is greater than the Debye length, the initial electron depletion layer will
not be wholly depleted. When released electrons contact the shell material, the resistance
change will not be evident, and the response will not be higher [99]. In short, when the
shell layer’s thickness is close to the Debye length, a significant response can be acquired.

3.4.3. The Manufacture of C-S Nanostructures

ALD techniques [99,101] and coaxial electrospinning [102–105] are used to produce
C-S nanostructures. Atomic layer deposition techniques are abbreviated as ALD techniques.
The process is usually composed of several cycles. Every cycle includes precursor pulse,
reactant pulse, and purification [31]. Users can change the number of cycles to control
the shell layer’s thickness. There are numerous advantages to ALD techniques, especially
the precise control of the thickness and the uniform coverage ability [101]. Coaxial elec-
trospinning is another method to produce C-S nanostructure gas sensors. The coaxial
electrospinning device is mainly composed of a high-voltage DC power supply, liquid
supply system, composite nozzle, and collecting plate [103].

The process is as follows: First, the required solution is mixed, and magnetic stirring is
used to finish the manufacture of the precursor solution. After that, the precursor solution
is put into the electrospinning syringe and then ejected through the composite nozzle.
At last, the finished C-S nanostructure is collected [102,104]. The main advantages of
coaxial electrospinning are simple synthesis and reliable structure [105]. Besides, there are
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numerous methods such as the hydrothermal method [106], coprecipitation, and sol–gel
processes that can be used to prepare a core–shell nanostructure [75,78].

3.4.4. The Application of C-S Nanostructures

C-S nanostructures have been researched to detect inorganic gas and VOCs (Table 3).
To further introduce the application of C-S nanostructures, we will summarize the research
progress of C-S nanostructure gas sensors of three types: metal oxide/metal oxide [31,89],
metal oxide/metal sulfide [92,93], and metal oxide/noble metal [94,107].

Metal Oxide/Metal Oxide

The p–n heterostructures, which are composed of n-type and p-type MOSs, are widely
researched C-S nanostructures in gas sensing.

Liang et al. [108] produced ZnO-NiCo2O4 C-S nanofibers via a chemical deposition
method. Their response time and recovery time towards methanol were 37 and 175 s,
respectively. Those of pristine ZnO nanofibers were 123 and 338 s. The responses to
methanol of 5, 10, 20, 50, and 100 ppm were 1.96, 3.02, 3.97, 4.88, and 6.77, respectively,
which were much higher than those of pristine ZnO at the same concentrations. The
improvement of the property was due to the p–n heterojunction and the unique C-S
porous structures. Li et al. [89] synthesized a ZnO-Co3O4 C-S nanostructure. At the best
temperature (200 ◦C), the response to ethanol (100 ppm) gas was 38.87. Compared with
single shell ZnO-Co3O4 nanostructure, the best temperature had decreased 40 ◦C and the
response had increased 25.07. Majhi et al. [109] produced a PdO-ZnO C-S nanostructure gas
sensor to detect acetaldehyde gas. Due to p–n heterostructure, at 350 ◦C, the best response
was 76 to acetaldehyde gas with 100 ppm, while that of the pristine ZnO nanostructure
was 18. Moreover, PdO nanoparticle catalytic behavior was not ignored. That is why the
response time was shortened to 20 s. Xu et al. [110] anchored NiO porous nanosheets on
α-MoO3 nanobelts to synthesize α-MoO3-NiO-2 C-S nanobelts and α-MoO3-NiO-1 C-S
nanobelts. The α-MoO3-NiO-2 and α-MoO3-NiO-1 are differentiated by the content of
anchored NiO. Their responses to acetone were 17.2 times and 16 times greater than those
of the pristine α-MoO3 structure. Compared with pristine NiO structure, α-MoO3-NiO-1
C-S nanobelts’ response was 6.6 times higher. According to their experiment, though
pristine NiO nanosheets had much higher surface-to-volume ratios, the improvement of
properties depended on the heterostructure. Kim et al. [31] also studied the effect of p–n
heterostructure on NO2. They used ALD techniques to produce SnO2-Cu2O C-S nanofibers.
When the thickness of Cu2O was 30 nm and the concentration of NO2 was 10 ppm, SnO2-
Cu2O C-S nanofibers’ response time and recovery time had been shortened by 137 and 46 s
compared to the pristine SnO2 nanofibers.
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Besides, n–n heterostructure and p–p heterostructure have also been produced with
C-S nanostructures. Jayababu et al. [111] synthesized CeO2-Fe2O3 C-S nanoparticles via
the sol–gel method. Their response time and recovery time towards 100 ppm of ethanol
at RT were 3 and 7 s. Compared with pristine CeO2 nanoparticles and pristine Fe2O3
nanoparticles, the C-S nanostructure’s properties were enhanced. The main cause of en-
hanced properties is the n–n heterostructure. The catalytic behavior of Fe2O3 nanoparticles
also helped in the shortening of response/recovery time. In Yin et al.’s work [106], a
WO3-SnO2 nanosheet was synthesized by the hydrothermal method, and its properties and
sensing mechanism were investigated. Taking the WO3-SnO2 nanosheet whose particle
density of SnO2 was 0.5% as an example, the working temperature decreased by 80 ◦C
and response time shortened by 3 s. On the one hand, the n–n heterostructure and the
modulation of barrier height improve properties. On the other hand, the interface between
WO3 nanosheets and SnO2 nanoparticles improved, which accelerates the reaction of target
gas and sensor [106]. Wan et al. [112] used the hydrothermal method and electrospinning
to produce In2O3-SnO2 C-S nanofibers. At 120 ◦C, their response to formaldehyde gas
with a concentration of 100 ppm reached 180.1. Compared with pristine In2O3 nanofibers
and SnO2 nanofibers, this represents an increase by 9 times and 5 times, respectively.
Diao et al. [90] synthesized ZnO-CeO2 nanofibers to detect acetone gas. The best operation
temperature was 370 ◦C. At this temperature, the response arriving at the peak was 8.2.
Moreover, the nanostructure can detect target gas at a lower concentration. At 0.2 ppm ace-
tone, the response was 3.8. In Wang et al.’s work [98], p–p heterostructure was introduced
to detect H2S. The response of the CuO-NiO C-S microspheres designed by them was
47.6 at 260 ◦C. It almost was 3 times greater than that of pristine CuO microspheres. The
mechanism can be summarized as follows: p–p heterostructure, wrinkles on the surface of
the NiO shell layer, and the catalysis of the NiO shell layer.

The C-S nanostructure is a typical heterostructure. The mechanism of this kind
of C-S nanostructure gas sensor is mainly attributed to the formation of the
electron depletion layer or the hole depletion layer and the modulation of barrier
height [101,106,111]. When two nanomaterials contact each other, the heterostructure
will form at the interface between them [113]. When p-type MOS and n-type MOS contact
with each other, p–n heterostructure, p–p heterostructure, or n–n heterostructure will be
formed. Usually, the compositions of the core layer and shell layer are different, so the
work functions are different. The work function is determined by the composition of the
Fermi level and the electron depletion layer or the hole depletion layer at the interface of
the heterostructure [113]. To balance the Fermi Level, when MOS materials contact each
other, charges will transfer at their interior. With the transfer of charges, the barrier height
will change, and the electron depletion layer or the hole depletion layer will arise on the
side of the output electrons.

Generally, the process by which the electron depletion layer or the hole depletion layer
and the barrier height affect the response of the sensor is divided into three parts. Taking
the PdO-ZnO C-S nanostructure gas sensor made by Majhi et al. [109] as an example, we
will demonstrate this process. First, the work function of PdO (7.9 eV) is higher than the
work function of ZnO (5.3 eV). As an effect, the electrons in the conduction band of ZnO
move to the conduction band of PdO, and the hole moves to ZnO. When the Fermi level of
this system is balanced, an electron depletion layer will be formed near ZnO, and a hole
depletion layer will be formed near PdO at the interface of the PdO-ZnO heterojunction.
This also can lead to band bending (Figure 6). Then, if this sensor is exposed to oxygen
or air, the oxygen will be absorbed by the surface of the sensor, and oxygen molecules
will change into oxygen atoms. Some of the oxygen atoms will trap electrons from the
conduction band of ZnO and form oxygen ions. This process is described by Equations (1)
and (2).

O2(gas) → 2O(ads), (1)

O(ads) + e−(from ZnO) → O−(ads), (2)
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Figure 6. Schematic diagram of the mechanism of core-shell structure. Reprinted from [109]. (a) The
energy band diagrams of PdO-ZnO heterojunction; (b) Response signals of the prisitine ZnO nanos-
tructure and PdO-ZnO heterojunction.

This process will produce a new electron depletion layer at the surface of ZnO nano-
materials. With the effect of oxygen ions, the width of the electron depletion layer at the
PdO-ZnO heterojunction could be increased. As the electron depletion layer changes, high
potential barriers hinder electron transfer and produce high resistance between ZnO and
PdO nanoparticles. In this process, Ra denotes the pristine resistance of this sensor. At
last, when the sensor is exposed to acetaldehyde gas, those absorbed oxygen ions will
react with acetaldehyde gas and release trapped electrons to the conduction bands of
PdO and ZnO. The barriers between ZnO nanoparticles and PdO nanoparticles will have
decreased, and the width of electron depletion layers will also have decreased. Owing to
the change of electron depletion layers and the modulation of barrier height, resistance
will have been reduced. Rg describes the ultimate resistance of this sensor. We can obtain
the final response by the radio of Ra and Rg. In this kind of C-S nanostructure gas sensor
mechanism, the depletion layers and barrier height have a variety of different changes in
oxygen or air. Table 4 summarizes the change of depletion layer thickness for oxidizing gas
or reducing gas.

Table 4. Variation of depletion layer thickness in oxidizing gas and reducing gas.

Heterojunction
Type

Main Carrier Target Gas Main Depletion Layer Types
Layer

Thickness

p–n Type Free Electrons and Holes
Oxidizing Gas

Electron
Depletion Layer Increase

Hole
Depletion Layer Reduce

Reducing Gas
Electron

Depletion Layer Reduce

Hole
Depletion Layer Increase

n–n Type Free Electrons
Oxidizing Gas Electron

Depletion Layer
Increase

Reducing Gas Reduce

p–p Type Holes
Oxidizing Gas Hole

Depletion Layer
Reduce

Reducing Gas Increase
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Metal Oxide/Metal Sulfide

ZnO is one of the popular materials in gas sensing. Pristine ZnO displays n-type
properties because of oxygen vacancies and Zn interstitial atoms. However, researchers
doping other elements such as nitrogen change n-type ZnO to p-type ZnO. Aside from
metal oxide, parts of metal sulfide can be applied to gas sensing.

Chang et al. [92] used p-type ZnO and MoS2 to produce a p-ZnO-MoS2 C-S nanosheet
gas sensor by the hydrothermal method. Firstly, they tested this sensor’s response to
500 ppb acetone gas at 350 ◦C. It was 18 times that of pristine p-ZnO. Secondly, in a low
concentration acetone experiment (100 ppb), it had a near 80 times increase in response
compared to pristine p-ZnO and pristine MoS2. Additionally, the recovery time and
response time were shortened. They succeeded in detecting ultra-low concentration acetone
gas. This sensor not only detected 5 ppb acetone but also possessed a fast response time
and recovery time (60 and 40 s). Its mechanism is based on the change of depletion layers.
When exposed to air, oxygen will trap electrons from the surface of p-type ZnO. In this
process, the hole concentration will increase, and the hole depletion layer will be reduced at
the interface of p-ZnO-MoS2 heterojunction. This decreases the pristine resistance (Ra). If
the acetone gas contacts it, oxygen ions will react with acetone gas and release electrons to
the conduction band. With the generation of electrons, the hole concentration will decrease,
and the hole depletion layer will expand. The sensor’s ultimate resistance (Rg) will increase.
According to Chang et al. [92], the response is described by Equation (3).

Response = (Rg − Ra)/Ra × 100% (3)

In their latest article, UV irradiation was introduced to hollow p-ZnO-MoS2 C-S
nanosheets [93]. Compared with hollow p-ZnO-MoS2 C-S nanosheets, UV-irradiated
hollow p-ZnO-MoS2 C-S nanosheets’ response to 20 ppm acetone had increased 2.32 times
at 100 ◦C. The UV-irradiation mechanism can be summarized as follows: it can induce
more electron–hole pairs, which is helpful to oxygen adsorption and the rate of oxygen
reacting with electrons.

Metal Oxide/Noble Metal

In addition to the combination of the two types mentioned earlier, the metal oxide–
noble material combination is also promising for core-shell nanostructures.

Majhi et al. [94] synthesized Au-NiO C-S nanoparticles by wet chemical methods at
85 ◦C. Compared with pristine NiO nanoparticles, operation temperature dropped from
300 to 200 ◦C, the response to 100 ppm ethanol increased from 1.68 to 2.54 at 200 ◦C,
the response time decreased from 400 to 250 s, and the recovery time decreased from
540 to 420 s. The sensing mechanism can be attributed to the formation of the Schottky
junction and the catalysis of metal particles. Yang et al. [78] prepared a kind of Ag-TiO2
C-S nanowires. The response of these nanowires to ammonia was 200 at 240 ◦C. Compared
with pristine TiO2 nanowires, the operation temperature decreased by 20 ◦C. Besides, the
response time of pristine TiO2 nanowires in ammonia with concentrations of 20, 50, 100,
300, and 500 ppm was 29, 30, 31, 33, and 35 s, respectively. Due to the catalysis of Au
particles and the formation of the Schottky barrier, the response of this structure can be
effectively shortened to 26, 28, 27, 28, and 30 s, respectively. Zhao et al. [95] prepared a NO2
sensor based on Au-WO3 C-S nanospheres. The response of the nanosphere to 5 ppm NO2
was 136 at 100 ◦C, which is 5 times the response of pristine WO3 nanospheres under the
same conditions. The response time of the structure is 4 s, while that of the pristine WO3
nanosphere is 218 s, and their recovery times are 59 and 2649 s. Moreover, they verified the
sensor could maintain good NO2 sensing performance at high humidity of 75% RH.

This combination is different from the previous methods, and the sensing mechanism
is mainly attributed to the Schottky junction and the catalytic behavior of metal particles.
We take the Ag-TiO2 C-S nanowire gas sensor designed by Yang et al. [78] as an example
to summarize. First of all, it will create the Schottky junction on the contact interface
because of the existence of Ag nanowires when Ag nanowires contact the TiO2 shell layer.
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Because the work function (4.3 eV) of TiO2 is smaller than that of Ag (4.6 eV), free electrons
begin to flow. The electron depletion layer (side of the TiO2 shell) is generated on the
contact interface between Ag nanowires and the TiO2 shell layer. Then, when the sensor is
exposed to oxygen, the ionized oxygen ions capture electrons from the TiO2 layer and form
adsorbed oxygen. During the process, the Ag nanowires continuously provide electrons
to the surface of TiO2. The electron depletion layer continues to widen, and the Schottky
barrier height increases, leading to an improvement in the resistance of the sensor in air
(Ra). When the sensor is in contact with the reducing gas NH3, the ionized oxygen ions
react with NH3. The trapped electrons are released from the surface of TiO2 to the Ag
nanowires. Therefore, the widened electron depletion layer is gradually reduced, and the
Schottky barrier height decreases. Finally, the resistance of the sensor in ammonia (Rg)
decreases. The response is described by Equation (1). Besides the Schottky junction, the
chemical catalytic behavior of Ag nanoparticles is also an important factor in enhancing
response. Ag nanoparticles can reduce the reaction barrier between the target gas and
oxygen ions and promote the surface reaction. The chemical catalytic behavior of noble
metals has been discussed in detail in Section 3.2.

3.4.5. C-S Nanostructure and Noble Metal Decorating/Doping

Ju et al. [114] synthesized Au-Loaded ZnO-SnO2 C-S nanorods by pulsed laser deposi-
tion (PLD) and DC sputtering. The response to 50 ppm of triethylamine (TEA) is about 12.4
and the response time is 1.2 s at 40 ◦C. The performance of core-shell nanorods is much
better than that of pristine ZnO nanorods. The improvement of properties mainly depends
on the Schottky junction between the Au nanoparticles and SnO2 shell and the n–n het-
erojunction between the ZnO layer and SnO2 layer. Kim et al. [1] loaded Au nanoparticles
on the SnO2-ZnO C-S nanowires. When the working voltage was 5 V, the response to
0.1, 1, 10, and 50 ppm CO was about 1, 1, 1.16, and 1.25. When the working voltage was
20 V, the response reached about 1, 1.25, 1.40, and 1.62. Besides, they also verified that the
formation of the Schottky barrier and the catalysis of Au nanoparticles can enhance the
response to CO. Gong et al. [115] used heterogeneous precipitation and sintering treatment
to prepare Ga-doped (1 mol%) Pt-ZnO C-S nanoparticles. Compared with the Pt-ZnO C-S
nanoparticles without Ga doping, the Ga-doped C-S nanostructure achieved the ability
to detect acetone at 10 ppb and 20 ppb. The response of this structure to 1 ppm acetone
increased from 2.4 to 13.8, and the optimum operating temperature dropped to 275 ◦C from
300 ◦C. Bonyani et al. [81] decorated Bi2O3-ZnO C-S nanorods with Pd nanoparticles. The
special structure of the sensor effectively shortened the response and recovery times. The
response to 200 ppm benzene was 28 at 300 ◦C, which is higher than that for the pristine
Bi2O3 (1.7) and pristine ZnO (6.8) nanorods. It was found that decorating (loading) or
doping the C-S nanostructure with noble metal can improve the performance of the sensor
effectively. Kim et al. [116] decorated SnO2-ZnO C-S nanowires with CuO; combined with
the self-heating effect, this could also improve the selectivity to H2S.

The mechanism of this combination is mainly attributed to the synergetic effect in-
cluding the Schottky junction, heterojunction, and the catalytic behavior of metal and some
metal oxide particles. We take the Au-loaded ZnO-SnO2 C-S nanorod gas sensor to detect
triethylamine (TEA) in the experimental work of Ref. [114].

Due to the influence of different work functions, the electron depletion layer is formed
on the contact interface of ZnO and SnO2 (side of the SnO2 shell) when Au nanoparticles
are loaded on the surface of SnO2-ZnO C-S nanorods. The electrons will flow from the SnO2
shell to Au nanoparticles, which leads to the Schottky junctions forming on the contact
interface of Au and SnO2. Then, the flow of electrons widens the depletion layer on the
SnO2. Besides, due to the existence of Schottky junctions and heterojunction, the electron
depletion layer of the SnO2 shell further expands and leads to resistance improvement
when the sensor is exposed to oxygen. By contrast, the trapped electrons are released from
the reaction of TEA and O ions when the sensor is exposed to TEA. The electron depletion
layer of the SnO2 shell layer is reduced, resulting in a decrease in resistance. The sensor
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response is described by Equation (2), where Ra and Rg are the resistances of the sensors in
air and target gas, respectively. Its mechanism is shown in Figure 7. To sum up, the C-S
nanostructure can effectively improve the properties of MOS gas sensors.

Figure 7. Schematic diagram of the mechanism of interaction between core–shell structure and noble metal nanoparticles.
Reprinted from [114] copyright (2015), with permission from American Chemical Society. (a) Schematic diagram of energy
bands for ZnO, SnO2, and Au; (b) Schematic diagram of energy bands for Au-SnO2/ZnO heterojunction; (c) Schematic
diagram of Au-SnO2/ZnO sensor exposed to air; (d) Schematic diagram of Au-SnO2/ZnO sensor exposed to TEA.

To sum up, the C-S nanostructure is composed of the host-sensitive nanomaterials
(core layer nanostructure) and the external-sensitive nanomaterials (shell layer nanos-
tructure). Generally speaking, the thickness of the external-sensitive layer affects C-S
nanostructure properties, owing to the Debye length. Because the sensing mechanism of
C-S nanostructure usually involves the heterojunction, we can roughly classify C-S nanos-
tructure gas sensors according to the different materials of the heterojunction, namely p–n
heterojunction, n–n heterojunction, and p–p heterojunction gas sensors. For MOS/MOS
and MOS/metal sulfide C-S nanostructure sensors, the sensing mechanism can be sum-
marized as the formation of heterojunction and the modulation of barrier height. As for
MOS/noble metal C-S nanostructure, the mechanism also includes the catalytic behavior
of metal particles. More details about the catalytic behavior of metal particles can be
found in Section 3.2. Obvious advantages of C-S nanostructure gas sensor can be sum-
marized as follows: (1) higher response due to the synergistic effect of multiple sensing
mechanisms [78,79,101,106]; (2) reducing the interference of unnecessary other gases [117];
(3) protecting the host-sensitive nanostructure [87]; (4) making full use of MOS advan-
tages. For example, the α-MoO3-NiO-2 C-S nanobelt gas sensor manufactured by Xu et al.
displayed a high response to acetone gas and good thermal stability [107]. This is due to
the p-type MOS having better thermal stability and the n-type MOS having better carrier
mobility. Moreover, the critical points to consider in achieving better properties in C-S
nanostructures are mainly as follows: (1) the modulation of energy barrier; (2) the catalytic
behavior of other materials; (3) the mechanism of carrier mobility [68]. However, the syn-
thesis process for C-S nanostructures is more tedious and the cost is more expensive [82].
Therefore, we should research new preparation processes to solve these problems. Besides,
the external additives influence the adsorption capacity and chemical reactivity of the
host-sensitive material’s surface [118], which has often been disregarded in gas sensor
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studies. So, when we select suitable materials to make the C-S nanostructure, we should
pay attention to the interaction of the C-S interface in the context of density functional
theory (DFT), molecular dynamics, or other theories.

3.5. Carbon Nanomaterials

In recent years, carbon nanomaterials have been widely used in the field of gas sensing
due to their excellent conductivity and mechanical and thermal properties. Among the
most representative are graphene and its derivatives, which have a high surface-to-volume
ratio and active functional groups on the surface [119–121], and carbon nanotubes (CNTs)
and their products with excellent electrical properties and high flexibility [122–124].

There is often a limitation due to poor selectivity and high operation temperature
when using conventional metal oxide semiconductor sensors. Due to its unique properties,
graphene can effectively improve the selectivity and carrier mobility of the composites
with the synergy of metal oxide. Wang et al. [125] synthesized a kind of nanocomposite
with ZnO nanosheets and graphene oxide, effectively increasing the contact area of the
target gas as it has a high surface-to-volume ratio and more gas molecular adsorption
sites. Moreover, the response–recovery ability was improved compared with pristine
ZnO nanosheets by modulating the barrier at the materials’ interface. Feng et al. [126]
used electrospinning technology to prepare a kind of rGO-encapsulated Co3O4 composite
nanofiber that can monitor ammonia at room temperature. The response of the composite
nanofibers to ammonia gas was significantly higher than that of the composite without
rGO, and the response to 50 ppm ammonia was above that of the other interfering gases
by 10 times. The improvement of the selectivity of the nanofibers is probably attributed to
two reasons: On the one hand, these polarized bonds of rGO and Co3+ centers had an even
stronger interaction with ammonia that has one lone pair of electrons. On the other hand,
the capacity of the pore walls to adsorb different gases is different when gas diffuses in the
mesopores of carbon nanofibers. As a derivative of graphene, the defects in the preparation
process and electrical properties of the residual oxygen components contributing to the
main carrier in rGO are holes. Generally, rGO under ambient conditions exhibits p-type
behavior due to the electron-withdrawing nature of defects [127]. Li et al. [128] synthesized
rGO-decorated TiO2 microspheres by the hydrothermal method, and the p–n heterojunction
formed between n-type TiO2 and p-type rGO enhanced the selectivity to ammonia. The
heterojunction also suppressed the response to other alcohol gases. They also measured
the effect of humidity on the sensor performance in the experiment: the capacity of rGO
to adsorb H2O molecules was stronger than its capacity to adsorb ammonia molecules.
With the increase in relative humidity, more water molecules covering the rGO membrane
providing electrons led to the decrease in the ammonia recognition ability. The content
of carbon nanomaterials in the composite materials had a significant influence on the
overall sensing performance [129]. The operation temperature of NO2 gas was tested by
adjusting the content of rGO in the composite [130]. In the composite material, the active
adsorption sites increased with the increase in rGO content, which led to the increased
response performance of their sensor (Figure 8). Then, the operation temperature gradually
dropped to room temperature.

Carbon nanotubes and their products have excellent electrical conductivity and me-
chanical properties, but they cannot detect specific gases [131]. However, the composites
of carbon nanotubes with metal and metal oxide not only inherit the unique properties
of carbon nanotubes but also gain the ability to recognize some gases. Schutt et al. [132]
obtained a mixed sensing material (ZnO-T-CNT) by attaching carbon nanotubes to the sur-
face of a ZnO-T (tetrapodal ZnO) network, which had a high response to NH3 (Figure 9).
ZnO-T-CNT had a porosity of up to 93%, which greatly enhanced the adsorption and
desorption capacity of the mixed materials. Due to CNTs’ high conductivity, electrons
can effectively transfer from ammonia molecules attached by CNTs to ZnO-T, enhancing
the sensing performance of the network effectively. Bhat et al. [133] synthesized a ZnO-
MWCNT nanocomposite. Although the sensitivity of the composite was less than that of
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pure ZnO, the response–recovery property was improved. In addition to the heterojunction
interface between ZnO-MWCNT, another possible reason for the property improvement
is MWCNTs acting as a catalyst in the experimental process. This leads to the change in
the reaction rate by influencing various reaction sites on the surface and accelerates the
overall response.

Figure 8. rGO-In2O3 gas sensor. Adapted from [130] copyright (2017), with permission from Elsevier. (a) The morphology
of rGO-In2O3 composite nanostructure; (b) the response of rGO-In2O3 composite nanostructure to NO2.

Figure 9. ZnO-T-CNT gas sensor. Adapted from [132] copyright (2017), with permission from American Chemical Society.
(a) The morphology of CNTs and ZnO-T composite nanostructure; (b) the response of CNTs and ZnO-T composite
nanostructure to NH3.

In summary, this method can effectively decrease the operation temperature and
increase the selectivity of MOS gas sensors. The mechanism is mainly attributed to the
increase in absorption sites and the formation of heterojunctions. More details about
heterojunctions can be found in Section 3.4. This is also a factor, in that the carbon nanoma-
terials could effectively enlarge the channel of carrier transfer and accelerate the transfer of
carriers to improve the properties [68]. Moreover, combining carbon nanomaterials with
MOS nanomaterials can prove an effective method to improve the electron transfer in the
interface. It provides an idea for the fabrication of heterojunction gas sensors. Additionally,
owing to the fragile structure of carbon nanomaterials, we should prevent gas sensors from
being destroyed in processing.
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3.6. Conducting Polymers

Due to conducting polymers’ sensing mechanism, their selectivity is higher than that
of MOSs in general and the response is lower than that of MOSs [134]. Therefore, some
researchers tried to use the conducting polymers and MOSs to overcome the shortcomings
of MOS gas sensors. Wang and coworkers [135] synthetized a nanocomposite of polyaniline
(PANI)-CeO2 C-S nanoparticles to detect NH3 (Figure 10). At room temperature, the
response to 65 ppm of NH3 was 6.5. According to their experiment, this sensor can
maintain this response for 15 days. Jiang et al. [136] also manufactured this nanocomposite
of SnO2 and polypyrrole (Ppy) in their research, and it could detect 20 ppb of H2.

Figure 10. PANI-CeO2 gas sensor polymers. Adapted from [135] copyright (2014), with permission from American Chemical
Society. [135]. (a) The morphology of PANI-CeO2 nanoparticles; (b) the response of PANI-CeO2 nanoparticles to NH3.

The sensing mechanism is characterized by the effect of heterojunctions and conduct-
ing polymers. The incorporation of conducting polymers with MOSs could increase the
concentration of carriers and reaction sites, which is beneficial for the target gas adsorption.
More details about heterojunction can be found in Section 3.4.

This method not only makes full use of the advantages of heterojunctions but also
efficiently decreases the operation temperate of MOS gas sensors [135]. The disadvantage
of this method is the high affinity of conductive polymers toward volatile organic com-
pounds (VOCs) and humidity in the atmosphere [68]. It may be more suitable for making
heterojunction sensors to detect inorganic gases. MOSs with conductive polymers could
cause a response drop, which may increase the zero-drift of gas sensors. Therefore, we
tried to use a function correction to decrease the zero-drift.

3.7. 2D Metal Dichalcogenides

Inspired by the appealing properties of graphene, researchers have made great efforts
in exploring other 2D nanomaterials for gas sensing such as 2D metal dichalcogenides [17].
Han et al. [137] made a MoS2-SnO2 heterostructure gas sensor. It was able to detect NO2
at room temperature, and the response to 5 ppm of NO2 was 18.7. Compared with other
gases, the selectivity was increased (Figure 11). Furthermore, this sensor had reliable
long-term stability. Kim et al. [138] synthetized WS2-SnO2 C-S nanosheets by ALD. At the
optimum shell thickness, this sensor indicated a good selectivity to CO. MoSe2 was used to
manufacture the gas sensor. Abun et al. [139] designed a MoSe2-ZnO heterostructure gas
sensor to detect H2. Compared with pristine ZnO and MoSe2, the selectivity and response
were greatly increased.
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Figure 11. MoS2-SnO2 heterostructure gas sensor. Adapted from [137] copyright (2019), with permission from Elsevier.
(a) The morphology of MoS2-SnO2 heterostructure; (b) the response of MoS2-SnO2 heterostructure to NO2.

The mechanism is due to the formation of heterojunctions. Under the action of
heterojunction, response, selectivity, and operation temperature have been improved in
varying degrees [137–139]. More details about heterojunctions can be found in Section 3.4.
The combination of one-dimensional MOS material and two-dimensional metal material
is a novel method owing to the large surface area and high surface-to-volume ratio. It is
helpful to fabricate this type of heterojunction MOS gas sensor to detect inorganic gases.
However, it is difficult to fit them firmly [46]. Therefore, it is necessary to improve the
preparation process. Moreover, the unique layered structure of 2D metal dichalcogenides
has provided the possibility of fabricating a flexible sensor substrate.

3.8. Temperature Modulating

Usually, gas sensors are used to monitor the target gas in a complex gas environment.
There is the inevitable problem of cross-sensitivity. It could be understood that sensors
have a response to multiple gases at the same time. Therefore, improving the selectivity
of gas sensors is essential. Temperature modulating is considered a beneficial method to
solve this problem. Yuan et al. [140] synthetized ZnO gas sensors detecting VOCs (volatile
organic compounds) via the thermal method. To solve the cross-sensitivity, they used the
trapezoidal wave temperature modulation improved by a rectangle to detect target gases
and the GRNN to recognize gas species. The rates at which different gases combine with
oxygen ions are different, so the optimal temperatures of reactions are different. With
the trapezoidal change in temperature, the ZnO sensor showed a good response to every
target gas at different temperatures in their experiment. Likewise, Yuan et al. [141] also dis-
cussed the feasibility of the application of temperature modulation to improve the rose-like
MoO3/MoS2/rGO gas sensor selectivity to multiple gases (including acetone, methanol,
ethanol, benzene, toluene, and ammonia). When exposed to the condition of temperature
changing in the form of a sine wave, it showed the best response to ammonia and the lowest
response to acetone. According to different responses to multiple gases, we could ensure it
had a good selectivity to ammonia in multiple gases (including acetone, methanol, ethanol,
benzene, toluene, and ammonia). Moreover, Krivetskiy et al. [142] proposed successfully
using a Temperature modulation combined with statistical shape analysis to modify the
SnO2/Au-SnO2/Au and Pd-SnO2 nanocrystalline gas sensor selectivity (Figure 12).

125



Materials 2021, 14, 4263

 
Figure 12. Schematic diagram of temperature modulation. Reprinted from [142] copyright (2021),
with permission from Elsevier. (a) SnO2 sensors towards air, methane, and propane at differ-
ent concentrations during a temperature modulation cycle; (b) Au-SnO2 sensors towards air,
methane, and propane at different concentrations during a temperature modulation cycle; (c) Au/Pd-
SnO2 sensors towards air, methane, and propane at different concentrations during a temperature
modulation cycle.

The mechanism can be summarized as follows: The reaction temperatures of different
target gases and oxygen ions are different for a kind of nanomaterial-based gas sensor.
When the ambient temperature changes with time for a certain range, each target gas
has an optional reaction temperature at a certain point. Then, we can obtain a dynamic
response curve, which can reveal the target gases and improve the selectivity of gas sensing
(Figure 12). Based on the above, this method may provide a feasible way to detect both
inorganic gases and VOCs. The advantage of this method is that it reduces the temperature
drift effect by using the response information in static detection and eliminating the
interference [141]. The category and concentration of mixed gases are distinguished by
the errors in the distinction of adjacent concentrations [140]. Therefore, it is necessary
to improve the recognition rate of the algorithm and the accuracy of the data processing
algorithm. Moreover, the thermal stability of gas sensors should be improved to avoid
their destruction by the temperature cycle.

3.9. Heating

Heating is a method used to promote the property of gas sensors by assembling
an extra heater [143–146] or the self-heating effect [147–149] to maintain the tempera-
ture condition that the gas reaction needs. An integrated heater is shown in Figure 13.
Moon et al. [145] designed a NO2 gas sensor based on a microheater, which significantly
reduced power consumption and recovery time and improved response. Compared with
assembling an extra heater, the self-heating effect not only reduces the power consump-
tion of the sensor but also facilitates the fabrication and miniaturization of sensor arrays.
Tan et al. [149] designed a gas sensor based on SnO2 nanowires that can detect a NO2
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concentration from 25.6 to 2.5 ppm, and they proved the feasibility of the self-heating effect
(Figure 14). Moreover, they also demonstrated that the application of gas sensors with the
self-heating effect could further reduce power consumption by narrowing the size of the
sensor in the experiment. In general, the main function of heating is providing the opera-
tion temperature of the experiment and reducing humidity impact. Moreover, heating also
contributes to the requirement of electron exchange between chemically adsorbed oxygen
and MOS and between target gas and active oxygen species on the MOS surface [150].
Based on this information, we can infer that the electron is activated by heating to increase
the possibility of electron transition.

 

Figure 13. Schematic diagram of external micro-heater. Reprinted from [143]. (a) Packaged the micro-heater using TO39
package; (b) the SEM image of the micro-heater.

Figure 14. Performance of a sensor under external heating and self-heating effect. Adapted from [149] copyright (2017),
with permission from American Chemical Society.

As the gas reaction temperature is several hundred degrees Celsius, heating is an
essential method for the improvement of gas sensor properties. However, the higher
temperature could cause a decline in MOS gas sensors’ reliability. For example, with a
reduction in the characteristic size of nanostructures, their melting temperatures decreased
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significantly [46]. Nanostructures in MOS sensors may be destroyed in a high-temperature
environment. This is obviously harmful for their long-term application. Microheaters
increase the volume of the whole sensor, and the circuit’s thermal consumption is in-
evitable [144,145]. If we integrate two kinds of gas sensors whose operation temperatures
are similar, using an extra heater to provide a suitable temperature condition may be a
good choice. Self-heating is helpful for the integration of other components and provides
a new idea for wearable gas sensors [147–149]. Compared with extra heaters, the actual
heating effect is difficult to control. We must consider the thermal loss by the substrate,
the surrounding gases, and the contact pads [146]. Moreover, exploring a suitable MOS
material to use in self-heating is also important. In the long term, both an extra heater and
self-heating provide a suitable operation temperature to detect gas, which is harmful to the
thermal stability of MOS gas sensors. Therefore, UV irradiation is a potential method for
MOS gas sensing.

3.10. UV Irradiation

Although ultraviolet irradiation (UV irradiation) can also improve the performance
from the perspective of energy, different from temperature modulation and heating, UV
irradiation makes more use of photocatalysis, while the former is the change of thermal
energy. To replace conventional high-temperature gas sensors, UV-LED can be used to
enhance MOS gas sensors [151]. Karaduman et al. [152] manufactured NO2 gas sensors
based on Al-Al2O3-p-Si and Al-TiO2-Al2O3-p-Si. The sensor response of two different
materials was analyzed in a UV contrast test. The results showed that UV light can
significantly improve the selectivity of a TiO2 sensor, and the response and recovery times
were shortened to 6 and 12 s. Fan et al. [153] studied the properties of sensors based on
zinc oxide film and nanowires in hydrogen; both sensors were able to detect hydrogen at
the ppm level. The response of film and nanowire sensors with a width of 400 nm was
increased to 9% and 19%, respectively (as shown in Figure 15). This method is beneficial
for improving the response of MOS gas sensors [154]. Under the effect of UV irradiation,
MOS material could absorb more energy, generate more charge carriers, and increase the
density of free electron–hole pairs. It is helpful in promoting the electrical conductivity and
properties of the sensor.

Figure 15. Performance of a gas sensor in the absence and presence of UV irradiation. Reprinted
from [154] copyright (2016), with permission from Elsevier.

UV irradiation may be beneficial to achieve room-temperature gas sensing. It can effec-
tively avoid high consumption and decrease thermal deformation by photocatalysis [155].
Moreover, UV irradiation also eliminates the influence of humidity. Water molecules are
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dissociated by photogenerated electrons and holes under different UV light intensities [156].
However, the disadvantages should not be ignored. For example, conventional UV lamps
usually are large and make it difficult to integrate other sensors. The selectivity for reducing
gases and VOCs has not obviously increased [155]. This is due to the interference of oxygen
and other gases. Therefore, we can try to manufacture UV-LEDs and integrate them with
MOS gas sensors to decrease the volume of the whole device, as well as decorating MOS
gas sensors with some noble metals (Au, Ag). With the effect of noble metal, the selectivity
will be improved. The synergistic effect of noble metal and UV irradiation is helpful to
achieve gas sensing at room temperature. According to Trawka et al. [154], these gas
sensing results mainly depend on the wavelength of ultraviolet light. Thus, determining
how to precisely control the wavelength of ultraviolet light is a significant problem.

4. Conclusions

In this review, we summarized the advantages and disadvantages of MOS nano-
materials and introduced the main gas-sensing properties of MOS gas sensors. Then,
we focused on the fabrication methods of interface micro–nanostructures to improve the
gas-sensing properties.

MOS nanomaterials have become important nanomaterials in the fabrication of gas
sensors owing to their high sensitivity, easy operation, and low cost. We can change the
morphology of nanostructures by enlarging the surface-to-volume ratio in order to improve
the gas-sensing properties. C-S nanostructures can improve the electron orientation through
the formation of heterojunctions and the modulation of energy barriers. Carbon materials,
conducting polymers, and 2D metal dichalcogenides improve the gas-sensing properties
by forming heterojunctions. The carbon materials and conducting polymers increase the
gas adsorption sites, while 2D metal dichalcogenides enlarge the surface-to-volume ratio.
Although temperature modulation, self-heating effects, and UV irradiation methods can
effectively enhance the MOS gas-sensing properties, the main limitations of the above
methods mainly concern two aspects: On the one hand, MOS nanostructures are more
fragile than conventional structures. MOS nanostructures are easily destroyed in the
preparation of MOS gas sensors. On the other hand, MOS gas sensors can be deformed by
thermal stress during the gas reaction.

In summary, thermal stability and structural stability are two important improvement
directions for MOS gas sensors in the future. Additionally, UV irradiation provides a novel
way to achieve room-temperature gas sensing. Thus, the C-S nanostructure can improve
structural stability. These methods could provide some ideas to improve gas-sensing
properties and point out development directions for MOS gas sensors. The advances in
knowledge in all our endeavors can be a foundation and useful experience for sensing
technology, surface science, catalysis, fluidic mechanics, and microelectronics.
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Abstract: High-ring polycyclic aromatic hydrocarbons (PAHs, Benzo[b]fluorathene (BbFA), etc.) are
difficult to biodegrade in the water environment. To address this issue, an innovative method for
the preparation of MnO2 nanoflower/graphene oxide composite (MnO2 NF/GO) was proposed for
adsorption removal of BbFA. The physicochemical properties of MnO2 NF/GO were characterized
by SEM, TEM, XRD, and N2 adsorption/desorption and XPS techniques. Results show that the
MnO2 NF/GO had well-developed specific surface area and functional groups. Batch adsorption
experiment results showed that adsorption capacity for BbFA was 74.07 mg/g. The pseudo-second-
order kinetic model and Freundlich isotherm model are fitted well to the adsorption data. These
show electron-donor-acceptor interaction; especially π-π interaction and π complexation played vital
roles in BbFA removal onto MnO2 NF/GO. The study highlights the promising potential adsorbent
for removal of PAHs.

Keywords: MnO2 nanoflower; graphene oxide; PAHs; adsorption

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) refer to aromatic hydrocarbons containing
two or more benzene rings which are formed by the incomplete combustion or pyrolysis of
fossil fuels such as coal, oil and natural gas, wood, paper, and other hydrocarbons under
reduced conditions [1]. The toxicity, genotoxicity, mutagenicity and carcinogenicity of
PAHs cause a variety of harms to the human body, such as damage to the respiratory
system, circulation system, nervous system, liver, and kidney damage [2,3]. PAHs have
recently attracted much attention in studies on water, soil and air pollution as a result
of the United States Environmental Protection Agency blacklisting 16 PAHs as “priority-
controlled pollutants” [4,5]. Currently, many different techniques, such as liquid-phase
adsorption, photocatalytic degradation, bioremediation, and electrochemical remediation,
have been extensively investigated in treating PAH-contaminated water environments in
wastewater reclamation [6–9]. Among them, adsorption technology seems to be a potential
method for PAH control due to its selectivity, low operating cost, affordability, simplicity,
high efficiency, and the adsorbent reusability [10,11]. Kumar et al. used pyrolysis-assisted
potassium hydroxide-induced palm shell activated carbon to remove PAHs from aqueous
solution and the maximum adsorption capacity was 131.7 mg/g [12]. Bhadra et al. proved
the adsorption capacity of MOF-derived carbons on naphthalene (237 mg/g), anthracene
(284 mg/g), and pyrene (307 mg/g) [13].
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Among all kinds of adsorbents, graphene has a high specific surface area, strong hy-
drophobicity and a unique delocalized large π bond, lending it broad application prospects
in the adsorption and treatment of aromatic pollutants from wastewater [14]. Huang
et al. [15] synthesized a reduced graphene oxide-hybridized polymeric high-internal phase
emulsion with an open-cell structure and hydrophobicity to absorb PAH (47.5 mg/g). How-
ever, the complex preparation process, limited adsorption capacity and high cost remain
significant obstacles to the large-scale application of graphene in wastewater treatment [16].
Sun et al. compared the adsorption capacity of graphene oxide (GO), reduced graphene
oxide (rGO) and graphite (G) for naphthalene, anthracene and pyrene in aqueous solution,
and the rGO had the optimal adsorption capacity [17]. Herein, the development of the
excellent performance adsorbents had always been the research hotspot in removing PAHs
from wastewater.

The previous research show that the metal cations could be the adsorption-active
component which could interact with the aromatic ring [18]. Furthermore, the hybridization
of metal cations to the adsorption substrate could form the π- complexation interaction
which could efficiently realize the extraction of PAHs [19]. The hybridization of metal
cations to the graphene materials could be an innovative technology to improve the strength
of π complexation in carbon-based materials [20]. MnO2 nanoflowers (MnO2 NFs) are
regarded as optimal nanostructures because of their rational open structure, increasing the
adsorption point between the adsorbent and the contaminant [21,22]. At the same time,
due to the stable properties and large specific surface area, graphene oxide (GO) can also
serve as a porous backbone to support functional materials, thus leading to much mass
loading of MnO2 NFs for pollutant removal [23,24]. In addition, there is little literature on
the performance and mechanism of PAHs using MnO2 NFs/GO synthetic materials.

In this study, Benz[b]fluorathene (BbFA) was chosen as the model PAH. It is one of
the carcinogenic PAHs, which was included in the list of carcinogenic 2B carcinogens by
the International Agency for Research on Cancer (IARC, World Health Organization) in
2017 [25]. In this work, an innovative preparation method of MnO2 nanoflower/graphene
oxide (MnO2 NF/GO) composites was developed to remove BbFA from wastewater. The
objectives of the research are (1) to prepare MnO2 NF using a direct reduction of KMnO4
with poly-(dimethyl diallyl ammonium chloride) (PDDA) and to synthesize MnO2 NF/GO
in a hydrothermal reactor; (2) to characterize the physicochemical properties of MnO2
NF/GO; and (3) to evaluate the BbFA adsorption performance and mechanism of the MnO2
NF/GO composite by batch adsorption experiment.

2. Results

2.1. Structural and Morphology Characterization of MnO2 NF/GO Composites

Based on the SEM and TEM observations and analyses of MnO2 NF, the nano-
agglomerated structure can be observed in Figure 1a,b, which is consistent with the
experimental anticipation and similar research results [26]. As displayed in Figure 1c,
the morphological characteristics of MnO2 NF/GO composites showed an irregular porous
structure with a distributed rippled and crumpled morphology, which may increase the
surface area of the adsorbent. The HRTEM image (Figure 1d) demonstrated that the lattice
distance of 0.341 nm corresponds to the (002) plane of the as-prepared composite [27].
Notably, the STEM and X-ray elemental mappings (Figure 1e) confirm that the MnO2 NFs
are homogeneously deposited and distributed into the GO.

The XRD pattern of as-synthesized composites was used to analyze the precise crystal
structure and the results are demonstrated in Figure 2a. MnO2 NF had weak diffraction
peaks ascribed to the fact that MnO2 NF possess insufficient crystalline property. The peaks
at 2θ values of 37.28 and 67.94 in MnO2 NF were observed, which could be assigned to
the (−111) and (114) planes of the MnO2 structure (JCPDS card No: 80-1098) [26]. The
diffractogram peak at 2θ the value of 23.5 in MnO2 NF/GO composites is attributed to the
amorphous carbon with low graphitization, corresponding to the highly ordered laminar
structure with an interlayer distance of 0.34 nm along with the (002) orientation [28]. The
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diffraction peak at the 2θ value of 45 in MnO2 NF/GO composites indicates a short-range
order in stacked graphene layers. The results were consistent with the previous SEM results.

 
Figure 1. SEM (a) and TEM (b) images of MnO2 NF; SEM (c) and HRTEM (d) images of MnO2 NF/GO composites; and
(e) HAADF-STEM image of MnO2 NF/GO composites and corresponding elemental mapping images of C, O and Mn.

Figure 2. XRD (a); the pore size distributions and N2 adsorption/desorption isotherms (b) of as-synthesized composites.

As displayed in Figure 2b, the adsorbent pores of MnO2 NF and MnO2 NF/GO
composites mainly contain micro-mesoporous structures (diameter < 2 nm) according
to the IUPAC classification [29]. The N2 adsorption/desorption isotherms for MnO2 NF
and MnO2 NF/GO composites showed a sharp increase at low relative pressure (P/P0),
consistent with the typical curve (type I and IV) with H4 hysteresis loop, which was
the microporous structure characteristic [29]. The detailed textural parameters of the
as-synthesized composites are shown in Table 1. The SBET of MnO2 NF/GO composites
(694.30 m2/g) was larger than that of MnO2 NF (87.78 m2/g), and the volume adsorbed
(Vtot) of MnO2 NF/GO composite is higher than MnO2 NF at a high P/P0 value. These
results suggest that MnO2 NF/GO composites could facilitate pollutant adsorption due to
the nano-agglomerated structure and the large specific surface area and volume adsorbed
of MnO2 NF/GO composites.
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Table 1. Textural parameters of as-synthesized composites.

Identification MnO2 NF MnO2 NF/GO

SBET
[a] (m2/g) 87.78 694.30

Smic
[b] (m2/g) 11.40 182.19

Sext
[c] (m2/g) 76.38 512.11

Vtot
[d] (cm3/g) 0.3584 0.9606

Vmic
[e] (cm3/g) 0.0046 0.0778

Vmes
[f] (cm3/g) 0.3538 0.8828

[a] BET surface area, [b] micropore surface area, [c] external surface area, [d] total pore volume, [e] micropore volume,
[f] external volume.

2.2. Chemical Characteristics of MnO2 NF/GO Composites

The surface chemical characteristics of as-synthesized composites were further ana-
lyzed with the typical XPS spectra. As displayed in Figure 3a, C, O and Mn were the major
elemental compositions on the surface of MnO2 NF/GO composites. Moreover, the Mn 2p
spectrum for MnO2 NF/GO illustrated the successful fabrication of MnO2 NF on the GO
surface. The high-resolution O 1s spectrum (Figure 3b) shows peaks at 530.6 and 532.2 eV,
attributed to Mn-O-Mn and Mn-O-H bonding [30]. The ratio of Mn-O-Mn/Mn-O-H was
4.05 based on the peak area ratios calculation results. These findings suggest that Mn
primarily exists in the oxide form (MnO2) on the MnO2 NF/GO composites, consistent
with experimental expectations. As displayed in Figure 3c, the high-resolution wide-range
Mn 2p1/2 (652.9 eV) and Mn 2p3/2 (641.1 eV) peaks using the XPS best peak fitting with
Gaussian modes were caused by the overlap of Mn3+ and Mn4+ ions [31]. Additionally, the
separation value (>5.9 eV) between Mn 2p3/2 and Mn 2p1/2 was consistent with published
reports [32]. The presence of carboxyl group and hydroxyl group was conductive for
the pollutant adsorption according to the wide-range C 1s spectrum of MnO2 NF/GO
composites in Figure 3d.

Figure 3. XPS survey spectra of MnO2 NF and MnO2 NF/GO composites (a); O 1s (b); Mn 2p (c);
and C 1s (d) spectra of MnO2 NF/GO composites.
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2.3. Effect of Contact Time and Adsorption Kinetics

Figure 4a showed the effect of contact time for BbFA adsorption capacity on as-
synthesized composites. It could be seen that BbFA was rapidly adsorbed onto adsorbents
during the initial 30 min, which can be explained by the rapid diffusion speed of BbFA
due to the higher initial BbFA concentration and the initial sufficient adsorption sites of
adsorbents. In addition, the large number of aromatic ring structures of BbFA determine the
adsorption rate. The BbFA concentration and diffusion speed decrease continuously with
continuous contact reaction, while the BbFA adsorption capacity on as-synthesized compos-
ite increased. At the same time, the BbFA adsorption capacity on MnO2 NF/GO composites
was six times higher than that of MnO2 NF due to MnO2 NF/GO composites’ larger spe-
cific surface area and volume adsorbed. To identify the possible rate-controlling steps and
reaction mechanisms in the BbFA adsorption process, the pseudo-first-order model and the
pseudo-second-order model were used to simulate the experimental data [33].

Figure 4. Effect of contact time for BbFA adsorption on as-synthesized composites (a); the linear plots of the pseudo-
first-order model (b) and the pseudo-second-order model (c); effect of initial concentration for BbFA adsorption on the
as-synthesized composites (d); the linear plots of Langmuir isotherm (e) and Freundlich isotherm (f). (dosage = 0.2 g/L,
contact time = 2 h; temperature = 25 ± 1 ◦C).

The pseudo-first-order model, which is based on solid capacity, was defined as follows
(Equation (1)):

ln(qe − qt) = lnqe − k1t (1)

The pseudo-second-order model, which predicts the behavior of the whole adsorption
range, was defined as follows (Equation (2)):

t
qt

=
1

k2q2
e
+

1
qe

t (2)

where qe (mg/g) and qt (mg/g) are adsorption capacities at equilibrium and time t, respec-
tively. k1 (1/h) are the rate constants of the pseudo-first-order model, and k2 (g/(mg·min))
are the rate constants of the pseudo-second-order model, respectively.

Figure 4b and c present the plots for the BbFA adsorption of as-synthesized composites
by applying the kinetic models in this study, and the slopes and intercepts of these curves
were used to determine the fitting parameters. The calculated constants of the kinetics and
the corresponding linear regression correlation are shown in Table 2. The high correlation
coefficients value (R2 > 99%) and the excellent agreement between the experimental (qe)
and calculated values (qcal) indicate that the pseudo-second-order model resulted in a
better fit than the pseudo-first-order model. Therefore, the pseudo-second-order model
was more suitable for describing the adsorption of BbFA onto MnO2 NF/GO composites,
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and the critical rate-controlling steps were multiple processes, especially the activated or
chemisorption processes [34].

Table 2. Parameters of kinetics models for the BbFA adsorption by as-synthesized composites.

Kinetic Models Constants MnO2 NF MnO2 NF/GO

Pseudo-first-order parameters
Qe,cal (mg/g) 5.272 40.62
K1 (1/min) 0.042 0.053

R2 0.9522 0.9721

Pseudo-second-order parameters
Qe,cal (mg/g) 9.9 74.07

K2 (g/mg/min 10−4) 299 48.73
R2 0.998 0.9986

2.4. Adsorption Isotherm

The adsorption isotherms were generated by changing the initial concentration of
BBFA, and the mechanism is that the higher initial concentration of BBFA provides a
prominent driving force to control the resistance of BBFA transfer from liquid to solid part
in the adsorption system. As displayed in Figure 4d, the adsorption isotherms showed a
sharp initial slope due to the fact that the amount of BbFA could not meet as-synthesized
composites’ abundance of available adsorption sites in low equilibrium BbFA concentra-
tion, resulting in a weakening maximum adsorption capacity. As the equilibrium BbFA
concentration increased further, the maximum adsorption capacity increased gradually as
its active sites were gradually occupied by BbFA.

The Langmuir isotherm model assumed monolayer coverage of the adsorbate over a
homogenous adsorbent surface [35]. The Freundlich equation described the adsorption
from low and medium concentrations, when the monolayer was not filled, and the parame-
ter n described the heterogeneity of adsorption sites [36]. In this study, the Langmuir and
Freundlich isotherms were used to describe the adsorption isotherm in detail (Figure 4a,e,f).
The isotherm models were given by Equations (4) and (5):

Qe =
Q0KLCe

1 + KLCe
(3)

lnQe = lnKF +
1
n

lnCe (4)

where Qe (mg/g) is the maximum adsorption capacity of adsorbents; Ce (mg/L) is the
equilibrium BbFA concentration; Q0 (mg/g) is the initial adsorption capacity; KL (L/mg)
and KF ((mg/g)/(L/mg)1/n) are the Langmuir isotherm constant and Freundlich affinity
coefficient, respectively; and n is the adsorption intensity.

The isotherm lines, isotherm constants, and correlation coefficients of isotherm models
are summarized in Figure 4b,c and Table 3. The Langmuir isotherm model exhibited a
better fit to the BbFA adsorption process of the MnO2 NF (Figure 5), which indicated that
the BbFA adsorption tended to be homogeneous and showed monolayer coverage due to
the strong interactions between the surface of MnO2 NF and BbFA. Further, the Freundlich
model was the best for describing the BbFA adsorption process onto the MnO2 NF/GO
composites, explaining the complex chemical and multi-layer adsorption process due to
the metal oxides’ hybridization in MnO2 NF/GO composites. In addition, the Freundlich
constant 1/n values were in the range of 0–1, suggesting that the MnO2 NF/GO composites
can actively adsorb BbFA. As displayed in Table 3, the maximum adsorption capacities (Qe)
of MnO2 NF/GO composites (74.07 mg/g) were higher than those of MnO2 NF (9.9 mg/g),
which were consistent with 2.3 results.
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Table 3. Langmuir and Freundlich constants related to the adsorption isotherms of BbFA for as-
synthesized composites.

Isotherm Models Constants MnO2 NF MnO2 NF/GO

Langmuir
KL (L/mg) 5.364 74.07
Qm (mg/g) 10.13 1.824

R2 0.9973 0.9964

Freundlich
KF (mg/g·(L/mg)·1/n) 8.701 49.11

1/n 0.0582 0.1878
R2 0.9647 0.9976

Figure 5. BbFA adsorption mechanism on MnO2 NF/GO composites.

2.5. BbFA Adsorption Mechanism

Despite the destruction of the graphene conjugated structure during the GO oxidation
process, GO still retains a unique delocalized π bond and surface hydrophobic properties.
The π bond on the MnO2 NF/GO surface could form π–π interactions with the aromatic
ring of BbFA. Many studies have also shown that π–π interaction was an essential way
for adsorbents to adsorb PAHs. GO could be used as a metal oxide carrier to synthesize
compounds, the compounds can prevent agglomeration from taking place and form π

complexing bonds due to metal oxide doping; the adsorption capacity of BbFA on MnO2
NF/GO was improved by π complexation. The hydrophobic properties and multilayer
structure characteristics of MnO2 NF/GO provide sufficient adsorption sites for BbFA.
Many oxygen-containing functional groups (carboxyl and hydroxyl) are introduced into
MnO2 NF/G during GO synthesis and metal oxide doping. At the same time, the adsorp-
tion of BbFA molecules would lead to changes in the morphology of the MnO2 NF/G, thus
generating new adsorption active sites for BbFA removal. The BbFA adsorption capacity of
these active sites still needs to be further studied. In general, the results of batch adsorption
experiments and model fitting showed that the adsorption of BbFA onto MnO2 NF/G was
dominated by chemisorption, and the π-π interaction, π complexation, and hydrophobicity
of nanoflowers have played a role in the adsorption of BbFA.

3. Methods

3.1. Materials

Poly dimethyl diallyl ammonium chloride (PDDA, 20%) and potassium permanganate
(KMnO4, analytical grade) were purchased from ALADDIN Co. Ltd. (Shanghai, China).
The fabrication method of graphene oxide (GO) is provided in the Supporting Information
Text S1. Benzo[b]fluorathene (BbFA) solid (purchased from Aladdin Industrial Corporation)
was of 98% purity. Benzo[b]fluorathene (BbFA) was analyzed with GC-MS (please refer
to Table S1 for details of method parameters). Additionally, all solutions necessary for
analytical procedures were prepared with distilled water, and all the chemicals used were
of analytical grade.

142



Materials 2021, 14, 4402

3.2. Fabrication of MnO2 NF/GO Composites

As displayed in Figure 6, the 4.5 mL PDDA was mixed with 20 mL ultrapure water
and heated to 120 ◦C. Afterward, 4.0 g of KMnO4 was added to the mixed solution while
stirring at 220 rpm for 60 min until the aqueous dispersion mixture turned dark brown,
which was defined as MnO2 nanoflower aqueous dispersion. The partial MnO2 nanoflower
aqueous dispersion was centrifuged at 8000 rpm for 10 min and further washed twice
with ethanol and three times with distilled water, respectively. Furthermore, the resultant
product was dried at 60 ◦C for 12 h to obtain MnO2 nanoflower particles, which were
defined as MnO2 NFs. The rest of the MnO2 nanoflower aqueous dispersion was mixed
with the prepared GO (2 g) under continuous stirring at room temperature for 10 min.
Then, the resultant mixture was transferred into a hydrothermal reactor and heated to
120 ◦C for 4 h. Subsequently, the dark precipitate powders were collected and washed with
distilled water several times. Finally, they were dried at 60 ◦C for 12 h to obtain the MnO2
NF/GO composite.

 
Figure 6. Fabrication of MnO2 NF/GO composites.

3.3. Characterization Methods

The characterization methods are provided in the Supporting Information Text S2.

3.4. Adsorption Experiments

The kinetic experiments were conducted to investigate the effect of contact time and
evaluate the kinetic properties. The as-synthesized composites (0.2 g) were added into 1 L
of BbFA solution with initial concentrations of 0.3 mg/L. The mixture solution had natural
pH, which was detected using a pH meter (Model PHS-3C, Shanghai, China). The mixture
solution was agitated on the magnetic stirrers (Model 78-1) at a 250 ± 10 rpm speed with
control of 25 ± 1 ◦C. The flasks were wrapped in aluminum foil to prevent photolysis. The
5 ± 0.5 mL samples were taken and filtered at desired adsorption duration (0–240 min),
then the mixture was filtered from the liquid phase using a Millipore membrane filter
(0.45 μm), and the residual BbFA concentrations were enriched into 10 mL CH2Cl2 through
solid-phase extraction, followed by concentration determination of BbFA using GCMS.

The adsorption capacities of adsorbent were calculated using the following (Equation (5)):

Q = (C0 − Ce)V/M (5)

where Q (mg/g) represents the remove capacities; C0 and Ce (mg/L) are the initial and
equilibrium concentrations of BbFA, respectively; V (L) is the volume of the BbFA solution;
and M (g) is the mass of adsorbent added.

In the batch adsorption experiments, the stock solution of BbFA (1 g/L) was prepared
by dissolving 0.05 g of powder BbFA in a 500 mL CH2Cl2 solution, and the desired
concentrations were obtained by dilution, followed by magnetic stirring to ensure the
complete dissolution of BbFA in water solutions. The batch equilibrium BbFA adsorption
studies were performed with a series of brown conical flasks (500 mL) containing a volume
of 100 mL of the fixed initial concentration of BbFA (0-350 mg/L). Subsequently, the
adsorbents (20 mg) were added to each flask, and the flasks were shaken at 200 ± 10 rpm in
a shaded water bath shaker (SHZ-88) at 25 ± 1 ◦C for 24 h until the equilibrium achieved.
The residual BbFA concentration was analyzed using the same method described above.
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4. Conclusions

MnO2 NF aqueous dispersion composed of PDDA and KMnO4 was used to produce
MnO2 NF/GO in a hydrothermal reactor. MnO2 NF/GO composites showed excellent
removal performance of BbFA from wastewater. The batch adsorption experiments re-
vealed that the adsorption isotherms agreed well with Freundlich isotherm and kinetics
obeyed the pseudo-second-order kinetics model and adsorption capacity of 74.07 mg/g.
The result was related to the well-developed physicochemical properties of MnO2 NF/GO
composites. The first reason is that it has a larger specific surface area and adsorption
sites, and another important reason is that it has strong electron donor–acceptor interaction
(EDA interaction, especially π–π interaction and π complexation). Thus, MnO2 NF/GO
composites could be cost-effective functional materials for BbFA removal. However, further
studies are required to improve oxidative degradation of MnO2 NF/GO composites.
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Abstract: Dairy farm slurry is an important biomass resource that can be used as a fertilizer and in
energy utilization and chemical production. This study aimed to establish an innovative ultrasound-
assisted electrochemical oxidation (UAEO) digestion method for the rapid and onsite analysis of the
heavy metal (HM) contamination level of dairy slurry. The effects of UAEO operating parameters on
digestion efficiency were tested based on Cu and Zn concentrations in a dairy slurry sample. The
results showed that Cu and Zn digestion efficiency was (96.8 ± 2.6) and (98.5 ± 2.9)%, respectively,
with the optimal UAEO operating parameters (digestion time: 45 min; ultrasonic power: 400 W;
NaCl concentration: 10 g/L). The digestion recovery rate experiments were then operated with
spiked samples to verify the digestion effect on broad-spectrum HMs. When the digestion time
reached 45 min, all digestion recovery rates exceeded 90%. Meanwhile, free chlorine concentration,
particle size distribution, and micromorphology were investigated to demonstrate the digestion
mechanism. It was found that 414 mg/L free chorine had theoretically enough oxidative ability,
and the ultrasound intervention could deal with the blocky undissolved particles attributed to its
crushing capacity. The results of particle size distribution showed that the total volume and bulky
particle proportion had an obvious decline. The micromorphology demonstrated that the ultrasound
intervention fragmented the bulky particles, and electrochemical oxidation made irregular blocky
structures form arc edge and cellular structures. The aforementioned results indicated that UAEO
was a novel and efficient method. It was fast and convenient. Additionally, it ensured digestion
efficiency and thus had a good application prospect.

Keywords: biomass resource; dairy slurry; digestion efficient; heavy metals; ultrasound-assisted
electrochemical oxidation

1. Introduction

Dairy farm slurry is an important, cheap biomass resource [1–3] rich in mineral nu-
trients and lignocellulose. With the rapid increase in the number of large-scale livestock
farms in the last few years in China, plenty of livestock feces and slurry are discharged
into the nearby natural environment, resulting in ecological pressure [4,5]. The resource
utilization methods of dairy slurry include returning cropland as a fertilizer [6,7], energy
engineering [8], and chemical production [9,10]. Practical experience indicates that return-
ing cropland is the most practical and common treatment approach for farm slurry because
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it is rich in nutrients (N, P, and K) [11]. Unfortunately, the high abundance of heavy metals
(HMs) may result in a serious ecological hazard. The HMs in farm slurry can be fixed in
the soil along with returning cropland, keeping an average concentration of several mg/kg
to tens of mg/kg for a long time [12]. HM pollution consistently threatens environmental
ecology due to its toxic, accumulative, and persistent nature in the environment [5]. More
seriously, the transfer of HMs from soil to cereals and plants is a major HM intake route
for humans. Excessive HMs may accumulate in specific human organs and interact with
proteins and enzymes, making them damaged or inactive [13].

Although the Chinese government has developed many management policies and
treatment technologies to reduce the HM pollution from livestock slurry to environment,
the lack of the onsite digestion-detection method is still the bottleneck to realize the effective
control of the ecological risk due to HMs during returning cropland. Some novel detection
methods have been developed for the onsite quantitative analysis of HMs in the last few
years. Wen et al. established a portable tungsten coil electrothermal atomic absorption
spectrometer for HM field analysis [14–16]. Wang et al. designed and implemented a field-
based HM detection system involving electrochemical differential pulse anodic stripping
voltammetry [17]. Additionally, with the advent of microfluidics technology, colorimetric
sensors for the rapid detection of HMs can even work on a handheld device [18].

Compared with the detection methods, these recently reported digestion
methods [19–23] were still challenging to implement in the field. In theory, the diges-
tion procedure should ensure that treated samples are completely dissolved and HMs
are released in a positive ion form compatible with the analytical method [24,25]. The
conventional wet digestion procedures were relatively complicated and hazardous. Heavy
use of strong acids (HClO4, HF, H2SO4, HCl, etc.) and heating devices restricted the
digestion procedures to be operated in a normative chemical laboratory. Although some
modified digestion methods have been recently established to reduce operation difficulty,
the inevitable use of acids and laboratory devices (such as a microwave) still cannot meet
the onsite digestion requirement.

Therefore, more safe and simple digestion methods need to be established to analyze
the HM contamination level of livestock slurry. This study reported an innovative digestion
method based on ultrasound-assisted electrochemical oxidation (UAEO) theory. The
UAEO method was designed as a specialized technology for the dairy farm slurries on-
site digestion, which had the potential to be applied in other farm slurry and sewage
samples. The digestion extraction effects for major (Cu and Zn) and trace (Cr, Cd, Pb, Ba,
Co, Ni, Bi, and Ag) HMs were proved with the livestock slurry samples. Furthermore, the
digestion mechanism of the reported method was analyzed and discussed to elaborate the
functioning process.

2. Materials and Method

2.1. Reagents, Standards, and Samples

All reagents used in this study were at least analytical grade. All solutions were
prepared in deionized water (resistivity ≥18.2 MΩ·cm). A commercially multi-element
standard solution (Thermo Scientific Co. Ltd., Waltham, MA, USA) was used to analyze
the standard digestion rate.

The dairy farm slurry samples were collected from three typical large-scale crop–
animal mixed farms in July 2019 in Tianjin of China. All breeding varieties were Chinese
Holstein Cattle. The cattle breeding stock of every farm was above 1000 units. The fecal
slurry process flow in three large-scale dairy farms is shown in Figure 1. One of the dairy
farms employed biogas engineering as a recycling treatment technique, while the other
two carried out only a sedimentation liquid–solid separation. In any case, the lagoon was
the unique storage facility before returning cropland. Therefore, all slurry samples were
collected from the lagoon in experiments.
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Figure 1. Fecal slurry process flow in three large-scale dairy farms.

The slurry equally sampled from three random points in a lagoon was uniformly
mixed and stored in a clean-washed polyethylene plastic bottle. All samples were filtered
with 10-mesh sieves to remove macroparticle impurities.

2.2. Construction of the UAEO Digestion Apparatus

As shown in Figure 2, the UAEO digestion apparatus was mainly constructed us-
ing two cuvettes connected with a NaCl salt bridge. The volume of both cuvettes was
approximately 120 mL. The ingredients of the salt bridge solution were 20% (w/v) NaCl
and 2% (w/v) agar. The aforementioned solution was heated to a boil, infused into the
connected part, and cooled down to form a gel. The electrochemical oxidation function
was implemented using a classic three-electrode system. The working and auxiliary elec-
trodes were made using Ru–Ir-coated titanium ((Ru–Ir)@Ti) inert metal material, while
the reference electrode was an Ag–AgCl electrode. The working potential was controlled
at 2 V using a CHI-760D electrochemical workstation (Science Days Technology Co. Ltd.,
Beijing, China). The ultrasound function was implemented using a Scientz-IID ultrasonic
generator (Scientz Co. Ltd., Ningbo, China), while the ultrasonic duty ratio was set to 50%
(5 s/5 s). In the digestion cuvette, a stirrer was installed at the bottom to blend the solution
along with digestion.

Figure 2. Schematic diagram of the UAEO digestion apparatus.

2.3. UAEO Digestion Method and Zn and Cu Digestion Efficiency Test

To determine Cu and Zn digestion efficiency in slurry samples, the aqua regia with
closed-vessel microwave digestion (AD) method was applied and compared with the
UAEO digestion method. The AD method was performed as previously reported [26].
Briefly, 5.0 g of accurately weighed slurry sample, 10 mL of aqua regia (3:1, v/v, HCl:HNO3),
and 5 mL of H2O2 (30%, v/v) were successively added in a poly tetra fluoroethylene (PTFE)
vessel. The PTFE vessel was capped tightly and placed in a WX-6000 microwave apparatus
(PreeKem Co. Ltd., Shanghai, China). The operating program of the microwave is shown
in Table S1. After cooling down, the digestion solution was completely transferred and
made up to 50 mL with deionized water.
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The UAEO digestion method was operated with the following steps: (I) 10.0 g slurry
sample and a certain quality (testing range: 0.1–10 g) NaCl were accurately added into
deionized water to make 100 mL. The aforementioned suspension was poured into the
digestion cuvette. (II) A NaCl solution with the same volume and concentration was poured
into the auxiliary cuvette as in the digestion cuvette. (III) The electrochemical workstation
and the ultrasonic generator were started at the same time, sampling approximately 5 mL
of digestion suspension in 0, 10, 20, 30, 45, and 60 min. The ultrasonic power was set in the
test range of 0–600 W.

Both AD and UAEO samples were filtered to remove undissolved solid before HM
analysis. The concentrations of Cu and Zn were tested using an AA-7000 atomic absorption
spectrophotometer (Shimadzu Co. Ltd., Kyoto, Japan). The digestion efficiency was
calculated using Equation (1).

Digestion efficiency = CUAEO/CAD × 100% (1)

where CUAEO is the concentration of the tested element digested by the UAEO method,
while CAD is that digested by the AD method.

2.4. Digestion Recovery Rate

The digestion recovery rate experiment was performed to monitor the UAEO method
digestion effect for trace HMs. The slurry sample with the standard substance was prepared
before the test. Specifically, 10 g slurry sample and 10 mL of multi-element standard
solution were mixed accurately and shaken on an HNYC-203T constant-temperature
shaking table (Honour Co. Ltd., Tianjin, China) for 6 h to form nonionic compounds (such
as coordination compounds). A NaCl solution was used to increase the volume of the
aforementioned sample to 100 mL. The UAEO method was executed with the optimal NaCl
concentration and ultrasonic power verified by the digestion efficiency result. The digestion
suspension was sampled for 0, 20, and 45 min to analyze the standard digestion rate.

The concentrations of 10 objective HMs (Zn, Cu, Cr, Cd, Pb, Ba, Co, Ni, Bi, and
Ag) were tested using a Thermo 7400 Inductively Coupled Plasma Optical Emission
Spectrometer (ICP-OES) (Thermo Scientific Co. Ltd., Waltham, MA, USA). The ICP-OES
instrumental parameters for the analysis are listed in Table S2. The digestion recovery rate
of every HMs was calculated using Equation (2).

Digestion recovery rate = (C1 − C0)/Cspk × 100% (2)

where C0 is the concentration of the tested element digested by the UAEO method without
standard solution, while C1 is that by standard solution. Cspk represents the theoretical
concentration of spiked elements.

2.5. Chlorine Quantitative Analysis

The digestion solution was taken out from the digestion cuvette in 0, 5, 10, 15, 20, 25,
30, 35, 40, and 45 min during the UAEO digestion method. Every sample was immediately
placed in the ice-water bath to cool down, diluted, and filtered to be tested.

The concentration of chlorine was measured according to the N,N-diethyl-p-phenylenediamine
(DPD) colorimetric method [27] using a UV 2600 spectrophotometer (Shimadzu, Kyoto, Japan).

2.6. Particle Size Distribution and Micromorphology

The particle size distribution of the digestion sample was measured using a Master-
sizer 3000 laser particle size analyzer (Malvern Panalytical. Ltd., Cambridge, UK). The
microtopographic analysis of the insoluble solid in the digestion sample was carried out
using a field-emission scanning electron microscope (SEM) (JSM-IT300LV, Jeol, Japan,
operating at 20 kV) and an optical microscope (OM) (BX51, Olympus, Tokyo, Japan).
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2.7. Statistical Analysis

All statistical analyses were performed using PASW Statistics 18 software (SPSS Inc.,
Armonk, NY, USA) with analysis of variance (ANOVA) and Dunnet’s test [28].

3. Results

3.1. Effects of UAEO Operating Parameters on Digestion Efficiency

As shown in Figure 3, the digestion efficiency was positively related to the digestion
time, ultrasonic frequency, and NaCl concentration. Further, Cu and Zn digestion efficiency
was tested for different periods at 400 W ultrasonic power with a NaCl concentration of
10 g/L (Figure 3A). The digestion efficiency increased rapidly in the first 30 min and then
reached a plateau in 30–60 min. The Dunnet’s test results showed no significant difference
(p > 0.05) in digestion efficiency between 45 and 60 min. As shown in Figure 3B, the
digestion efficiency increased with the increase in ultrasonic power with 45 min digestion
time and 10 g/L NaCl concentration; the solute temperature was raised at the same
time. The digestion efficiency had no significant difference between 400 W and 600 W
ultrasonic power, although the solute temperature slightly increased. Finally, the optimal
concentration of oxidation substrate NaCl was tested from 1 to 100 g/L with 45 min
digestion time and 400 W ultrasonic power, as shown in Figure 3C. The results showed
that an increase in NaCl concentration led to more working current and higher digestion
efficiency until the NaCl concentration exceeded 10 g/L. With the optimal UAEO operating
parameters (digestion time: 45 min; ultrasonic power: 400 W; NaCl concentration: 10 g/L),
Cu and Zn digestion efficiency was (96.8 ± 2.6) and (98.5 ± 2.9)%, respectively.

3.2. UAEO Digestion Recovery Rate

The digestion recovery rate experiments were operated with spiked samples to evalu-
ate the UAEO digestion effect for trace HMs. The 20 min and 45 min standard digestion
rate for 10 HMs was tested, and the results are shown in Figure 4. After a 20 min UAEO
digestion operation, the recovery rate of all 10 HMs exceeded 70%. When the processing
duration further reached 45 min, all digestion recovery rates exceeded 90%. The specific
results are listed in Table 1.

3.3. Free Chlorine

The concentration of free chlorine was tested by the DPD method to analyze the level
of oxidation medium in the digestion solution. As shown in Figure 5, the ultrasound inter-
vention would reduce the free chlorine increment speed in the reaction system. Specifically,
when the ultrasound function module was turned off, the free chlorine concentration was
maintained at about 1500 mg/L after digestion for 30 min. In another case, with ultrasound
intervention, the free chlorine concentration could only reach the maximum (414 mg/L)
at 20 min and, further, slightly decreased to 283 mg/L in 45 min instead of continuing
to increase.

3.4. Effect of the UAEO Process on Particle Size Distribution and Micromorphology

As shown in Figure 6, UAEO digestion treatment indeed changed the undissolved
particle size distribution. Before digestion, the particles with a diameter between 100
and 300 μm contributed to the main particle volume (1021 μm3). Under the influence
of oxidation, the total particle volume sharply declined, although the size distribution
did not show an obvious change. Under the influence of ultrasound intervention, the
size distribution moved toward small sizes, and the total particle volume had an obvious
decline as well. When the UAEO digestion method worked normally, the effect on the
change in particle size was comparable to a coupling of ultrasound and oxidation; the
greatest abundance of particle size was changed to a smaller diameter range between
30 and 100 μm, which had a much smaller particle volume (193 μm3) compared with the
untreated sample.
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Figure 3. Variations in Cu and Zn digestion efficiency, solution temperature, and working current during UAEO digestion
method. (A) Cu and Zn digestion efficiency was tested for different periods at 400 W ultrasonic power with a NaCl
concentration of 10 g/L. Significant differences between each digestion time and 60 min group were found with the
Dunnet’s test; * p < 0.05 for Cu, # p < 0.05 for Zn. (B) Digestion efficiency was tested at 0, 200, 400, and 600 W ultrasonic
power for 45 min with a NaCl concentration of 10 g/L, and the solute temperature was detected. Significant differences
between each ultrasonic power and 600 W group were found with the Dunnet’s test; * p < 0.05 for Cu, # p < 0.05 for Zn.
(C) Digestion efficiency was tested with NaCl concentrations of 1, 5, 10, 50, and 100 g/L at 400 W ultrasonic power for
45 min, and the working current was tested using an electronic working station. Significant differences between each NaCl
concentration and 100 g/L group were found with Dunnet’s test; * p < 0.05 for Cu, # p < 0.05 for Zn.

Figure 4. UAEO standard digestion rate of 10 primary HMs in dairy slurry.
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Table 1. Concentrations and recovery rates (%) in the spiked samples digested by the UAEO method.

Element
Certified Values

(mg/L)

Found Values (mg/L) and Recovery Rates (%)

20 min 45 min

Zn
0 a 1.25 ± 0.28

55.3%
2.24 ± 0.45

91.7%1 b 1.8 ± 0.09 3.16 ± 0.44

Cu
0 0.29 ± 0.05

62.7%
0.54 ± 0.07

90.7%1 0.92 ± 0.17 1.45 ± 0.09

Cr
0 0.06 ± 0.03

74.1%
0.11 ± 0.03

93.9%5 3.77 ± 0.35 4.81 ± 0.16

Cd
0 ND c

71%
ND

96%1 0.71 ± 0.05 0.96 ± 0.05

Pb
0 ND

64.6%
0.08 ± 0.04

96.6%10 6.46 ± 0.81 9.74 ± 0.36

Ba
0 ND

63.7%
ND

97.7%1 0.64 ± 0.07 0.98 ± 0.06

Co
0 ND

65.3%
ND

95.7%1 0.65 ± 0.04 0.96 ± 0.04

Ni
0 ND

70.8%
ND

98.9%5 3.54 ± 0.22 4.95 ± 0.08

Bi
0 ND

65.3%
ND

97.8%10 6.53 ± 0.78 9.78 ± 0.31

Ag 0 ND
73.3%

ND
96%1 0.73 ± 0.04 0.96 ± 0.01

a Unspiked sample; b Sample spiked with multi-element standard solution; c Not detected and calculated as 0.

Figure 5. Variations in the concentration of free chlorine during digestion operation (45 min).

As shown in Figure 7, the micromorphology of undissolved solid matters before and
after UAEO digestion was observed using FE-SEM and OM. The undissolved solid matters
before digestion (Figure 7A,B) presented typical micromorphological characteristics of the
dairy slurry, an irregular blocky structure. As shown in Figure 7D,E, the blocky structure
appeared as arc edge and cellular structure after the UAEO digestion method. More
macroscopic OM images (Figure 7C–E) showed that the digestion process not only reduced
the amount of undissolved solid matters but also made them fragmented and blanched.
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Figure 6. Particle size distribution of undissolved solid matters in the dairy slurry sample after
different digestion treatments (45 min).

Figure 7. FE-SEM and OM images of undissolved solid matters before (A–C) and after (D–F)
UAEO digestion.

4. Discussion

4.1. Digestion Theory of the UAEO Method

The constitution of UAEO technology is shown in Figure 1. The digestion device
comprised two open cuvettes of NaCl solution, which was connected with a NaCl salt
bridge. Under the influence of electric potential difference, negative ions moved toward the
working electrode and positive ions moved toward the auxiliary electrode. The reactions
in the digestion cuvette were expressed by Equations (3)–(6). Hydroxyl radicals and free
chlorine were generated in the digestion process, and redundant H+ provided an acidic
environment for easy distribution of HMs. In addition, the ultrasound function module
produced ultrasonic waves, generated shock waves to break large particles and solids,
accelerated the redox reaction, and then improved the digestion effect [19,29]. By setting
a classic three-electrode system and ultrasound function module, the synergy between
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ultrasonic effect and electrochemical digestion was ensured in the digestion process to
improve the digestion effect.

(Ru-Ir)@Ti + H2O→(Ru-Ir)@Ti(OH) + H+ + e− (3)

Cl− + OH→·ClO− + H+ + e− (4)

2Cl−→Cl2 + 2e− (5)

Cl2 + 2H2O→HClO/ClO− + Cl− + H+/2H+ (6)

4.2. Digestion Efficiency of the UAEO Method

A previous investigation [12] indicated that the concentrations of Zn and Cu were
significantly higher than those of the other HMs in the dairy farm slurry. Therefore, a
series of digestion efficiency experiments were designed to explore the optimal operating
parameters of the UAEO apparatus based on the results of Zn and Cu digestion efficiency.
Figure 3A shows the effect of digestion time on digestion efficiency at 400 W ultrasonic
power with a NaCl concentration of 10 g/L. As expected, the digestion efficiency increased
continually in the first 45 min due to sustaining electrochemical oxidation and ultrasound
function. As shown in Figure 3B, the digestion efficiency was positively associated with
ultrasonic power. The ultrasound intervention could not only increase the temperature of
the digestion solution to accelerate the redox reaction but generate shock waves to break
large particles and solids. When the ultrasonic power was kept at 400 W or above, the
solution temperature reached 60 ◦C and the digestion efficiency reached the maximum.
NaCl was used as an oxidation substrate to generate an oxidizing agent and working
current. Figure 3C shows that a low concentration of NaCl restricted the oxidation reaction
rate. However, excessively high salinity possibly had a negative impact on the follow-up
analysis. Taken together, 10 g/L NaCl was the ideal concentration for the UAEO digestion
method. The foregoing conclusions not only proved that the UAEO digestion method
could sufficiently release Zn and Cu, which were the main HMs in the dairy slurry, but
also found the optimal UAEO operating parameters (digestion time: 45 min; ultrasonic
power: 400 W; NaCl concentration: 10 g/L).

An HM recovery rate test was carried out to verify the UAEO digestion effect on broad-
spectrum HMs. The element form in spiked digestion samples was different from that in
normal samples because the spiked process could form nonionic compounds only in solution
and not in insoluble particulate matter. The results of the recovery rate could still partly prove
the applicability of UAEO digestion for different HMs. As shown in Figure 4, the UAEO
digestion method demonstrated adequate ability for 10 primary HM elements, illustrating
that the UAEO method had indiscriminate digestion function for dairy slurry HMs.

4.3. Digestion Mechanism of the UAEO Method

Free chlorine was the main oxidation medium in the digestion solution, according to
Equations (3)–(6). Therefore, the variations in the concentration of free chorine were tested
to discuss the key mechanism of the UAEO method. As shown in Figure 5, the variation
curves demonstrated a high concentration of free chorine without ultrasound intervention.
Due to the great oxidizability of free chlorine, it was easy to degrade organics and release
HMs oxidatively. Although the ultrasound intervention decreased the maximum concen-
tration of free chorine due to vibration and temperature effect, 414 mg/L free chorine still
theoretically had sufficient oxidative ability. On the contrary, the inhalation toxicology of
excessive chlorine might influence the health of operators [30]. Because the dairy slurry had
many undissolved particles, single electrochemical oxidation digestion could not process
them. The ultrasound intervention could exactly constitute this function attributed to its
crushing capacity. These hypotheses were verified by the results of particle size distribution
analysis. As shown in Figure 6, the particle size distribution obviously moved toward small
size, although the ultrasound intervention could not sharply decrease the total volume
of particles. Moreover, under the oxidation effect, the total volume and the proportion
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of bulky particles obviously declined. To intuitively demonstrate the change in particle
form during the digestion process, the micromorphology results are shown in Figure 7. The
ultrasound intervention led to the fragmentation of the bulky particles, and electrochemical
oxidation made an irregular blocky structure form arc edges and a cellular structure.

4.4. Advantages of the UAEO Digestion Method

The conventional digestion methods usually required strong acids as digestion reagents,
and the digestion process was completed under high-temperature and high-pressure con-
ditions, which depended on large-scale digestion equipment. They were difficult to meet
the requirements of the onsite test. UAEO was a novel and efficient method for dairy farm
slurry digestion. The electrochemical oxidation process provided a sufficient oxidation
agent. The ultrasound intervention not only physically broke the particles and solids
in the dairy slurry but also catalyzed the improvement in oxidation digestion efficiency.
On the other hand, the UAEO digestion method is an economical approach owing to its
low-cost reagent and simple apparatus design. The UAEO digestion method was fast and
convenient and ensured digestion efficiency, thus having a good application prospect.

5. Conclusions

Dairy farm slurry is an important cheap biomass resource rich in mineral nutrients
and lignocellulose. However, the abuse of feed and the lack of harmless treatment lead
to HM pollution. An innovative digestion method was established in this study, which
combined digestion efficiency and process convenience. According to the experimental
results, the UAEO method can sufficiently digest all main HMs (Zn and Cu) or trace HMs
in slurry. This might be further beneficial to agriculture biomass resource quality control
and effective transformation.
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Abstract: The petroleum industry’s development has been supported by the demand for petroleum
and its by-products. During extraction and transportation, however, oil will leak into the soil, de-
stroying the structure and quality of the soil and even harming the health of plants and humans.
Scientists are researching and developing remediation techniques to repair and re-control the afflicted
environment due to the health risks and social implications of petroleum hydrocarbon contamination.
Remediation of soil contamination produced by petroleum hydrocarbons, on the other hand, is a
difficult and time-consuming job. Microbial remediation is a focus for soil remediation because of
its convenience of use, lack of secondary contamination, and low cost. This review lists the types
and capacities of microorganisms that have been investigated to degrade petroleum hydrocarbons.
However, investigations have revealed that a single microbial remediation faces difficulties, such
as inconsistent remediation effects and substantial environmental consequences. It is necessary to
understand the composition and source of pollutants, the metabolic genes and pathways of microbial
degradation of petroleum pollutants, and the internal and external aspects that influence remediation
in order to select the optimal remediation treatment strategy. This review compares the degradation
abilities of microbial–physical, chemical, and other combination remediation methods, and highlights
the degradation capabilities and processes of the greatest microbe-biochar, microbe–nutrition, and
microbe–plant technologies. This helps in evaluating and forecasting the chemical behavior of con-
taminants with both short- and long-term consequences. Although there are integrated remediation
strategies for the removal of petroleum hydrocarbons, practical remediation remains difficult. The
sources and quantities of petroleum pollutants, as well as their impacts on soil, plants, and humans,
are discussed in this article. Following that, the focus shifted to the microbiological technique of
degrading petroleum pollutants and the mechanism of the combined microbial method. Finally, the
limitations of existing integrated microbiological techniques are highlighted.

Keywords: petroleum contaminated soil; composition of petroleum; harm of petroleum; microbial
remediation; combined microbial methods; phytoremediation; biochar

1. Introduction

Extraction, processing, and transportation (pipe rupture) all contribute to the entry
of petroleum into the soil environment [1,2]. The primary contaminants in petroleum-
contaminated soil are toxic and hazardous aliphatic, cycloaliphatic, and aromatic hydrocar-
bons [3]. They decrease the diversity of plants and microbes in the soil, deplete soil fertility,
disrupt soil ecological balance, and even put human health at risk [4]. Crop germination
is delayed, the chlorophyll content is poor, and some crops perish when grown in high
petroleum-contaminated soil [5]. Furthermore, pollutants can enter the human body by

Sustainability 2021, 13, 9267. https://doi.org/10.3390/su13169267 https://www.mdpi.com/journal/sustainability157



Sustainability 2021, 13, 9267

breathing, skin contact, or eating petroleum-contaminated food, causing contact dermatitis,
visual and auditory hallucinations, and gastrointestinal disorders, as well as substantially
raising the risk of leukemia in children. Although certain low-molecular-weight hydro-
carbon pollutants will weather and decay over time, high-molecular-weight hydrocarbon
pollutants will remain in the soil for a long period due to their hydrophobicity, causing
secondary contamination in the ecosystem [6,7]. According to statistics, Chevron Texaco’s
oilfields in Ecuador’s Amazon region have harmed human health, the water supply, and
the ecosystems in the area. The plaintiff (30,000 individuals of mixed races and indigenous
peoples) was awarded USD 9.5 billion by the Cuban Supreme Court in 2013 [8]. This
demonstrates that petroleum pollutants have a negative influence on society in addition to
destroying the environment. As a result, the issue of restoring petroleum-contaminated
soil has become a hot topic.

Incineration, landfill, leaching, chemical oxidation, and microbiological treatment
are now used to remediate petroleum-contaminated soil. These technologies can extract,
remove, transform, or mineralize petroleum pollutants in a contaminated environment,
transforming them into a less damaging, harmless, and stable form [9]. Although incinera-
tion and chemical oxidation can remove 99.0% and 92.3% of total petroleum hydrocarbons,
respectively, both restoration procedures have disadvantages [10,11]. Toxic substances such
as dioxins, furans, polychlorinated biphenyls, and volatile heavy metals will be released
into the atmosphere as a result of incomplete petroleum burning [12]. The carbon in the
soil is reduced by 49–98% as the incineration temperature rises from 200 ◦C to 1050 ◦C,
and the organic matter and carbonate in the soil are decomposed into light hydrocarbons
(C2H2, C2H4, and CH4) and carbon dioxide separately [13,14]. The total number of soil
microorganisms decrease from 104 CFU/g to 103 CFU/g to 102 CFU/g after chemically
oxidizing petroleum pollutants in the soil with 5 percent hydrogen peroxide and persulfate
for 10 days. The bacteria will continue to develop slowly over the following 10 days [15].
The incomplete combustion of petroleum increases the hidden dangers of environmen-
tal safety, while the loss of carbon and organic matter limits the recovery ability of the
soil ecosystem. The addition of oxidants will inhibit the growth of soil microorganisms.
Therefore, while reducing the concentration of soil petroleum pollutants, it will not cause
secondary pollution to the soil and the surrounding environment, which has become the
main consideration for selecting remediation technologies.

Microbial remediation is inexpensive, and it can completely mineralize organic pol-
lutants into carbon dioxide, water, inorganic compounds and cell proteins, or convert
complex organic pollutants into other simpler organics [16]. Microorganisms can utilise
organic pollutants as their only source of carbon, allowing them to degrade organic pollu-
tants in the soil [17,18]. Microorganisms destroyed 62–75% of petroleum hydrocarbons in
the soil in 150 to 270 days [19,20]. Free microorganisms destroyed 2.3–6.8% of petroleum
hydrocarbons in 60 days, however when biochar was employed as a carrier, 7.2–30.3% of
petroleum hydrocarbons were degraded in 60 days [21]. Petroleum degraded at a rate of
29.8% in the immobilized system (sodium alginate-diatomite beads), whereas free cells
degraded at a rate of 21.2% in 20 days [22]. At 4 ◦C and 10 ◦C, microbial mineralization of
hexadecane generates 45% CO2, while at 25 ◦C, 68% CO2 is generated in 50 days, indicating
that microorganisms can better digest hexadecane [23]. When the soil salinity is higher
than 8%, and the pH value is lower than 4 and higher than 9, the activity of Acinetobacter
baylyi ZJ2 is affected, and a certain amount of lipopeptide surfactant cannot be produced,
thereby reducing the degradation of petroleum by microorganisms [24].

In conclusion, extreme environmental conditions (soil temperature below 10 ◦C, pH
below 4 and more than 9) decrease microbial activity, which diminishes the removal impact
of petroleum pollutants. Furthermore, a pH 5.5–8.8, temperature 15–45 ◦C, oxygen content
10%, low clay or silt content soil type, and C/N/P ratio of 100:10:1 are the optimum
conditions for microbial remediation of oily soil, according to current research [25,26].
Long remediation times and low remediation efficacy of free microorganisms are issues
with microbial remediation. The microbial combination technique is used to increase
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the bio-degradation efficiency of microorganisms in order to overcome the challenge of
microbial remediation of petroleum in the soil.

The source, categorization, and content of hydrocarbon contamination in soil, as well
as its influence on the environment and human health, are discussed in this article. Follow-
ing that, the different forms of combination microbial repair methods are explained, as well
as their benefits. The microbial combination method focuses on the microbial remediation
of petroleum pollutants and the interaction of microbial–biochar/nutrients/plants. Finally,
the benefits and limitations of contemporary microbial mixed approach repair technologies
are discussed.

2. Petroleum-Contaminated Soil

2.1. Sources of Petroleum Pollutants

Figure 1 depicts the major pathways through which petroleum contaminants permeate
the soil [27]. Petroleum spills are a major cause of hydrocarbon contamination in the soil.
The global leakage of natural petroleum is reported to be 600,000 metric tons per year [28].
Petroleum contamination is estimated to have polluted 3.5 million sites in Europe [29]. In
China, about 4.8 million hectares of soil petroleum content may exceed the safe limit [30].
Distinct nations and areas have varied sampling and transportation techniques, as well as
different sources and degrees of petroleum contamination. Furthermore, contaminants are
leached into the surrounding and deep soil in horizontal and vertical orientations, as well
as into the groundwater system, as a result of rainfall washing and leaching.

Figure 1. Major sources of hydrocarbons in the soils.

Low-molecular-weight hydrocarbons are more volatile and more easily penetrate
into groundwater than high-molecular-weight hydrocarbons, although volatilization and
permeability are influenced by the physical and chemical characteristics of the soil, climate,
and vegetation [29]. The natural decay half-life of petroleum hydrocarbons grows as the
concentration of petroleum hydrocarbons increases (when the petroleum concentration
is 250 mg/L, the half-life is 217 days) [31]. The natural half-life of alkane and aromatic
pollutants rises with increasing molecular weight. Under normal conditions, the half-life
of the three-ring molecule phenanthrene is 16 to 126 days, but the half-life of the five-
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ring molecule benzo[α]pyrene is 229 to 1400 days [32]. Though some specific bacteria in
polluted soil may biodegrade and bio-transform these hydrocarbons, absorbing them into
biomass in the soil [33,34], small quantities of hydrocarbons (such as long chain and high
molecular weight hydrocarbons) are still challenging to handle in the environment due to
the non-polarity and chemical inertness of pollutants [35].

2.2. Composition of Petroleum Pollutants

Petroleum-contaminated soil often contains petroleum, water, and solid particles.
Petroleum pollutants are often shown as water-in-petroleum (W/O). Petroleum is made
up of a variety of hydrocarbons, composed of carbon (83–87%), hydrogen (11–14%), and
sulfur (0.06–0.8%), nitrogen (0.02–1.7%), oxygen (0.08–1.82%), and trace metal components
(nickel, vanadium, iron, antimony, etc.) [36]. Hydrocarbons formed by the combination of
carbon and hydrogen constitute the main component of petroleum, accounting for about
95% to 99%. Various hydrocarbons are classified according to their structure: alkanes,
cycloalkanes, and aromatic hydrocarbons.

Alkanes are the main components of gasoline, diesel, and jet fuel [37,38]. The molec-
ular structure is linear, branched, and cyclic. The general formula of linear-alkanes is
CnH2n+2, the general formula of branched alkanes is CnH2n+2 (n > 2), and the general for-
mula of cycloalkanes is CnH2n (n > 3). Aromatics are found in gasoline, diesel, lubricants,
kerosene, tar, and asphalt [39]. They have a similar molecular structure to cycloalkanes,
but they have at least one benzene ring [40]. Aromatics have the general formula CnH2n-6.

Petroleum is derived from bitumen, and the heaviest and most polar molecules in
asphaltene are firmly adsorbed on the source rock, making discharge into the reservoir
problematic. As a result, the most frequent are saturated hydrocarbons with the lowest
polarity, followed by aromatics [41]. The molecular weight of hydrocarbons influences
their degradability. Low-molecular-weight hydrocarbons have better bioavailability than
high-molecular-weight hydrocarbons [42,43]. As a result, hydrocarbon susceptibility to
microbial breakdown is generally: linear alkanes > branched alkanes > aromatics with low
molecular weight > cyclic alkanes [16,44].

2.3. Toxic Effects of Petroleum on the Environment

Saturates, aromatics, and other poisonous and hazardous hydrocarbons are mostly
found in petroleum [30]. Highly hazardous petroleum pollutants (PAHs, BTEX) will have
an adverse effect on soil, plants, and humans. High levels of polycyclic aromatic hydrocar-
bons (PAHs) in the soil can induce tumors, reproductive, development, and immunological
problems in terrestrial invertebrates [45]. BTEX (benzene, toluene, ethylbenzene, and
xylene) can harm a person’s personal neurological system, liver, kidneys, and respiratory
system [46]. Pollutants obstruct soil pores, alter the content and structure of soil organic
matter, diminish the activity and variety of soil microbes and plants, and, as a result,
endanger human health via the food chain [47]. Deuterated PAH(dPAH) was utilized by
Jose L. Gomez-Eyles et al. to evaluate the bioavailability of PAH in soil [48]. According
to research, the dPAH:PAH ratio of benzo(a)pyrene in earthworm tissues is greater than
the dPAH:PAH ratio obtained by normal chemical methods. The ratio of additional dPAH
accumulated by earthworms is increasing as the size of PAH rises. This indicates that the
toxicity of petroleum pollution on animals is much worse than previously thought. The
petroleum in the soil also pollutes the groundwater environment through diffusion and
migration, putting a strain on a variety of elements of human life.

2.3.1. Toxic Effects of Petroleum on Soil

Petroleum degrades the ecological structure and function of soils [6], affecting soil
moisture, pH, total organic carbon, total nitrogen, exchangeable potassium, and enzyme
activity substantially (urease, catalase and dehydrogenase) [49–52]. As pollutant concen-
trations rise, the clay content in contaminated soil rises [53], soil porosity declines, and
impermeability and hydrophobicity rise [54], inhibiting the growth of plant roots and the
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number of bacteria in the soil. The root length of Lepidium sativum, Sinapis alba, and Sorghum
saccharatum was reduced by 65.1%, 42.3%, and 47.3%, respectively, when the petroleum
hydrocarbon concentration in the soil was 7791 mg/kg [55]. Straight-chain alkanes have the
greatest influence on the number of bacteria species. The following is the order of influence:
320.5 ± 5.5 (in the control soil) > 289.1 ± 4.7 (in the aromatic hydrocarbon-contaminated soil)
> 258.6 ± 2.5 (in the branched-chain-alkane-contaminated soil) > 229.7 ± 2.0 (in straight-
chain- and cyclic-alkanes-hydrocarbons-contaminated soil) [56]. According to studies, the
major contaminant that causes soil salinization and acidification is benzo[a]pyrene, which
is present in petroleum [57].

2.3.2. Toxic Effects of Petroleum on Plants

Petroleum pollutants have the ability to permeate plant surfaces and move via the
intracellular space and vascular system. Plant roots may collect petroleum pollutants in the
soil, transport them to leaves and fruits, and store them, as well as transmit pollutants from
leaves to roots. Corn germination rate, plant height, leaf area, and dry matter yield were
all drastically reduced as a result of petroleum contamination [58]. Plant growth is slowed,
stem length and diameter are shortened, aboveground tissue length is reduced, and the root
length and plant leaf area are altered due to a lack of oxygen and nutrients in the polluted
soil (depending on the plant species) [59]. Low concentrations of petroleum hydrocarbon
(10 g/kg) have been found to increase plant root vitality, but medium concentrations
(30 g/kg) and high concentrations (50 g/kg) have been shown to decrease plant root
vitality. Simultaneously, the chlorophyll content of 50 g/kg petroleum-contaminated soil is
almost 60% lower than that of non-contaminated soil [60].

2.3.3. Toxic Effects of Petroleum on Human Health

Exposure to petroleum and petroleum products, whether direct (breathing polluted
air and direct contact with skin) or indirect (bathing in contaminated water and eating
contaminated food), can cause significant health issues in people [61]. Many petroleum
pollutants, such as benzene and polycyclic aromatic hydrocarbons, are toxic, mutagenic,
and carcinogenic. Some aromatics have a negative impact on human liver and kidney
functioning, even causing cancer [62]. Furthermore, because PAHs are extremely lipophilic,
they are easily absorbed by animals through the digestive tract [45]. Long-term exposure
to polluted areas can cause tiredness, respiratory problems, eye irritation, and headaches,
and women are more likely to have spontaneous abortions [8]. Oil extraction in residential
areas, particularly in low- and middle-income nations, has been shown to affect the health
of a huge number of non-occupational contacts, according to studies. It is estimated
that 638 million people in low- and middle-income countries live in rural areas close to
conventional oil reservoirs [8]. Individuals who are more exposed to oil-related pollution
and are not typically exposed to occupational areas, such as infants, children, pregnant
women, the elderly, or people with prior health conditions, will use daily activities (such as
bathing, agricultural activities, and so on) that will be affected. Simultaneously, natural
gas burning in oil wells can produce volatile organic compounds (VOCs), nitrogen dioxide
(NO2), sulfur dioxide (SO2), polycyclic aromatic hydrocarbons, and benzo[a]pyrene, all of
which are harmful to non-occupationally exposed individuals.

3. Advances in the Utilization of Microorganisms in Petroleum Remediation

Articles were searched for in “web of science” databases. Databases contain the Core
Collection (WOS), the Derwent Innovations Index (DII), the Korean Journal Database
(KJD), MEDLINE, the Russian Science Citation Index (RSCI), and Scientific Electronic
Library Online (SCIELO) six databases. The items that were retrieved were only published
between 1950 and 2020. “Microbial degradation petroleum” is the result of a specific
search phrase. The deadline for the search is 17 September 2020, and the findings will be
analyzed statistically.
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Figure 2 depicts the unprecedented number of research findings on microbial petroleum
pollution cleanup from 1950 to 2020. The number of published study findings has risen
year after year, suggesting that petroleum microbial remediation technology has attracted
the interest of academics both at home and abroad in recent years. Figure 3 shows the
statistics on different sorts of research outputs and the percentage of countries/regions
that were re-searched. The data shows that the article is the most common kind of research
output. The majority of research on microbial remediation of petroleum pollution takes
place in Asia (34%) and Europe (34%).

Figure 2. The record number of research results of microbial remediation of petroleum pollution.

Figure 3. Statistics of research output types and the percentage of countries/regions researched.
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4. Microbial Remediation

Bioaugmentation has a high practicality and economic application when compared
to physical and chemical remediation techniques [63,64]. By adding lipophilic bacteria,
bioaugmentation can be accomplished [65]. Oleophilic bacteria may be found in a wide
range of petroleum-contaminated environments, including saltwater, coastlines, sludge,
and soil [6]. They may thrive only on hydrocarbons while decomposing or mineralizing
harmful and hazardous petroleum contaminants [66,67]. Different types of degrading
bacteria can be found in different sorts of polluted environments. To determine the kinds
and activities of soil organisms, DNA-based stable isotope probing (DNA-SIP) technology
is used [68]. In soil contaminated by polycyclic aromatic hydrocarbons, actinomycetes are
a common phylum. Acidovorax, Rhodoferax, Hydrogenophaga and Polaromonas were found in
the soil contaminated in the Philippines. Acidobacteria exists in the soil contaminated with
petroleum, phenanthrene, pyrene, and fluoranthene.

Studies have demonstrated that a number of bacteria, including Rhodococcus sp.,
Pseudomonas sp., and Scedosporium boydii, can degrade petroleum contaminants [69–71].
Hydrocarbons are mostly degraded by bacteria via aerobic pathways [72]. When oxy-
gen serves as an electron acceptor, hydrocarbon catabolism is often accelerated [73]. In
aerobic mode, the processes of oxidation, reduction, hydroxylation, and dehydrogena-
tion mediate degradation. The biodegradation of hydrocarbons is assisted by enzymes
such as monooxygenase, dioxygenase, cytochrome P450, peroxidase, hydroxylase, and
dehydrogenase [72,74–77].

Microorganisms that degrade alkanes and PAHs in an inorganic salt liquid media
have been effectively isolated for the time term (as shown in Table 1). Pseudomonas sp.,
Acinetobacter sp., and Rhodococcus sp. are currently the bacteria that have the most effect
on the degradation of petroleum pollutants. Short-chain and medium-chain alkanes
(C5-C16) can be oxidized by the integral membrane non-heme iron oxygenase (AlkB) or
cytochrome P450 enzyme (CYP153) in the strain, according to studies. Putative flavin-
binding monooxygenase (AlmA) and long-chain alkane monooxygenase (LadA) is involved
in the oxidation of long-chain alkanes [78]. Several degradation genes can coexist in a
single bacterium. There are at least two AlkB-type genes (AlkMa and AlkMb) and one Al-
mA-type gene (AlmA) in Acinetobacter strain DSM17874 that are responsible for degrading
alkanes of varying chain lengths [79]. Pseudomonas sp. also contained nahAc, catechol
dioxygenase (C12O and C23O), AlkB, and cytochrome P450, which are important for the
degradation of alkanes and polycyclic aromatic hydrocarbons [80–84].

The major pathways for alkane and PAH metabolism in microorganisms include
terminal oxidation, subterminal oxidation, ω-oxidation, and β-oxidation. The terminal
oxidation pathway is the most common mechanism for alkanes to be destroyed. Alkane
hydroxylase introduces molecular oxygen into hydrocarbons to oxidize terminal methyl to
form alcohols, which are next oxidized to aldehydes and fatty acids, and eventually, carbon
dioxide and water are produced by the β-oxidation pathway [85–87]. PAHs, on the other
hand, are resistant to biodegradation due to their structural stability. PAHs are metabolized
primarily through a mixed functional oxidase system mediated by the cytochrome P450
enzyme, with oxidation or hydroxylation as the initial step and the production of diols as
intermediate products. These intermediates are converted to catechol intermediates via
ortho- or meta-cleavage pathways, which are then integrated into the tricarboxylic acid
cycle (TCA) [73,86].
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Low-molecular-weight saturated hydrocarbons and aromatic hydrocarbons are eas-
ily degraded by microorganisms, while petroleum hydrocarbons with higher-molecular-
weight have strong resistance to microbial degradation [113]. The sequence of microbial
degradation is as follows: N-alkanes > branched-chain alkanes > branched alkenes >
low-molecular-weight n-alkyl aromatics > monoaromatics > cyclic alkanes > polynuclear
aromatics > asphaltenes [114]. The methylene concentration in asphaltenes dropped by 14%
and 8%, respectively, after 45 days of degradation by Bacillus subtilis and Pseudomonas aerugi-
nosa [115]. Pseudomonas aeruginosa can degrade 63.8% of n-hexadecane within 60 days [116].

The most critical issue affecting the globe is the elimination of persistent environ-
mental contaminants. PAHs have emerged as one of the most significant environmental
contaminants, due to their hydrophobicity [117]. The following is a ranking of PAHs based
on the order of the mineralization rate and the estimated half-life (in weeks): naphthalene
(2.4–4.4), hexadecane (2.2–4.2), phenanthrene (4–18), 2-methyl Base naphthalene (14–20),
pyrene (34–>90), 3-methylcholanthrene (87–>200), and benzo[a] pyrene (200–>300) [118].
Long-term exposure to low-level petroleum hydrocarbons lasts two to four times longer
than PAHs surviving in the original environment. Despite the discovery of microbes able to
degrade naphthalene, phenanthrene, and pyrene, the biodegradation of polycyclic aromatic
hydrocarbons with large molecular weight remains a challenge.

The majority of microbial degradation of petroleum pollutants research are conducted
in the laboratory using a mineral basal medium (liquid) (as indicated in Table 1) and have
not been applied to actual petroleum-contaminated soil. Although some studies have
shown that a single strain may degrade petroleum-contaminated soil, there are still issues
with a single bioremediation technique, such as lengthy repair times, unstable microbial
activity, and inadequate destruction of free microorganisms. Within 30 days, S. changbaiensis
and P. stutzeri may decompose 39.2 ± 1.9% and 47.2 ± 1.2% of TPH in soil, respectively
(the initial oil concentration is 1026 ± 50 mg/kg) [119]. T. versicolor can degrade 50% of
TPH within 280 days (the initial oil content of the soil is 1727 mg/kg) [120]. Therefore,
to increase degradation impact and practical application, combined microbial methods
(synergistic repair incorporating microorganisms in the degradation process) are utilized.

5. Combined Microbial Methods Remediation

Microorganism–physical, microorganism–chemical, and microorganism–biology are
the three primary types of microbial combination methods. In the microbial combined
method of decomposing petroleum-contaminated soil, a variety of materials and proce-
dures have been employed (Table 2). Most remediation combination methods are designed
to enhance the microbial activity and aeration of polluted soil because of the hydrophobic-
ity and fluidity of petroleum. To increase the system’s degradation rate, an electric field,
fertilizers, biocarrier, biochar, biosurfactants, and plants were applied to the petroleum-
contaminated soil [121–123]. As shown in Table 2, the combination of microbes and physical
or chemical technologies can improve the efficiency of microbial degradation of petroleum
pollutants. In high-concentration petroleum-contaminated soil (≥10,000 mg/kg), the addi-
tion of biochar, electric fields, nutrients, and biosurfactants can all make the removal rate
of petroleum pollutants reach more than 60%. The combination of ryegrass and mixed
microbial strains had the best degradation effect within 162 days, with a degradation rate
of 58% (the initial oil content was 6.19%). The combination of alfalfa and microorganisms
can degrade 63% of petroleum hydrocarbons within 60 days (the initial oil content is 12%).
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The time period is confined to 2016–2020 according to six databases in the “web of re-
search.” “Microbial biochar (electrokinetics/bulking agents/aeration/biocarrier/biostimu
lation/biosurfactants/permanganate/activated persulfate/fenton/activator/plant/biopil
es/earthworms) remediation of petroleum polluted soil,” according to the results of the
particular search keywords. The limit for the search is 17 September 2020, and the findings
will be examined statistically. From 2016 to 2020, the papers employing the three combined
microbial approaches to treat petroleum-polluted soil had the highest citation frequency
(Figure 4). The microorganism–biochar, microorganism–nutrients, and microorganism–
plant combined microbiological techniques have been extensively used for hydrocarbon
degradation in current study, according to the gathered data.

Figure 4. The frequency of citations of the article with three microbial combined methods for
remediation of petroleum contaminated soil.

5.1. Microorganism–Biochar Interactions in Remediation of Hydrocarbons

Biochar has a high carbon content, excellent adsorption capacity, good stability, and
the best bacteria and nutrient immobilization capacity. Biochar’s porous structure can
provide attachment sites and appropriate habitats for microorganisms to survive. The
addition of various types of biochar to the soil promotes the enrichment of particular
functional groups of microorganisms as well as an increase in biological activity [48,136].
The functional groups on the surface of biochar, as well as the easily decomposable car-
bon source and nitrogen source, assist to increase microbial activity and influence their
growth, development, and metabolism. The use of biochar to immobilize microorganisms
with various functional properties can enhance the release of particular nutrients in the
soil and the efficiency with which pollutants are degraded. Biochar has been found in
studies to absorb contaminants in petroleum, decreasing soil toxicity while having no
discernible detrimental influence on soil microbes [124]. Furthermore, combining biochar
with petroleum-degrading bacteria enhances the variety of microbial populations as well
as the hydrocarbon bioavailability [137].

The basic interactions that occur in the microorganism–biochar remediation of pollu-
tants are illustrated in Figure 5. The three modes of microorganism–biochar remediation
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include adsorption, biodegradation, and mineralization, or a combination of these three.
Because of the huge specific surface area and rough surface structure of biochar, associated
microorganisms produce biofilm, which improves the adsorption and degradation rate
of hydrocarbons while also increasing the quantity of soil and active microorganisms.
Simultaneously, studies have demonstrated that fixed bacteria may employ carbon chains
more broadly than free bacteria, and the clearance rate of hydrocarbons has risen by around
21% to 49% [137]

Figure 5. Proposed mechanism for the microbial metabolization of alkanes and aromatic hydrocarbons.

5.2. Microorganism–Nutrients Interactions in Remediation of Hydrocarbons

The input of a large amount of carbon sources (petroleum pollutants) frequently
results in the rapid depletion of the available pools of the main inorganic nutrients (such as
nitrogen (N) and phosphorus (P)) in the soil, whereas the essential nutrients (such as N, P,
and terminal electron acceptors (TEA), etc.) are key factors in reducing the rate of microbial
metabolism [138]. Although soil microorganisms have apparent pollution remediation
potential, a shortage of necessary nutrients or activation of the degradation metabolic
pathways inhibits or delays microbial repair. As a result, additional nutrients must be
added to stimulate the biodegradation of inorganic pollutants [139].

If the soil environment is anaerobic for an extended period of time and the pollutant
has a high carbon content, the metabolism of denitrifying bacteria in the soil will lower the
total nitrogen level of the soil, therefore restricting this nutrient [140]. According to research,
the amount of ammonium nitrogen (NH4

+-N) and phosphorus (PO4
3−-P) in soil decreases

quickly 15 days after restoration [141]. Nitrate has a major benefit in enhancing the capacity
for organic pollutant biodegradation in soil. Adding N to nutrient-deficient samples
rich in hydrocarbons can accelerate cell growth and hydrocarbon degradation. Because
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nitrate has thermodynamic benefits over TEA, it participates in the absorption and/or
dissimilatory reduction process under oxygen limitation and anaerobic circumstances,
promoting heterotrophic or autotrophic denitrification while oxidizing organic matter
(especially alkanes) [142]. At the same time, the phosphorous concentration of the terrestrial
subsurface environment is quite low. Although apatite is common in some locations, it
cannot be utilized by life. Several inorganic and organic forms of phosphate have been
effectively utilized to stimulate pollution in the environment [143]. As a result, the addition
of nutrients nitrogen and phosphorus promotes the efficient oxidation of carbon substrates
while also accelerating bacterial growth and hydrocarbon catabolism [138]. Currently, the
optimum C:N:P ratio for effective biodegradation of petroleum hydrocarbons has been
observed to be 100:10:1 [144].

5.3. Microorganism–Plant Interactions in Remediation of Hydrocarbons

The most popular technique for in situ remediation is the microorganism–plant com-
bination method. Organic contaminants are mostly metabolized by plant-related mi-
croorganisms in phytoremediation, according research. It has also been reported that
the re-mediation capacity of plants is influenced by the quantity of bacteria in their sur-
roundings [145]. As a result, in the process of pollution remediation, the synergy between
plants and microbes increases pollutant degradation and mineralization. Special enzymes
and other chemicals found in plants and microbes can transform many hazardous and
complicated chemical molecules into simpler and less poisonous ones. Under polluted
environments, this mechanism promotes their development. Plant rhizospheres can offer
microorganisms with nutrition, oxygen, and area for growth and development [146,147].
These bacteria expand the surface area of plant roots, allowing them to make contact with
the soil and acquire more nutrients required for plant growth. As a result, the inoculation
bacteria are more concentrated in the soil near the vegetation’s roots [148]. Simultane-
ously, plant root exudates can promote the destruction of microorganisms by altering the
composition of the microbial community and increasing microbial activity [149].

Plants such as Merr.,Setaria viridis Beauv., Plantago asiatica L., Phragmites communis,
Medicago sativa, Festuca elata Keng ex E.Alexeev, and Lolium perenne L. have been shown
in studies to be suitable for the climate and environment in China and are candidates
for the phytoremediation of petroleum-contaminated soil in China [150]. The petroleum
removal rate after 90 days of restoring petroleum-contaminated soil by Festuca elata Keng ex
E.Alexee is around 64% [151]. Festuca elata Keng ex E.Alexeev not only successfully removes
benzopyrene from soil [152], but its development also improves soil biological activity in
saline-alkali regions contaminated with petroleum [54]. The basic interactions that occur in
the microorganism–plant remediation of pollutants are depicted in Figure 6.

The mechanisms of microorganism–plant remediation can be classified as degrada-
tion, extraction, inhibition, or a combination of the three. Roots not only give oxygen
to microorganisms in the rhizosphere through respiration, but they also stimulate the
release of root exudates and the degradation of rhizosphere contaminants [153]. Plants and
microorganisms then degrade hydrocarbons into simpler organic molecules by expressing
specific enzymes such as nitroreductase, dehalogenase, laccase, and peroxidase, among
others [154]. Some pollutants are adsorbed on the root surface and accumulate in the
root via the hemicellulose of the plant cell wall and the lipid bilayer of the plasma mem-
brane [155]. A part of the pollutants are absorbed via phytoextraction/plant transfer to the
upper section of plants (stems and leaves) [156]. Finally, phytovolatilization releases certain
contaminants into the atmosphere [157]. Some plants, as a self-protection strategy, limit
the transfer of hydrocarbons from the roots to the ground, retaining more hydrocarbons
in the root tissues. This limitation preserves the chlorophyll and other nutrient synthesis
mechanisms of plants and ensures that photosynthesis continues to function normally [156].
This is to guarantee that photosynthetic processes of the plants are regular, allowing them
to produce more energy for survival and repair.
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Figure 6. The common interactions that occur during pollutant remediation by microorganisms and plants.

6. Advantages and Challenges in Combined Microbial Methods Application for
Hydrocarbon Removal

The discharge of hazardous contaminants into the soil environment has increased
substantially as a result of petroleum extraction. Bioremediation offers the advantages of
ease of use, economic feasibility, and no secondary contamination, among other things,
and is currently a research hotspot for oily soil remediation [64]. The addition of biochar,
nutrients, and plants to microorganisms not only enhances their biological stability and
activity, but it also improves their capacity to degrade petroleum pollutants. The benefits
of three combined microbial methods are as follows. These methods will not harm the soil
ecosystem, physical, chemical, or biological characteristics, and will actually improve them
following restoration. They may also degrade organic pollutants into entirely non-polluting
inorganic molecules (carbon dioxide and water) without causing secondary contamination.
The study found that after integrating oily soil remediation with microbial biomass and the
number of PAH-degrading bacteria, soil enzyme activity, microbial biomass, and the num-
ber of polycyclic-aromatic-hydrocarbon-degrading bacteria were significantly higher than
in other treatments [158,159]. The diversity, richness, and homogeneity of soil microbial
communities have altered following restoration, according to Biolog analysis [160]. Joint
restoration has enhanced the genetic variety of soil microbial communities, according to a
DNA sequencing study of soil microbial diversity [161].

The three repair approaches are currently only at the laboratory stage, and few strains
are utilized in engineering repair. Many contributing variables and degradation processes
are yet unknown, necessitating more investigation. Figure 7 summarizes some of the
problems of the three integrated microbiological techniques. The long-term stability and
tolerance of biochar is one of the challenges with microbial–biochar composite repair.
The most essential feature influencing the thermal decomposition of biomass and the
characteristics of biochar is the pyrolysis temperature. The physicochemical characteristics
and structure of biochar, such as element composition, pore structure, surface area, and
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functional groups, are affected by the pyrolysis temperature [162]. Biochar is rich in oxygen-
containing functional groups when the pyrolysis temperature is 300 to 500 ◦C. There
are less oxygen-containing functional groups, a higher mineral concentration, and more
micropores when the pyrolysis temperature is 500 to 700 ◦C [163]. Their environmental
activities are determined by these features. Furthermore, the pyrolysis temperature affects
carbon retention throughout the pyrolysis process as well as biochar carbon stability [164].
According to research, the higher the temperature, the lower the H/C ratio, the greater the
electron donor–acceptor interaction, the higher the quantity of non-decomposable carbon,
and the higher the adsorption effectiveness of biochar [165]. However, investigations have
indicated that at a moderate temperature of around 500 ◦C, the residual carbon in biochar
is only around 50% on average [164]. Soil microorganisms will mineralize a portion of the
biochar after joint remediation. As a result, certain techniques for adjusting the pyrolysis
process should be presented in order to maximize biochar’s overall carbon sequestration
capability while taking carbon retention and carbon persistence into account.

Figure 7. Some challenges of three microbial combined methods.

Most microorganisms and plants are more suitable to soil remediation with a petroleum
pollution concentration of less than 5%, according to previous studies [26,151,166]. The
remediation potential of microorganisms and plants is rapidly negatively affected when
the concentration of petroleum pollutants in the soil increases (5%). The original oil content
was 1.21%, and the removal rate of Testuca arundinacea for TPH was 64.0 ± 1.6% after
90 days of repair, and the removal rate of biological flora was 54.6 ± 1.3% [151]. After
90 days of repair, the stem and root biomass of ryegrass is lower than the control group
when the soil oil concentration is 3% [167]. Tall fescue can remove 48.4% of oil pollution
after 70 days of restoration when the soil oil concentration is 5% [168]. Microorganisms
could remove 15% of petroleum pollutants after 70 days of remediation when the soil
oil content is 5.6% [169]. When soil oil levels are too high, it is hazardous to plants and
microorganisms, reducing their capacity to degrade petroleum contaminants and poten-
tially causing deaths in microorganisms and plants. Extreme climatic circumstances (soil
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temperature below 10 ◦C, pH value below than 4 and higher than 9), on the other hand,
will limit the activity of microorganisms and plants, lowering the removal of petroleum
pollutants. Changes in soil pH and abiotic or biodegradation of biochar, on either hand,
will increase the desorption of PAH from biochar into sediments. In conclusion, despite
the benefits of minimal secondary contamination and low cost, microbial remediation still
confronts significant challenges.

7. Conclusions

This article explains the use of a combination of microbiological methods to remediate
petroleum-contaminated soil. Although a combination of microorganisms–biochar/nutr
ients/plants can be utilized to remediate petroleum-contaminated soil to solve the issues
of a unique remediation, no one method is best for all types of pollutants or all unique
site circumstances that occur in the impacted area. As a result, an efficient combined
remediation method based on the physical and chemical characteristics of soil at various
polluted sites as well as the kinds of contaminants is required. In addition, scientists are
working at the movement, distribution, and degradation mechanisms of contaminants in
the combined system, as well as their interactions and relationships with microorganisms.
Clarify the internal and external elements that impact the restoration before selecting par-
ticular therapeutic treatments. Therefore, to find out the key factors and mechanisms that
increase the degradation rate of microbial joint remediation, and to design a microbial joint
remediation technology with high degradation efficiency, sustainability, and environmental
friendliness is a problem that needs to be solved urgently.
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Abstract: Currently, people worldwide, in the period from September to April, observe with their
own eyes and feel the pollution of the air, called smog, in their own breath. The biggest cause of smog
and the source of air pollution is burning rubbish in stoves. Other causes include exhaust fumes from
large factories, burning coal in furnaces, and car exhaust fumes. Smog is an unnatural phenomenon,
directly related to human activity. The weather is becoming worse. On no-wind, foggy days, the
smog phenomenon is the most troublesome for city dwellers. Smog persists in European countries
from November to April, during the heating season. The harmful effect of smog affects almost the
entire human body. Every year, air pollution causes the death of approximately 26,000–48,000 people.
At the same time, poor air quality reduces life expectancy by up to a year. The purpose of this article
is to present buildings and finishing elements that can help in the fight against air pollution.

Keywords: smog; pollutions; sustainable development

1. Introduction

Pollution of the natural environment is a state of the environment resulting from the
introduction into the air, water, or land or from the accumulation on the surface of the earth
of solid, liquid, or gaseous substances or energy in such quantities or in such composition
that it may adversely affect human health, living nature, climate, soil, or water, or cause
other adverse changes, e.g., corrosion of materials [1].

Sometimes environmental pollution is understood as exceeding environmental quality
standards or acceptable emission factors, i.e., the actual occurrence of an unacceptable level
of environmental pollution. According to UNESCO experts, currently the most dangerous
polluting factors are:

• carbon dioxide (CO2) one of the causes of the greenhouse effect;
• carbon monoxide (CO);
• sulphur dioxide and nitrogen dioxide (SO2 and NO2), causing acidification, phospho-

rus, and eutrophication;
• mercury and lead, bioaccumulating;
• crude oil;
• DDT and other pesticides;
• radiation [2].

At the same time, many risks arise from the contamination of people’s immediate envi-
ronment, including indoor air (presence of CO2 and CO, NOx, volatile organic compounds,
radon, cigarette smoke, and oxygen deficiency), drinking water, and food.

Air pollution called smog has increased in recent years. It usually arises in large
cities where levels of exhaust emissions and energy consumption are very high [3]. Road
transport has a significant impact on the formation of photochemical smog.

Often, due to comfort or lack of other options, people choose to use a personal car over
public transport. This results in heavy traffic on the streets. This increases the emission of
exhaust fumes from tailpipes and the escape of dust from worn tyres and asphalt into the
atmosphere. Passing cars also stir up the pollutants lying on the streets. The problem is the
condition of cars. Quite often they do not meet the standards. Rapidly developing countries
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have a huge problem with air pollution and thus the environment as such [4]. This also has
a negative impact on human health [5]. Each component of smog adversely affects human
health, but just as the composition of smog can vary and is constantly changing, so too are
its effects. The components it contains are very dangerous for humans.

As shown by researchers at the Health Effects Institute (HEI), smog is the fourth most
serious risk factor, just behind hypertension, smoking, and obesity. It affects almost all
organ systems in the human body, causing many different diseases:

• nervous system (headache, central nervous system disorders);
• the respiratory system (chronic lung disease, lung cancer, asthma);
• the cardiovascular system (ischaemic heart disease, heart attack);
• the digestive system (liver disorders);
• reproductive system (disorders of internal organs);
• the immune system (allergies).

Even small and short-lasting exceedance of nitrogen oxide concentration in the air
may worsen the feeling of well-being. At the concentration of only 1.5 mg/m3, it may cause
cough or irritation of the nasal mucosa. When the concentration rises, this leads to sore
throat and eyes, a drop in blood pressure, dizziness, and an increase in methemoglobin
levels in the blood; prolonged breathing in such air results in shortness of breath and
swelling of the lungs. This can lead to inflammation of the airways [6]

2. Smog

The word “smog” is a combination of the words “smoke” and “fog”. This newly coined
word or word cluster has spread around the world. It seems to define the phenomenon very
well. Smog is an artificial fog, an unnatural atmospheric phenomenon consisting of the
coexistence of air pollution caused by human activity and natural phenomena: considerable
haze and windless weather [7,8]. There are two main types of smog, which are shown in
Figure 1 [9].

Figure 1. Diagram: types of smog (developed by the author).

Los Angeles-type smog [9,10], otherwise known as photochemical smog, occurs
during the summer months of the year and usually in subtropical areas. Under such
conditions, under the influence of strong sunlight, the chemical compounds contained
in car exhausts are strongly transformed and oxidants are formed. It consists of gases
including carbon oxides, nitrogen oxides, and hydrocarbons. It also forms a very noxious
brown haze. The London type [9,11], on the other hand, is formed in temperate climate

186



Processes 2021, 9, 1446

zones and occurs during winter periods from November to January and even into March.
It consists of different dusts, enriched with sulphur, nitrogen, and carbon oxides, as well as
soot. As the smoke from chimneys rises higher, its temperature drops. In normal weather
conditions, the air temperature decreases with height and the smoke rises freely into the
upper layers of the atmosphere. In autumn and winter, however, a so-called temperature
inversion often occurs. This creates the opposite situation. The higher the altitude, the
higher the temperature. Under such conditions, the temperatures-of the pollutants from
the chimney and the air - quickly equalise. As a result, the pollution stays closer to the
ground because it cannot escape into the higher layers of the atmosphere. If, in addition,
there is no wind and high humidity, the smog accumulates more and more [12,13].

On the one hand, smog is caused by the air mixing with pollutants and exhaust fumes
produced by human activity. Factories, the increasing number of cars, burning coal, and
wood and other solid fuels in cookers are responsible for this. On the other hand, weather,
climate, and general conditions of the area influence its formation. Pollutants lingering
over a city located in a basin, in windless weather, cannot spread and dilute. This causes
them to hover over the town in question [13,14].

There is also another type of smog, the so-called influx smog. This involves pollu-
tion spreading to other areas. The air clears in one place but becomes more polluted in
another [15].

Smog has a negative impact on human health. It has direct and indirect effects. The
direct ones are allergies, heart failure, cardiovascular and heart diseases, and lowering of
the general immunity of the body. Indirect ones are related to eating smog-contaminated
animal or plant meat. Toxins entering the respiratory system also irritate its mucous
membranes, lead to inflammation, and cause symptoms similar to those of the common
cold—cough, runny nose, and throat irritation. In addition, smog contributes to the
formation of acid rain [4].

In Poland and many European countries, there is London-type smog, but also Los
Angeles-type smog due to traffic pollution. In Poland, however, particulate smog has yet
to be distinguished [15]. Smog comes from different areas of life, as shown in Figure 2.

Figure 2. Areas of life with an impact on smog formation (developed by the author).

The largest emissions of smog, including PM10 and PM2.5 particles, are caused by
burning low-quality coal in old and often poorly regulated boilers and household furnaces,
as well as by various types of waste [16]. PM2.5 are atmospheric aerosols that are less
than 2.5 micrometres in diameter. This type of particulate matter is considered to be the
most dangerous to human health. PM10 is a mixture of airborne particles whose diameter
does not exceed 10 micrometres. It is harmful due to its content of elements such as
benzopyrenes, furans, and dioxins, i.e., carcinogenic heavy metals.
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Low emission is the emission of harmful substances and dusts from local boiler houses,
domestic heating cookers, and car traffic [17]. Combustion products contributing to low
emissions include the following gases: carbon dioxide (CO2), carbon monoxide (CO),
sulphur dioxide (SO2), nitrogen oxides (NOx; NO2, NO), polycyclic aromatic hydrocarbons
such as benzo(α)pyrene and dioxins, and heavy metals (lead, arsenic, nickel, cadmium)
and particulate matter (PM10 and PM2.5). These are point air pollutants. They may occur
throughout the year.

“Low emissions” of particulate matter are also caused by industry, especially the
power, chemical, mining, and metallurgical industries [18], but due to the height of the
emitters and the legislation in force regulating the permissible values of emissions, these
sources usually have a much smaller impact on air quality.

Three main air pollutants can be distinguished in European countries: PM10, PM 2.5,
and polycyclic aromatic hydrocarbons (PAHs), including benzo(α)pyrene and, to a lesser
extent, PM1. PM 2.5 contains particulate matter with a very small diameter of only up to
2.5 m. Due to their size, once they enter the respiratory system, they travel very easily and
poison the bloodstream. PM10, on the other hand, consists of grains up to 10 m in diameter.
This size allows it to penetrate deep into the lungs. Pollutants from home heating (so-called
“low emissions”) account for the largest percentage (over 83%) of PM10 concentrations in
the air. The situation is very similar for benzo(α)pyran (polycyclic aromatic hydrocarbons).
It is emitted in the highest amount during individual heating of buildings, followed by the
operation of coking plants and road transport [6].

The building industry is committed to sustainable development. It is defined as a
way of farming in which meeting the needs of the present generation will not reduce the
chances of meeting the needs of future generations. The breakdown in sustainability is
shown in Figure 3.

Figure 3. Division in sustainable development (developed by the author).

In order to achieve sustainable development, coherence is needed between three key
elements: economic growth, social inclusion, and environmental protection. These are
interlinked and all are critical to achieving well-being for individuals and societies as a
whole [19].

Sustainable development is implemented in many ways. One of them is the gradual
elimination of hazardous and toxic substances from economic processes and keeping
emissions within the limits set by the assimilative capacity of the environment. Such
actions entail striving to ensure the sense of security and well-being of citizens, understood
as creating conditions conducive to their physical, mental, and social health. Sustainable
development is implemented through
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• restricting the use of renewable resources to the limit of their recovery;
• reducing the consumption of non-renewable resources to a level that allows them to

be gradually replaced by suitable substitutes;
• the progressive elimination of hazardous and toxic substances from economic processes;
• keeping emissions of pollutants within the limits set by the assimilative capacity of

the environment;
• restoration and permanent protection of biological diversity at landscape, ecosystem,

species, and gene levels;
• socialisation of decision-making processes concerning the local natural environment [19].

In the analysis of the above, efforts should be made to minimise the amount of smog.
At the same time, the causes of smog should be eliminated, i.e., low-emission cookers and
reducing the number of old cars, especially diesels, which emit the greatest amount of
pollution. In addition, the effects must be fought. In the circles of city halls, architects,
town planners, and builders, the topic of smog removal has been frequently discussed in
recent years.

In the following part of this article, different ways of fighting smog in architectural
and construction aspects are presented.

3. Building with Nano Additives

Nanoparticles are compounds with at least one dimension below 100 nm. Nanopar-
ticles can be used as nanomodifiers for various materials. The most commonly used
nanoparticles include nanosilver, titanium dioxide, nanogold, nanopalladium, nanocopper,
nanoplatin, zirconium dioxide, zinc dioxide, graphene, nanotubes, and fullerenes, as well
as carbon nanofibers [20].

One of the most commonly used nano additives is nano-TiO2, which has specific
physical and chemical properties. These include photocatalytic activity, hydrophilicity,
and strong UV absorption. One solution to clean up the surrounding environment is to
apply coatings with nano-TiO2 to building materials. This additive, after absorbing UV
radiation, is able to effectively decompose organic compounds such as VOCs (volatile
organic compounds), microorganisms, and NOx pollutants. The photocatalytic activity
of the nano additive requires access to sunlight, and thus thin layers (coatings) of a few
millimetres are sufficient to achieve the desired properties [21]. Various applications of
nano-TiO2 are presented in Figure 4.

Titanium dioxide exists in three crystal structures: anatase (distorted tetragonal crystal
structure), rutile (also tetragonal), and brucite (rhombic crystal structure). Of these, only
rutile and anatase can be of practical use. This is due to the fact that they have a wide
semiconductor bandgap [22]. Anatase is more efficient in degrading organic as well as
inorganic contaminants in the gas and liquid phases [23]. Rutile and brucite phases are
more applicable for selective oxidation of organic syntheses [24]. The simultaneous use of
anatase and rutile phase increases the photocatalytic activity compared to each individual
component [25]. The high photocatalytic activity of anatase has led to its widespread use as
a photocatalytic coating on various substrates under low intensity, i.e., near UV light [26].
Consequently, visible light is not energetic enough to induce photocatalytic activity in
anatase [27].

The photocatalytic degradation reactions of pollutants are shown in Figure 5.
The mechanism is based on the generation of radicals as a result of irradiation of

the photocatalyst substances, and then transforming the pollutants into harmless com-
pounds [28]. Figure 2 shows the photocatalytic reaction to eliminate NOx pollution by
photocatalysis of concrete pavements.
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Figure 4. The use of nano-TiO2 products (developed by the author).

Figure 5. Photocatalytic degradation reactions of pollutants (developed by the author).

NO is considered a primary pollutant that is mainly introduced into the atmosphere
directly from high-temperature combustion in transport and industrial activities, while
NO2 is considered a secondary pollutant as it is mainly formed in the atmosphere due to
the interaction of NO with O2 or O3 and/or sunlight [29].

Concrete pavements and building exteriors are ideal for photocatalytic application of
materials because their flat configurations would facilitate exposure of the photocatalyst to
sunlight [30].

In photocatalytic cements, the resulting NO3
− reacts with the calcium in the cement to

form a water-soluble salt, calcium nitrate, which is easily removed by rainwater. Effective
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elimination of air pollutants at concentrations in the range of 0.1–10 ppm is possible with
such photocatalytic cement materials [31].

3.1. Construction Works

Portland cement modified with nano-TiO2 has become one of the elements for reduc-
ing air pollution. Thanks to its self-purifying properties, i.e., the conversion of organic
compounds, sulphur, and nitrogen oxides into harmless substances, i.e., water and CO2,
titanium dioxide makes it possible to clean the air of pollutants [32]. Its use in cement or
concrete is already well known. Due to the fact that only a certain thickness of the material
with this nano-additive has the possibility to be activated by UV radiation, it is only used
on top surfaces. Therefore, these materials are used in the form of façades, coatings, or
paints [21].

3.1.1. Façades

There are façade panels on the market from Berlin-based architecture firm Elegant Em-
bellishments that absorb pollutants from the air. The technology is called Prosolve370e [33].
The individual modules are coated with very fine titanium oxide particles. The panels are
designed to absorb harmful substances and light over as large a surface area as possible.
According to research, the panel system cleans the air of pollution from a thousand cars a
day. The technology has been used in many cities around the world, including those in
Mexico, the United Arab Emirates, and Australia.

One of the first buildings to be built with a purifying façade is the Jubilee Church in
Rome dedicated to the Merciful God the Father, designed by Richard Meier. Self-cleaning
and smog-absorbing cast concrete blocks with titanium oxide and white architectural
concrete were used in its construction. It was completed in 2003 [33].

Another example is the Hotel de Police building in Bordeaux, France. It was built in
2003, designed by Claude Marty and Lacrouts Massicaults SA Architects. The building is
located in the city centre, where there is a lot of traffic and therefore also a lot of pollution.
The façade of the Hotel de Police is made of prefabricated concrete panels. There are
750 panels, 700 of which are white, covering a total area of 5400 m2. In addition to cleaning
the air, the technology also has a self-cleaning function so that, even after many years,
the original appearance and especially the colour of the building will not change [34,35].
TX Cement Active® technology was also used by Luc Declercq in the creation of The
Commodore building in Ostend. In collaboration with E&L Projects, he designed an
apartment complex to purify the air in the Belgian town. The first six floors of the building
are covered in polished concrete with titanium dioxide to help purify the air. Due to its
coastal location, the building is also exposed to organic pollutants, which develop more
quickly in a humid environment. The building was constructed in 2005, and tests carried
out several years later confirmed the material’s self-cleaning properties. This shows that
TX Active® technology allows the aesthetic appearance to be maintained for many years,
regardless of the location of the building and the pollutants affecting it [33].

Another facility that uses titanium nano-dioxide façades to reduce smog is the Manuel
Gea Gonzalez Hospital in Mexico City. The façade has a decorative appearance, i.e., the
white openwork panels resemble honeycombs, a spider web, or a coral reef. This increases
the photocatalytic surface. The unusual shapes exhibit larger active surfaces, which allow
for increased removal of contaminants. A 2500 m2 façade can reduce pollution from
1000 cars per day. In 1992, the city had only nine smog-free days per year. Today, it is one
of the leaders in the fight against smog [34].

The Palazzo Italia designed by Nemesi and Partners for Expo 2015 [36] in Milan is a
building that also uses nano modifications. The façade used in this building is designed to
resemble growing trees, in which the tree crowns are made of nanocement. The effective-
ness of this surface (9000 m2) measured by the reduction of air pollution has been found
to be between 20 and 70%, depending on weather conditions. This refers to the purifying
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properties of plants, which clean the air of pollutants, as does the façade of the pavilion.
The decorative element is made of cement with titanium [35].

3.1.2. Plasters

In buildings with complex shapes, cement-based plasters or paints are used. This
is because the low thickness of the coating provides the same performance on concrete
surfaces while reducing the consumption of titanium dioxide. An interesting example
of paint application is a historical building undergoing renovation is Matrice Church in
Italy. A coating product based on natural hydraulic lime with low cement content was
applied [2].

Another example is the Umberto I Tunnel in Rome, where plaster was applied to the
walls over a length of about 400 m and a width of 8 m. Due to the lack of access to UV rays,
dual-function lamps were used, providing normal light and UV radiation. The efficiency
of pollution reduction in the tunnel reaches 20 to 70% [37].

Cement paints doped with TiO2 can be used to create a mural. In Poznań, Poland, a
mural depicting Poznań of the future was created on the wall of the “Wiktoria” cultural
centre in the Winograd Zwycięstwa housing estate. The painting is 77 sq m in size.

A mural with similar features can be found in Italy in Rome of the Yourban 2030
project called “Pollution Hunt” with an area of 1000 m2. It depicts the tricoloured heron,
an endangered species that is struggling to survive. The mural absorbs as much smog
as 30 trees. The creators of the technology ensure that the paint is able to eliminate up
to 88.8% of air pollutants and 99.9% of bacteria. Many murals have been created by the
Converse City Forests project. They can be admired in Rio de Janeiro, Lima, Belgrade,
Sydney, Santiago, Bangkok, Johannesburg, Saigon, Manila, Mexico City, Sao Paulo, Jakarta,
Ratchaburi, and Chiang Mai, among others [38].

3.1.3. Paints

Artists have also taken an interest in the use of nano-TiO2 paints. They create murals
to decorate the walls of buildings and neutralise nitrogen dioxide. They can be found in
many cities around the world, e.g., in England and Italy, while in Poland they can be seen
in Warsaw and Poznań, among others [39].

This is a cheap and simple solution with double benefits. Apart from cleaning the air,
the paints also have a self-cleaning function. They remove unpleasant odour and have an
antibacterial effect.

3.1.4. Organic Coatings

Nano additives can also be added to organic coatings such as acrylic, fluorinated
ethylenetetrafluoroethylene (abbreviated ETFE), and silane polymers. They are also used
for hybrid coatings such as silica and polydimethylsiloxane.

3.2. Road Surfaces

Cementitious materials with titanium dioxide additives can also be used in road con-
struction. The first anti-smog road construction projects were carried out at the beginning of
the 21st century. The City Park of Antwerp in Belgium built a pavement of about 10,000 m2

with concrete bricks containing nano-TiO2 [40]. Along a road in Antwerp, parking lanes
have been created with two-layer photocatalytic concrete pavers. Such solutions are still
in use, among others in the Netherlands, where some roads are made of air-purifying
cobblestones.

3.2.1. Concrete Asphalt

Researchers at the Technical University of Eindhoves in the Netherlands tested con-
crete asphalt with photocatalytic properties. They obtained efficiencies of between 19 and
45% reduction in airborne pollutants with this material [41]. Very similar studies were car-
ried out in Chicago in the United States. They obtained a slightly higher efficiency, ranging
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from 20 to 70% reduction of pollutants. Of course, the effectiveness depended on the type
of road in question and the weather conditions. However, the implementation of such a
system showed that it works better on local roads than on busy roads, i.e., motorways.
The reason behind this is cars. When there is a lot of traffic on the road, it is difficult for
particles to fall onto the asphalt, and thus the cleaning processes is prevented [42].

3.2.2. Paving Blocks

Paving blocks consist of two layers: the base layer and the surface layer. Only to the
surface layer (texture) is nano titanium dioxide added. They are used to make pavements,
as well as bicycle paths. This type of solution is used all over the world. Examples include
Chicago in the USA, Bergamo in Italy, Nowa Sól in Poland, in the surroundings of a
kindergarten in Bietigheim-Bissingen (Germany), pavements in Tatton Park in Knutsford
(Great Britain), and pavements in Warsaw and Krakow in Poland. In Bergamo, both the
pavement and the roadway are lined with these paving stones. Traffic routes clean the air
up to a height of 2–2.5 m. The effect decreases with distance. They are effective in reducing
NO2 by about 30% under optimal atmospheric conditions [40].

Another air-purifying solution for roads are pavements. A frequently used solution,
similarly to roads, is paving blocks made of “green concrete”. In Poland, such projects are
carried out, among others, by Skanska. The solution is able to reduce the concentration of
carbon dioxide by 30%, and in laboratory conditions even by 70% [43]. Photovoltaic tiles
are also used for the construction of pavements and cycle paths.

3.3. Acoustic Screens

Acoustic screens are photocatalytic coatings that break down nitrogen oxides into
harmless compounds when exposed to sunlight. These are then flushed from the facilities
by precipitation. Even on a cloudy day, sufficient sunlight is provided for the screen to work
effectively. Many factors influence the effectiveness of the photocatalysis process—porosity,
particle size, irradiation time, atmosphere exposure, and pollutant concentration. Such a
solution has been applied, for example, in the Philippines. In the capital city, concrete noise
barriers along a 15 km city ring road have been painted. It absorbs the pollution produced
by tens of thousands of cars every year. Such screens can reduce road air pollution by
15–25% [44].

3.4. Roof Tiles

Cement or ceramic roof tiles are also used as anti-smog materials. However, the
nano-additive is not applied to the tile itself, but they are coated with an impregnation
with photocatalytic properties. The effectiveness of the tiles: a roof of 2000 m2/foot can
oxidise the nitrogen oxides released by driving a car 10,000 miles a year.

Students at the University of California, Riverside, have developed roof tiles that clean
the air of harmful nitrogen oxides. They coated ordinary tiles with a layer of anatase (a
special variety of titanium dioxide), which has the ability to actively clean the air. Then,
by placing them in a special chamber, they tested their photocatalytic properties and air
purification function depending on the thickness of the coating. The result showed that the
number of TiO2 layers had no significant effect on the effectiveness, and that the anatase
layer, working together with the sun, is able to remove up to 97% of nitrogen oxides from
the air. The stronger the UV radiation, the better the effect. A roof covered with such tiles
is able to clean the air of 21 tons of harmful oxides per day [45,46].

4. Building with Vegetation

In addition to the nano-additive and its pollutant-reducing properties through the
photocatalysis process, there are other methods used in building structures. Plants can
help combat pollution by producing oxygen. Large cities suffer from a lack of space to
create new squares, parks, and gardens. These include green roofs, green façades, and
artificial trees.
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Green roofs, green façades, and living walls are elements of sustainable construc-
tion [47]. The use of green roofs is used worldwide [48]. Vertical green systems (VGS), i.e.,
green façades and living walls, are very rarely used. This is due to the fact that the number
of plants possible to use is small compared to the number of plants used in green roofs

Living walls differ from green façades in that the plants are rooted in a structural
support. This is attached to the wall itself. The plants receive water and nutrients from the
vertical support rather than from the ground [48].

4.1. Pollution-Reducing Façades

The growing popularity of green façades has influenced the number of solutions
available for placing vegetation on a building. They differ in terms of:

• construction;
• the degree of independence from the façade plane.

Vegetated vertical systems include two main categories: green façades and living
walls [49]. These two categories are characterised by different locations of growing media
for plant roots. Green façades use plants placed directly on the ground at the base of the
building or in pots at different façade heights. Self-supporting plants can grow directly
stuck to the wall in the case of direct green façades; climbing or hanging plants can climb
onto support structures placed a short distance from the wall in the case of intermediate
green façades. In the latter solution, an air gap is created between the wall and the
vegetation layer. Some climbing plant species can cause damage to the building surface if
cracks are already present [50]. The presence of an air gap in intermediate green façades
and the appropriate choice of plants mitigate these negative effects. Living walls are based
on the use of a growing medium that is attached vertically to the building envelope or to
the frame. Vertical green systems can reduce the frequency of maintenance interventions
on the building envelope due to limited temperature fluctuations of the wall surface [51].

Several green façade systems can be distinguished. The first is to create wall space for
climbing plants, guided along a special structure made of stainless steel or impregnated
wood. The plants are then planted at the base of the wall. This eliminates the need to install
additional irrigation systems. This is the most commonly used system.

The second one consists in creating a wall on the basis of a system of pots, which are
fixed to a special construction made of stainless steel. The advantage of this solution is
the possibility to use various types of greenery and integrate it into the appearance of the
façade. This method is slightly more advanced than the first system [52].

The third one consists in keeping the vegetation in good condition thanks to an
automatic irrigation system, on the basis of the principle of horizontally placed pipes
through which water is pumped.

The last solution, the so-called living wall, is the most technologically advanced
method. It makes it possible to reduce the construction elements to a minimum. It consists
in using ready-made system inserts made of a special material resembling horticultural
foam. Plants that are part of the façade are rooted in the inserts and fixed to the frame. This
solution, like the previous ones, makes it possible to water the greenery using irrigation
systems [52].

The issue of fauna and flora on building façades and roofs does not only relate to how
to build a green roof or living wall, but first and foremost to what role they are to play
in the natural and social aspect and to what extent they correspond to current trends in
shaping urban space.

The environmental performance of green vertical systems can be influenced by dif-
ferent green systems, weather conditions, building types, selected plant species, building
orientation, and materials, etc. [53]. A green façade reduces nitrogen oxide by up to 20%,
PM10 by 35%, and the temperature drop around the wall by up to 16 ◦C. The green wall
also stores 750 L of water (100 m2/24 h) and produces oxygen through photosynthesis
(155 m2 of green wall provides enough oxygen for one person for a whole day). It absorbs
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carbon dioxide and works with great efficiency. Only 100 m2 will absorb 250 kg CO2 per
year, a figure comparable to a row of street trees [54].

The façade greening of building walls, known as vertical green systems (VGS), requires
the use of climate-appropriate and non-allergenic vegetation. Trees that have a positive
and significant impact on air quality include maples (Acer spp.). In addition to native
species such as Norway maple, sycamore, and field maple, North American sugar maple
(A. saccharum), silver maple (A. saccharinum), and red maple (A. rubrum) are particularly
valuable for cities. Some authors also mention that the most effective pollutant-absorbing
plants include common yew (Taxus baccata), lime trees (Tilia spp.), Sabine juniper (Juniperus
sabina), Meyer lilac (Syringa meyeri), and Siberian microbiota (Microbiota decussata), and from
American reports, in addition to some already mentioned are black walnut (Juglans nigra),
ash (Fraxinus excelsior), common beech (Fagus sylvatica), Lawson’s cypress (Chamecyparis
lawsoniana), and Chinese metasequoia (Metasequoia glyptostroboides) [52].

Some species that retain their leaves for a long period of time in autumn, such as the
shrub Ligustrum vulgare and the climbing Akebia quinata or the evergreen Hedera helix,
which starts flowering in autumn, are also important for improving air quality. Ivy can
be planted in roadside screens, but not on the street side, because unlike akebia it is much
more sensitive to salt spray. In Prof. B. Wolverton’s research, ivy was also found to be one
of the more effective plants in purifying indoor air.

Evergreen trees are more effective at removing pollutants because the leaf activity
period is longer. The size of the tree is important, as it determines the amount of CO2
absorbed, retained, and stored in the biomass, as well as the total leaf area ready to absorb
pollutants from the air, including particulate matter [51,52].

An example of a building with air pollution removal properties is the Bosco Verticale
skyscraper designed by Boeri Studio in Milan [54,55]. Part of the building is shown in
Figure 6. Its façade is formed by a vertically planted forest. The 9000 m2 of terraces are
planted with trees, 11,000 selected plants such as perennials and ground-cover plants, and
5000 shrubs. Such façades have another function, i.e., they regulate the indoor tempera-
ture [56].

Figure 6. This is a figure. Schemes follow the same formatting. Photograph of part of the Bosco
Verticale building. Polina Chistyakova z Pexels (common creative).
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Another example of a similar façade is the Tao Zhu Yin Yuan Tower building (Taipei,
Taiwan), designed by Vincent Callebaut Architectures based in Paris. The skyscraper is
in the form of a DNA double helix. This signals the unity of people with nature. A total
of 23,000 trees are planned to be planted on balconies, terraces, and in the immediate
vicinity of the skyscraper. The efficiency of this facility is 130 Mg of carbon dioxide per year.
Construction of the Tao Zhu Yin Yuan Tower in Taipei, Taiwan, was completed in 2018.
It was designed and built by Paris-based Vincent Callebaut Architectures. The building
contains 42 flats, spread over 21 floors. Its design is inspired by the structure of the double
helix of DNA, twisted from base to top by 90◦, the source of life, the harmony of man
with nature. The main idea behind the project is to fight global warming by absorbing
carbon and saving energy. The building has wide balconies and is to be planted with a
total of 23,000 trees and shrubs, whose light is to be facilitated by the unusual shape of the
building. They are to absorb 130 tonnes of carbon dioxide emissions annually. It has many
other green features: systems for recycling organic waste and used water, a 4.5◦ horizontal
rotation of the floors provides natural lighting, and a photovoltaic solar roof to provide
additional power. The construction materials and equipment used to make Tao Zhu Yin
Yuan Tower were recycled and/or fully recyclable. The design combines the concepts of
energy conservation, carbon reduction, and human–ecosystem harmony [57].

According to Business Insider, Boeri Studio is currently in the process of building a
similar project, but on a much larger scale. In China, a “forest city” is being built along the
Liujiang River, on an area of 175 hectares. It is to be a district that will contain 40,000 trees
and almost 1 million plants of over 100 different species.

In addition to housing, there will be hotels, schools, and hospitals, and thus it will
be fully self-sufficient. It will be connected to the city of Liuzhou by an electric railway.
The district will annually absorb 10 thousand tonnes of carbon dioxide and 57 tonnes of
pollution and produce about 900 tonnes of oxygen. The project is to incorporate many other
green features, including the use of geothermal energy and solar panels. When completed,
it will be able to house up to 30,000 people [58].

Citicape House in London is a project to be completed in 2024. It includes, among
other things, a five-star hotel, offices, a spa, and a restaurant. The façade of the corner
11-storey building in central London will be largely covered with vegetation. Its surface
area is 24,500 m2. It was designed by the British design studio Sheppard Robson. On the
roof of the building, apart from the bar, there will be a terrace with a meadow, decorated
with native endangered flower species. In addition to improving air quality, the designers
want to raise public awareness of this issue. The building is located in a busy area and
is full of hustle and bustle. An estimated 400,000 plants will cover the façade, producing
6 tonnes of oxygen per year. The flowers will be placed in special frames and then fixed
to the façade. They will be watered by rainwater collected in special tanks. According to
estimated calculations, the amount of pollution will be reduced by 8 tonnes per year and
about 500 kg of particulate matter will be absorbed. It will also lower the temperature by
3–5 ◦C. It will be the largest green wall in Europe [59].

4.2. Green Roofs/Inverted Green Roofs

Green roofs are a common nature-based solution [60]. They carry numerous benefits
such as reducing building energy consumption, rainwater management, mitigating the
urban heat island effect, improving air pollution, and enhancing the green aesthetics of
buildings [61].

Green roofs are most commonly constructed on inverted roofs. This is due to the fact
that they are more durable and less prone to mechanical damage. The plants present on
them are permanently attached to the structure. Such a roof may be designed as a roof over
an underground garage, or a terrace on top of a skyscraper.

The division of green roofs is related to the way they are used. There are

• extensive roofs;
• intensive roofs.
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The first group of roofs is non-utilised. It has a decorative function and is used to
reduce the amount of rainwater discharged into the sewage system. Plants used in this
system must have a flat root system and low vegetative requirements. This means that they
do not need to be nurtured. They can maintain and grow themselves, such as grass, herbs,
sedums, and succulents. Systems for extensive green roofs are lightweight roof structures
that are ideal for bus shelters and buildings that cannot take a heavy load.

The second group of roofs is suitable for use and can play the role of a private garden
in the city centre. They are comparable to green areas on the ground, such as gardens and
parks. They are planted with lawns, shrubs, and trees, and are used in the building of a
gazebo and in the making of ponds. Such compositions are representative. Plants planted
on them require more care, and in some cases additional irrigation is also needed. Intensive
green roofs can be installed on buildings such as detached houses, blocks of flats, or public
buildings, as well as on underground structures such as car parks [62].

Green roofs involve higher production and maintenance costs. This is because a more
complex structure must be designed to simultaneously store water and drain excess water.

Extensive and intensive green roof systems, which can be used to roof almost any
structure, give it a green appearance while reducing harmful substances in the air. Green
roofs on bus shelters provide shade for passengers on hot days, while on the roofs of
buildings, they replace traditional gardens for residents. When used on underground
structures, they allow a piece of developed space to be reclaimed. In addition, they provide
bus stops and buildings a green and positive appearance, improving the living environment
for city dwellers [63].

However, whether it is an extensive or intensive type of green roof, they are more
expensive than the classic ones, being more complicated to install and possibly to repair.

Pollution in the park can be 20–40% lower than in other areas of the city. An area of
about 1.5 m2, covered with uncut grass, produces as much oxygen per year as the annual
demand of one person. Therefore, the use of green roofs offers great opportunities.

Another solution is the use of green roofs. They are planted with flower meadows as
well as low trees and shrubs. The roofs can be used in an inverted system.

However, green roofs are also arranged on residential roofs. Of course, there must
be sufficient moisture insulation and a layer in which plants can grow. A thickness of
5 to 10 cm is suitable for grasses and lower plants, such as shrubs, whereas a thickness of
30 to 50 cm allows for the growth of taller, more strongly rooted trees. Of course, the roof
structures in these cases must be reinforced [63].

4.3. Anti-Smog Towers

Anti-smog towers mostly work by using ionisation. They suck in polluted air from
above and release it in a purified form at the bottom.

The hexagonal tower called Smog Free Tower, an idea by Daan Roosegaarde [64],
is 7 m long. It is made of aluminium and has two storeys. It filters 30,000 m3 of air per
hour. The operation of the tower is based on ionisation technology, i.e., capturing harmful
particles. It is powered by solar panels. It is completely environmentally friendly. The
Smog Free Tower was first presented on 4 September 2015 in front of the Roosegaarde
design studio in Rotterdam. However, it has no fixed location. In accordance with the
vision of the originator, it travels the world, cleaning the air in the most polluted cities. In
2018, a second tower was constructed, which could be seen for two months in Krakow [38].
However, research by scientists from the AGH University of Science and Technology did
not confirm the possibilities declared by the designer. The concentration of suspended dust
at a distance of 10 m from the facility decreased by 12%, but no improvement was recorded
within a radius of 50 m. This was confirmed by tests conducted in China [38].

Another tower was developed in India. India’s Symbiosis Studio has developed a
system of two types of pollution-absorbing towers. Larger, 60 m high towers are to be set
up along the city boundary to absorb pollution coming from the suburbs. Each tower will
clean the air in an area of about 2.5 km2 and operate within a radius of 900 m. Smaller,
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18 m high towers will be placed in different parts of New Delhi. They are to clean the
air during atmospheric silence, i.e., when there is no air circulation. One is able to purify
30 million m3 of air. Additionally, 60–70% of the surface of each tower is to be covered with
vegetation, which will further reduce harmful substances, and inside them there will be
docks for drones to monitor the state of pollution in the city [65,66].

Another country with a major smog problem is China. The Chinese city of Xi’an is
home to the world’s largest anti-smog tower [67]. There is also a coal mine there with
low prices, which makes the air very polluted. The biggest problem arises in winter when
the heating season starts. The tower is 100 m high and is able to clean 10 million m3 of
air per day from an area of 10 km2. It works by drawing air into greenhouses of about
3.5 thousand m2 on its surface. The air is then heated by UV rays, causing it to rise. This is
how it gets inside, where it is filtered several times and, after being cleaned, is released.
After confirming that the tower meets the claimed properties, Chinese engineers plan to
build other, even larger towers [65].

5. Concrete with Activated Carbon

A major challenge is the use of anti-smog materials based on concrete in tunnels
or underground car parks [68]. Currently, research is being conducted in Poland and
worldwide on the effectiveness of concrete with activated carbon in absorbing and cleaning
air of NOx oxides. Researchers have looked into activated carbon. Activated charcoal
is an adsorbent of NOx compounds [69]. Worldwide literature [70] reports that it shows
significant chemical affinity to nitrogen oxides in terms of adsorption and reactivity. The
material owes its strong adsorbent capacity to its very high specific surface area per unit
mass. It is almost 3300 m2/g. This surface area is so large due to the highly porous internal
structure of this material, which consists of micropores and mesopores [71]. Activated
carbon starts its action when it comes into contact with pollutants, acting as a particle-
catching filter. By means of chemical reactions, the pollutants are converted into harmless
nitrate ions.

NO2 can react in alkaline aqueous solutions to produce nitrite and nitrate ions [72].
Therefore, NO2 reduction may be related to calcium hydroxide content. The authors of [73]
hypothesised that NO2 first dissolves in the adsorbed aqueous layer that covers alkali
cement-based hydrates at 60% relative humidity [74]. According to the authors of [73], the
course of reaction for activated carbon modified concrete is as follows:

2 Ca(OH)2 + 4 NO2 => (Ca2+, 2 NO3
−) + (Ca2+, 2 NO2

−) + 2 H2O

Due to the low weight of the activated carbon particles, it flows to the surface of the
slurry and settles right at the mashing surface. In order to increase the effectiveness, the
expansion surface of the activated carbon particles is sought. This is done by increasing the
roughness of the surface and texturing the face layer [68].

The authors of [68] created a garage from concrete containing AC (activated carbon).
As a result of experiments, the authors found that a garage made of concrete modified with
activated carbon had a NO2 absorption of 20–25%.

The performance of activated carbons towards NO2 has been reported by several
research groups [75–77]. It is known that the major part of NOx from power plants and car
engines is NO. Removal of NO2 by activated carbons has become a potential technique.

6. Results

The solutions outlined above will not immediately clean the air of harmful substances.
However, one has to start somewhere, according to the proverb/sentence “Rome was not
built in a day”. Material/plant solutions are the way forward for designing sustainable
buildings that will have a positive impact on the environment.

Biophilic design [78] helps to reduce urban heat islands, improving outdoor air quality.
It provides a better indoor climate through shading. It reduces the need for air conditioning,
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which helps to create more sustainable cities by reducing energy consumption. There is a
reduction in greenhouse gas emissions and gaseous reactive nitrogen compounds.

To conclude the above examples, it is important to look at them in the right way.
Usually, the amount of CO2 and NOx absorbed in the case of buildings with vegetated
façades or green roofs are given as conversion figures, i.e., a given amount of plants will
absorb a certain amount of harmful compounds. There are no measurements or tests to
check how far the designers’ predictions agree with reality.

In the case of concretes with nano-TiO2 and activated carbon, tests were performed.
In the case of nano-TiO2, field studies show that the absorption of NOx was around
65–70% [38]. Laboratory conditions showed 80–90%. For activated carbon, field conditions
showed 20–25% NOx absorption capacity.

Solutions using vegetation or nano-added TiO2 or activated carbon can be considered
in terms of advantages and disadvantages. As any solution will have both. The advantages
are presented in the text. The biggest disadvantage by far will be the cost of producing
or constructing and planting the vegetation. If these types of buildings were built only to
absorb pollutants (NOx), the profitability of such investments would be low. However,
they do have other advantages that outweigh the disadvantages that may still arise. The
solutions presented in the article are definitely better than using an anti-smog tower of
one of the companies, which worked on the principle of air ionisation (capturing harmful
particles). It is powered by solar panels. However, the designer’s research was not
confirmed. The concentration of particulate matter at a distance of 10 m from the facility
reduced by 12%, but there was no improvement within a 50 m radius.

Facilities with vegetation should be looked at through the prism of large, built-up
cities, where there is no space for vegetation and green zones. These types of buildings
(with vegetated façades or green roofs) are the answer to fast-growing cities and cramped
buildings.

Of course, the buildings themselves will not help in the fight against smog, but they
can be a good start to the changes that large cities must undergo in order to be able to
breathe fresh air in a few years’ time.

7. Conclusions

This article presents an overview of solutions that can be applied to buildings and
infrastructure to reduce smog and other pollutants. Several solutions are given. The first
is the use of plants as a biophilic solution in the form of green façades and green roofs.
The second is the use of anti-smog towers with different mechanisms of action. The next
two are solutions related to concrete and the use of surface-modifying admixtures. These
include nano additives in the form of nano titanium dioxide and activated carbon.

The awareness of states, cities, and even the public allows for the introduction of new,
feasible, and usable solutions. Of course, buildings, facilities, and infrastructure alone
will not bring about complete clean-up. Changes in other areas are also needed. It is not
enough to build anti-smog buildings to reduce smog. Nor is it enough to change heating
systems. It is also necessary to phase out cars that produce a large amount of pollution and
switch to hybrid and electric cars. Renewable energy sources should be used, waste should
be reused, and filters should be installed on chimneys. We should begin to eliminate the
causes of pollution, which to a large extent include low emissions. Then, it will be much
easier to fight their effects, including smog.

The examples mentioned in the article and those that are still a vision of the future,
such as the appearance of Paris in 2050, where buildings consisting of traditional buildings
will be complemented by green towers are technological innovations or solutions that
already exist, but gain new functions. However, they show the direction for designing new
buildings for the future. They set a new direction for researchers, designers, and architects
to create new materials or use existing solutions to create new architectural designs that
preserve fresh air.
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Abstract: The repercussions of high levels of environmental pollution coupled with the low reserves
and increased costs of traditional energy sources have led to the widespread adaptation of wind
energy worldwide. However, the expanded use of wind energy is accompanied by major challenges
for electric grid operators due to the difficulty of controlling and forecasting the production of wind
energy. The development of methods for addressing these problems has therefore attracted the
interest of numerous researchers. This paper presents an innovative method for assessing wind
speed in different and widely spaced locations. The new method uses wind speed data from multiple
sites as a single package that preserves the characteristics of the correlations among those sites.
Powerful Waikato Environment for Knowledge Analysis (Weka) machine learning software has been
employed for supporting data preprocessing, clustering, classification, visualization, and feature
selection and for using a standard algorithm to construct decision trees according to a training
set. The resultant arrangement of the sites according to likely wind energy productivity facilitates
enhanced decisions related to the potential for the effective operation of wind energy farms at the
sites. The proposed method is anticipated to provide network operators with an understanding
of the possible productivity of each site, thus facilitating their optimal management of network
operations. The results are also expected to benefit investors interested in establishing profitable
projects at those locations.

Keywords: data mining; decision tree; wind speed; renewable energy; system modeling; machine
learning

1. Introduction

Growing global interest in reducing the environmental pollution created by heavy
reliance on oil derivatives for the production of electric power has motivated governments
to take significant steps toward the implementation of renewable energy. One of the
most important renewable energy sources is wind, with the 2019 total world capacity of
wind energy estimated to be 650 gigawatts [1] and the annual global increase in wind
energy calculated at 20% [2]. This expansion has resulted in wind energy technology
becoming a principal source of energy in terms of sales and technical development. In spite
of these advances, this energy resource remains unreliable at high rates, and increasing
dependence on this technology is associated with the emergence of numerous problems
for electrical system operators. Examples of these challenges are the substantial changes
in wind production arising from the random behavior of wind speeds, as well as the
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difficulty of accurately forecasting wind production, which gives rise to many issues
during the operation of the electric grid. Any decision to increase the use of wind energy
hence requires careful planning along with highly reliable methods of making rational and
informed decisions [3,4].

To analyze and evaluate the effects of inconsistent wind behavior on the reliability and
stability of an electrical grid as well as on short-term operation and long-term planning,
several researchers have applied and reported probability-based methods. For example,
in [5,6] a sequential Monte Carlo simulation (SMCS) method was used for representing the
probability distribution and time-series characteristics of wind speed. Another efficient
method is a Monte Carlo Markov chain (MCMC) method [7,8], which is based on the
dependence of the wind speed at a given point in time on the speed during the previous
moment. This feature makes this method effective for preserving the chronological char-
acteristics of wind speed. Some studies [9–11] have also dealt with correlations between
the output levels of wind turbines installed in separate geographical areas or between
those of multiple wind farms in adjacent areas. These studies led to the conclusion that a
determination of the type of correlation (positive, negative, or zero) is related to several
factors, including the way the turbines are arranged on the site and the method employed
for connecting the turbines with one another as well as with the electrical network.

An examination of the correlation between the output levels of distant wind energy
sites is not usually of interest to researchers because the relationship is often a zero or an
inverse correlation. However, we believe that reconsidering this factor is very important,
especially with respect to the correlations among multiple wind energy sites in different
regions of the same country or in different countries, which might be interconnected in an
electrical network. Conducting such studies would offer several advantages: (1) Knowing
the diversity of and variations in wind energy production from different sites would be
beneficial for grid operation in terms of power quantity and time of supply. (2) Prior
knowledge of the amount of variation and the type of correlation, even if negative, would
help network operators achieve effective management of grid operations, such as load flow
and network stability. (3) Identification of the potential of wind energy in each region of a
country is crucial information for investors or decision makers.

The results of such a study would be very important for countries that feature large
areas and substantial regional diversity. With an area of 2.25 million square meters encom-
passing regions that exhibit varied environmental characteristics, the Kingdom of Saudi
Arabia (KSA) is one such country. The KSA is also one of the largest countries in the Middle
East, and most of the nearby countries rely on the KSA for resilient grid interconnections
for ensuring power security and economic benefits. The Saudi government is taking rapid
steps toward diversification of energy sources and is investing heavily in sustainable energy.
This trend is one of the main priorities and objectives of the KSA’s Vision 2030. One of
the most important of these subsidized projects is wind energy, since it is expected that
wind energy capacity will reach 9.5 gigawatts by 2030 [12]. In 2018, the Renewable Energy
Development Office (REDO) nominated about 50 companies to begin implementing the
planned renewable projects [12], which include solar power stations with a capacity of
300 megawatts and wind farms with a capacity of 400 megawatts. These stations are to be
operating and connected to the electric grid before the end of 2021. The Saudi government
recently announced new renewable energy projects estimated at $50 billion, with imple-
mentation expected to be completed in 2023. Establishing such projects requires accurate
technical and economic studies so that suitable construction locations can be determined.

In the past few years, numerous studies dealing with wind energy in Saudi Arabia
have appeared in the literature. As reported in [13–15], several studies involved the analysis
of statistical parameters associated with different wind farm sites and the extraction of
Weibull distribution parameters for each individual site. The limitation of these studies
is that their findings with respect to site productivity were dependent on the overall
assessment of the available wind speed data for each site. Based on this method, the
evaluation might indicate that a site is currently unsuitable for a wind project, but that site
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might in fact be considered a good choice for a specific period. These studies also relied
on the assumption that an appropriate distribution for all sites is a Weibull distribution.
Since such an assumption is neither accurate nor valid for all sites, the results could be
over-approximations, according to [16–18]. To the best of our knowledge, no study has
taken into account either wind speed data collected for different, distanced locations or
the processing of those data as a single package to maintain the characteristics of the
correlations among locations and thus to provide more accurate and detailed standard
measures of wind speed productivity at those locations.

Addressing this point represents the core contribution of the work presented in
this paper. Data mining techniques have recently been used in numerous applications
because of the benefits these techniques offer with respect to developing models and
making decisions.

Several studies have employed artificial intelligence techniques for renewable systems.
For example, artificial neural networks are used in [19] to characterize PV modules. Appli-
cation of data mining procedures that include support vector machines and fuzzy logic
is also applied in several studies. In [20], a new methodology combining both Gaussian-
kernel support vector machine and adaptive fuzzy inference system is developed. This
methodology extracts the fuzzy rules directly from the training data to be used in the
testing stage. In [21,22], EEG signals are analyzed using SVM, ANN, Naïve Bayes, and
decision trees for epilepsy detection. In [23], authors have used the decision tree technique
to detect adverse drug reactions and the system was optimized using a genetic algorithm.
An efficient feature selection method was developed in [24] for enhancing Arabic text clas-
sification. In [25–27], texture classification techniques are developed based on independent
component analysis and naïve base classifier.

In this study, a decision tree algorithm is used and the major contributions of this
study in comparison to existing studies are as follows:

1. A unique and unified method for predicting wind speeds at diversified locations in
the KSA is proposed. The proposed model enables the examination of deviations and
correlations of wind speeds at different locations.

2. A model is developed that deals and examines an extensive range of data for a variety
of sites. In addition, conclusions about the characteristics of these data using the least
possible number of classifications can also be drawn to facilitate the understanding
of the data and to expedite their use. The goal was to help decision makers arrive at
quick, accurate, and informed decisions.

3. Finally, the capability of the assessed locations can be ranked to enable system oper-
ators to ascertain in advance the monthly productivity of each site so that they can
implement appropriate planning and operating actions.

2. System Design and Methodology

This section provides details about the developed prediction system, which is based
on a decision tree algorithm. Numerous decision tree algorithms are currently available,
including random forests, random trees, the J48, and classification and regression trees
(CART). A decision tree algorithm employs training data to build a tree model that is used
for classification purposes. The developed classification algorithm involves three phases:
data gathering, data preprocessing, and learning and classification. In the data-gathering
phase, the training and test set is collected from wind station databases. The second phase
involves the preprocessing of the data, including outlier detection and elimination, missing
data treatment, and averaging. In the learning and classification phase, the goal is to
develop an intelligent decision mechanism. A test set is then applied for determining the
accuracy of the developed model.

2.1. Data-Gathering Phase

The five locations whose wind speed data were examined in this study were carefully
selected to include all regions of the KSA [28]. Five sites were chosen to be representative
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of each region: center, east, west, south, and north. The selection corresponds to the
operational divisions of the Saudi Arabian electrical system. Figure 1 shows the sites where
the data were collected.

 
Figure 1. Regional map of Saudi Arabia.

Table 1 provides a statistical summary of the data collected for each site. These statistics
are a collection of indices that provide meaningful information regarding the location and
variability of the data. To facilitate their interpretation, brief definitions of some of the
statistics are given here [29]. The most common indicator of the central tendency of a
random variable is the mean, which represents the average number of data points. For the
selected sites, it can be noted that the means are about 3 m/s to 4 m/s, with the exception
of the east region, where 1.9 m/s is the recorded mean. The standard error (SE) is the
measure that indicates how close the mean of the sampled data is to the true population
mean. An SE of 0.05 or less implies that the sample data are quite similar to those for the
whole population, with a confidence level of 95%. As can be observed from a review of the
results, the SE values for all sites are less than 5%, so the data sample for each site is thus
large enough to represent the true population. The median is another measure of central
tendency, and the mode refers to the most frequently or commonly occurring number in the
data. Standard deviation and variance denote the spread of the data distribution. Kurtosis
identifies whether the tails of a given distribution contain extreme values. Skewness is the
measure of the symmetry of distribution, and it differentiates extreme values in one versus
the other tail. The minimum is the smallest value in the data set while the maximum is
the largest value in the data set. The sum shows the summation of the wind speeds of all
data sets. The count shows how many items the data have. The results listed in Table 1
reveal noticeable differences among the statistical values associated with different sites.
These discrepancies were expected due to the divergent distances between the sites and
the diverse nature of the local weather.

206



Sustainability 2021, 13, 9340

Table 1. Data set statistics.

Statistics Center East West North South

Mean 3.935 1.923 3.623 3.270 3.001

Standard
Error 0.008 0.006 0.011 0.013 0.014

Median 3.800 1.800 3.300 3.000 2.600

Mode 3.300 1.700 2.900 2.700 0.000

Standard
Deviation 1.572 0.999 1.939 1.688 1.891

Sample
Variance 2.470 0.998 3.758 2.849 3.577

Kurtosis 0.548 0.711 0.563 1.257 −0.338

Skewness 0.541 0.713 0.813 0.901 0.516

Minimum 0.000 0.000 0.000 0.000 0.000

Maximum 12.20 7.600 13.70 15.20 11.10

Sum 97,878 39,455 77,928 57,344 57,031

Count 24,871 20,523 21,511 17,539 19,007

The data is a part of the Renewable Resource Monitoring and Mapping (RRMM)
program prepared by King Abdullah City for Atomic and Renewable Energy (KACARE).
KACARE monitored and recorded the wind speed data at different installed stations in
the Kingdom of Saudi Arabia at 3 m height. Table 2 provides an example of data for
one of the five sites. The size of the sample is associated with the amount of information
provided and the determination of the precision or level of confidence about the desired
estimate. Wind speed estimate always has an associated level of uncertainty, which depends
upon the underlying variability of the data as well as the sample size: the smaller the
sample size, the greater the uncertainty in the estimate. Similarly, a larger sample size
can provide more information, thus the uncertainty is reduced. In this study, the sample
size in all selected sites ranges from 19,000 to 25,000 data points. We tried to collect this
large sample size to reduce the amount of uncertainty associated with the estimate and
achieve reasonable results. The steps involved in the proposed model through the Weka
tool consider different concepts of data mining, which are as follows. First, the Weka
software allows preprocessing step for raw data to detect the outliers and irrelevant data by
cleaning and clustering the data using the k- means technique. In addition, the data mining
techniques cater to the uncertainty. This is noticed in the used decision tree methodology
when applying the Gini impurity measure to decide the optimal split from a root node
and subsequent splits. The Gini impurity measures the frequency at which any element
of the dataset will be mislabeled when it is randomly labeled. The entropy is another
way of measuring that is based on the selection of the optimum split for the features with
less entropy.

Table 2. Sample from the south site database.

Site Latitude Longitude Date Wind Speed (m/s) Irradiance (Wh/m2)

Jazan University 16.96035 42.545865 14/01/2015 07:00:00 1.5 2.1

Jazan University 16.96035 42.545865 14/01/2015 08:00:00 2.2 83.4

Jazan University 16.96035 42.545865 14/01/2015 09:00:00 3.1 249.5

Jazan University 16.96035 42.545865 14/01/2015 10:00:00 3.9 452.7

Jazan University 16.96035 42.545865 14/01/2015 11:00:00 4 366.6

Jazan University 16.96035 42.545865 14/01/2015 12:00:00 4.9 519
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A subset of the combined database is shown in Table 3. The data were collected from
9 January 2013, to 31 December 2016. The subset consists of 34,872 records. The information
in Table 3 is only a small subset of the available database. Zero irradiances for the north
region in this table were recorded at 4 and 5 am; this is normal at sunset time when the
sun disappears.

Table 3. A subset from the combined database.

Region Latitude Longitude Date
Wind Speed at 3 m

(m/s)
Irradiance (Wh/m2)

West 21.49604 39.24492 29/05/2013 10:00:00 2.6 674.3

West 21.49604 39.24492 29/05/2013 11:00:00 4 840.5

North 27.39 41.42 1/1/2015 4:00 2.9 0

North 27.39 41.42 1/1/2015 5:00 2.5 0

East 25.34616 49.5956 29/05/2013 08:00:00 3 471.6

East 25.34616 49.5956 29/05/2013 09:00:00 3.5 671.7

Center 24.52958 46.43635 9/1/2013 11:00 4.9 611.3

Center 24.52958 46.43635 9/1/2013 12:00 3.8 697.9

South 16.96035 42.545865 5/11/2014 8:00 0.6 206.9

South 16.96035 42.545865 5/11/2014 9:00 1.5 411.5

2.2. Data Preprocessing Phase

Data preprocessing includes data cleaning and missing data treatment. In this phase,
information not needed for the wind speed model, such as the irradiance and the latitude
and longitude, are removed from the database. Wind speed data missing for a specific date
are then replaced by the average value of the wind speeds for that day [30–33]. That date is
eliminated and simply replaced by the corresponding month; i.e., 29/05/2013 10:00:00 is
replaced by May, as shown in Table 4.

Table 4. Database following preprocessing.

Region. Date Wind Speed at 3 m (m/s)

West May 2.6

West May 4

West May 2.5

North January 2.9

North January 2.5

North January 2.8

East May 3

East May 3.4

East May 3.7

Center January 4.9

Center January 3.8

Center January 3.7

South November 0.6

South November 1.5

South November 2.6
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The combined database is then rearranged to add an output label to a new set of input
attributes. The new set of input attributes are defined as indicated in Table 5: month, center
wind speed, south wind speed, east wind speed, north wind speed, and west wind speed.
The output attribute consists of multi-labeled data: case 1 to case 120. Since the number of
locations is five, the resultant possible number of output cases is 5! = 120 possibilities.

Table 5. Attribute list sample for developing the decision tree model.

Month
Center South East North West

Output
Wind Speed (m/s)

Jan 4.00 3.36 1.79 3.30 2.77 case 1

Feb 3.96 3.04 0.91 3.83 2.98 case 2

Mar 4.64 3.21 2.25 3.67 3.51 case 2

Apr 4.17 3.18 2.09 4.08 3.45 case 3

May 3.77 3.15 2.03 3.62 3.97 case 4

Jun 3.95 3.44 2.36 3.04 4.84 case 5

Jul 3.64 3.28 1.99 2.61 3.55 case 6

Aug 3.70 3.38 2.11 2.96 4.08 case 5

Sep 3.73 2.84 1.75 2.87 4.60 case 4

Oct 3.95 2.17 1.76 3.17 3.64 case 7

Nov 3.89 2.81 1.79 3.85 3.01 case 3

Dec 3.48 2.77 1.66 3.34 2.89 case 3

With the use of an association rule algorithm [34–37], the number of possible cases
can be decreased to eight. The association rule algorithm caters for the correlation between
wind speeds in different areas.

The association algorithm can be summarized in the following steps:
Step 1: Generate all association rules in the form if {A,B,C,D,...} then {E,F,G,...}, where

A, B, C, D, E, F, G,... are items.
Step 2: Calculate confidence of the generated rules, i.e., if A then B using:

Confidence =
number of records containing both A and B

number of records containing A

Step 3: Calculate support of the generated rules, i.e., if A then B using:

Support =
number of records containing both A and B

total number of records

Step 4: Check if support is less than a pre-defined threshold, i.e., minsup.
Step 5: Check if confidence is less than a pre-defined threshold, i.e., minconf
Step 6: Prune rules that fail the minsup and minconf thresholds.
The wind speed of each location is labeled using a rank-based system. The developed

ranking system distributes wind speeds evenly, measuring them only relative to a given
location, but not according to the real value of any given speed. The developed ranking-
based system includes five labels that identify the level of the wind speed: very high (VH),
high (H), medium (M), low (L), and very low (VL). The database resulting after the labels
have been assigned based on the wind speed ranking is shown in Table 6.
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Table 6. Attribute list with assigned labels.

Record Center South East North West Output

1 VH H VL M L case 1

2 VH M VL H L case 2

3 VH M VL H L case 2

4 VH L VL H M case 3

5 H L VL M VH case 4

6 H M VL L VH case 5

7 VH M VL L H case 6

8 H M VL L VH case 5

9 H L VL M VH case 4

10 VH L VL M H case 7

11 VH L VL H M case 3

12 VH L VL H M case 3

To minimize the number of output attributes, an association rule algorithm is applied
for analyzing all of the relations between the cases. Table 7 shows the resulting cases and
the corresponding locations of the rules that produce support and confidence levels greater
than a given minimal support threshold (minsup = 0.01) and a given minimal confidence
threshold (minconf = 0.5).

Table 7. Cases ordered according to location preferences.

Region 1 Region 2 Region 3 Region 4 Region 5

case 1 Center South North West East

case 2 Center North South West East

case 3 Center North West South East

case 4 West Center North South East

case 5 West Center South North East

case 6 Center West South North East

case 7 Center West North South East

case 8 West Center North East South

Table 8 provides a sample of association rules with their support and confidence levels.
The table shows the minimum number of cases that can be achieved using the association
algorithm with a unity confidence level.

Table 8. Support and confidence levels of sample rules.

Rule Support Confidence

Center = VH, South = H, East = VL, North = M, West = L→ Case 1 1/12 = 0.083 1

Center = VH, South = H, East = VL, North = M, West = L→ Case 2 2/12 = 0.16 1

Center = VH, South = H, East = VL, North = M, West = L→ Case 3 3/12 = 0.25 1

Center = VH, South = H, East = VL, North = M, West = L→ Case 4 2/12 = 0.16 1

Center = VH, South = H, East = VL, North = M, West = L→ Case 5 2/12 = 0.16 1

Figure 2 summarizes all of the steps described above for the data-gathering and
preprocessing stages.
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Figure 2. Data-gathering and preprocessing stages.

2.3. Learning and Classification Phase

Figure 3 displays a flowchart of the developed classification algorithm, which governs
the processing of the data through three stages: training, testing, and validation. First, the
training data are applied to the decision tree algorithm to obtain the initial model. For
each iteration, the accuracy and precision are then calculated as a means of achieving the
optimal model; the test data are applied so that the performance and efficiency of the model
can be verified; and in the final step, the remaining verification data are employed to ensure
that the results produced by the model have a high degree of accuracy and precision.

Figure 3. Developed classification algorithm.

A decision tree partitions the input space of the dataset into mutually exclusive regions
by assigning each region a label. The decision tree begins with a root node and ends with
a leaf node [23]. Multiple branches are formed between the root and the leaf nodes. The
decision tree algorithm is performed based on splitting data into multiple regions and
each region is divided into small parts. Furthermore, splitting continues until the terminal
node reaches leaf nodes. The splitting is formed based on an impurity measure. Two
common measures are used to obtain impurity values, Gini index, and entropy. In this
paper, entropy is used as impurity measure that evaluates the homogeneity of the partition
nodes too. The following steps summarizes the decision tree algorithm.

Step 1: the entropy of the root node with n branches is calculated as

E(root) = −∑n
i=1 pi log2 pi (1)

where p is the fraction of records that belongs to class i at the node.
Step 2: the entropy of each partition with J sub classes is calculated as

E(partition ) = −∑J
i=1 pi log2 pi (2)
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Step 3: The branch entropy is calculated using the individual k partition entropies as

E(branch) =
k

∑
i=1

ni

n
E(partition i) (3)

where ni is the number of records at partition i,
n is number of records at branch, and
E is the entropy.
Step 4: The GAINSplit which is used to decide the best partition is the best. The

partition that produces the most reduction is chosen The GAINSplit is shown below

GAINSplit = E(root)− E(branch) (4)

where E is the entropy.
If all input attributes are used, the algorithm for decision tree induction is as shown in

Figure 4.

Figure 4. Decision tree model based on each location and its wind speeds.

If the prediction order is requested for a specific month and the wind speeds are
unavailable at that moment, the decision tree induction model shown in Figure 5 is used.
This model is based on a single input attribute: “month”.

 
Figure 5. Decision tree model based on the month.

A new model, Model 2, is implemented based on the output of the previous model,
Model 1, as shown in Figure 6. The implementation involves a comparison of the output for
the five cases generated from the first model with that of the eight cases from the original
training data. The output from these five cases along with the output from the original
cases is then used as input to a similarity algorithm.
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Figure 6. Development phases of Model 2.

Next, the similarity algorithm measures the similarity score between the five cases
and each case from the original data, i.e., Case 8 is similar to Case 4, Case 7 is similar to
Case 3, and Case 6 is similar to Case 5. The algorithm relies on edit distance, which is a
technique for quantifying how dissimilar two strings (e.g., words) are to one another based
on a count of the minimum number of operations required to transform the first string
into the second. The edit distance between two cases for the five locations is the minimum
number of operations required for transforming one case into another case. For example,
the edit distance between “case 1 case 2 case 3 case 4 case 5” and “case 1 case 3 case 2 case 4
case 5” is two. A flowchart of the similarity algorithm is shown in Figure 7.

Figure 7. Similarity algorithm.

The resulting similarity pairs are employed for reprocessing the original training data
through the replacement of the original cases with the similar cases, as shown in Table 9
compared with Table 6. The final step is that the resulting training data are applied for
teaching Model 2, with the use of the decision tree as previously performed for developing
Model 1. The degree of accuracy of Model 2 is then increased to 100%.
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Table 9. The resulted database after similarity algorithm.

Record Center South East North West Output

1 VH H VL M L case 1

2 VH M VL H L case 2

3 VH M VL H L case 2

4 VH L VL H M case 3

5 H L VL M VH case 4

6 H M VL L VH case 5

7 VH M VL L H case 5

8 H M VL L VH case 5

9 H L VL M VH case 4

10 VH L VL M H case 3

11 VH L VL H M case 3

12 VH L VL H M case 3

3. Experiments and Results

For this study, Waikato Environment for Knowledge Analysis (Weka) software was
employed [38] for constructing decision trees according to the training set, using the
standard J48 algorithm [39–42]. This algorithm has been selected as one of the top 10 al-
gorithms in data mining [43]. Java was used as the development language with J2SDK
version 1.6.0_22. Weka version 3.8.4 was employed for the experimental component of the
model development.

The first use of Weka software is to do data pre-processing before applying machine
learning algorithms on it. The wind speed data for selected sites are recalled from CSV
files. This can be done by clicking the “Open file” button and loading the data file. The
loaded dataset is then processed to Cross-validation to randomly partition the data into
k subsamples for training and testing. The number entered in the Fold section is used
to divide the dataset into the number of Folds specified. Then classifier J48 is used as a
decision tree to create a pruned tree. The Classifier Model part illustrates the model as a
tree and gives some information about the tree, like the number of leaves, size of the tree,
etc. Next is the stratified cross-validation part and it shows the error rates. It shows how
successful the model is. By right-clicking “Visualize tree”, the developed model’s tree can
be visualized.

The performance measurements for this work were recall, precision, the classifier
F1-score, and accuracy. Examining the data for accuracy and precision establishes the
credibility of the results. Accuracy refers to how closely the measurements match the
desired “true” value. Precision indicates how well repeated measurements agree with and
are approximate to one another. As with the order of decisions about wind speed location,
it is important that the values be close, i.e., a high level of precision, and at the same time,
that the decisions be correct, i.e., a high degree of accuracy. The accuracy and the precision
is defined in (5) and (6)

Accuracy =
TP + TN

TP + TN + FP + FN
(5)

where TP is true positive, TN is true negative, FP is false positive and FN is false negative.
The true positive and true negative is the outcomes where the developed model correctly
predicts the cases. By contrast, a false positive and a false negative are the outcomes for
which the model incorrectly predicts the cases.

Precision(P) =
TP

TP + FP
(6)

214



Sustainability 2021, 13, 9340

Recall (R) is the ratio of the accurate data to the total relevant data. Its formula is
shown in (7).

R =
TP

TP + FN
(7)

where TP is true positive and FN is false negative.
The classifier F1-score is calculated based on the harmonic mean. It is given as

F1 =
2∗P ∗ R
P + R

(8)

where P is the precision and R is the recall.
The performance measurement results are listed in Table 10.

Table 10. Overall performance results (training and validation set).

Model Model 1 Model 2

Total number of instances 11.43 11.43

Correctly classified instances 95.26% 100%

Kappa statistic 0.93 1

Mean absolute error 0.027 0.07

Root mean squared error 0.11 0.12

Relative absolute error 5.64% 25.03%

Root relative squared error 24.36% 31.60%

Measurements from another performance indicator established with the use of a
confusion matrix are presented in Table 11. The confusion matrix was built based on the
data testing, and a confusion matrix was constructed for each class in the form shown in
Table 12.

Table 11. Recall, precision, and F1-score measurements for each class.

Recall Precision F1-Score
Class

Model 1 Model 2 Model 1 Model 2 Model 1 Model 2

96.89% 100% 98.19% 100% 0.97541 1 case1

92.84% 100% 90.96% 100% 0.91895 1 case2

92.36% 100% 88.80% 100% 0.90546 1 case3

93.80% 100% 95.58% 100% 0.94681 1 case4

97.43% 100% 98.45% 100% 0.97941 1 case5

Because of the limited number of training cases, exercising care when minimizing
and reserving the number of training samples for testing purposes is extremely important.
Cross-validation was employed for testing, checking, and verifying the generalizability of
the model. In training any model, a frequent tendency is to overfit, and cross-validation
was applied as a means of avoiding this effect. The best way to improve the performance
of a system is to reserve a small portion of the training data itself for use in validating
the model since this approach provides an idea of the ability of the model to predict the
previously unseen reserved data. K-fold cross-validation is a technique commonly used
for this purpose. In a 10-fold version of k-fold cross-validation, the training set is randomly
split into groups of 10 that have approximately the same size. The classifier is then trained
using eight subsets. One of the two remaining subsets is used for validation and the last,
for testing. This process is repeated until all folds, one by one, have an opportunity to
be the assigned test version. This technique establishes the generalizability of the model,
especially when limited data makes it difficult to break the data down into test data and

215



Sustainability 2021, 13, 9340

training data. Table 13 shows the average degree of accuracy for 2-fold, 4-fold, 6-fold, and
8-fold cross-validation and for the 10-fold cross-validation used in this paper.

Table 12. Confusion matrix (training and validation set).

Real System

Model 1

case 1 case 2 case 3 case 4 case 5

case 1 2500 28 13 0 5

case 2 18 1803 74 13 74

case 3 2 91 1475 89 4

case 4 16 20 33 1665 8

case 5 44 0 2 8 3450

Model 2

case 1 2578 0 0 0 0

case 2 0 1942 0 0 0

case 3 0 0 1597 0 0

case 4 0 0 0 1775 0

case 5 0 0 0 0 3541

Table 13. Degrees of accuracy for 2-fold, 4-fold, 6-fold, 8-fold, and 10-fold cross-validation.

K-fold Accuracy (%)

Model 1 Model 2

2-fold 68.654 69.38

4-fold 65.145 88.62

6-fold 78.224 95.64

8-fold 87.325 98.32

10-fold 95.26 100.00

In this research, a unique system was developed to arrange places according to wind
speed. The process was carried out through three stages, i.e., the data collection stage, the
processing stage, and the design stage. In the first stage, data are collected from different
places, for example in the center, north, south, east, and west of the region. These data
contain wind speed and other additional information such as location data from longitude
and latitude and the date of collected samples. The data are collected in a central database
and this database contains all the information deduced from the databases spread in
different places. In the second stage (data processing stage), the information that is not
useful in this research, such as longitude and latitude, is discarded and the date is replaced
by the month. Then the central database is rearranged and the number of cases is reduced
by using the association rules (a famous method of finding relationships) and this is done
by studying all cases and their relationship to each other. This developed theory can be
used for other places and other databases, and the developed method does not exist before
in the literature. Machine learning methods depend on a set of algorithms, and these
algorithms are applied to a set of data to build models that help in making decisions. This
model is not limited to these data. This model can be used as a solid foundation to address
similar problems in different areas. Other factors such as the direction of the wind, the
maximum and minimum wind speed per day are important and might serve different
applications. In this paper, however, the focus was on the wind speed to achieve a specific
goal of providing the network operators with an understanding of the possible productivity
of each wind site location, thus facilitating the optimal management and installation of
wind plants and network operations. Such other factors open the door for great future

216



Sustainability 2021, 13, 9340

work. The wind direction especially will play an important role in determining the place of
the wind plants and the layout of wind turbines.

The proposed model shows great promise, so that two locations are sufficient for
obtaining the order of preference of the locations. For example, if it is known only that the
wind speed in the east region is below 3.05 m/s, then this scenario follows Case 2. Once the
cause is known, the order of the wind speed values at all locations can be determined. If
the wind speed in the east region is greater than 3.5 m/s but less than 3.72 m/s, the status
of the wind speed at the other locations can be extracted from the Case 4 scenario. If the
wind speed in the east region is greater than 3.77 m/s, the status of the wind speed at the
center location and whether it follows Case 6 or Case 7 can be determined. Indeed, this
feature of the proposed model saves the time and effort that would otherwise be required
for predicting the wind speed at multiple locations. This model can thus be very helpful to
system operators who desire an easy, quick, and accurate method of determining the status
of the wind speeds at different locations.

4. Conclusions

This paper has presented a machine learning-based decision-making method for the
assessment of potential wind speed productivity in different locations. To preserve the
characteristics of the correlations among these sites, the new method employs wind speed
data from multiple sites as a single package. Machine learning using Weka software is
then employed to test the correlations among the sites to rank the sites into different cases.
Wind speed becomes the primary classification factor for prioritizing the sites in order. The
implementation of training tests for big data sets improves the prediction of appropriate
locations for wind farms. Using real data, the decision model has been constructed, tested,
and verified. The data is a part of the Renewable Resource Monitoring and Mapping
(RRMM) Program prepared by King Abdullah City for Atomic and Renewable Energy
(KACARE). KACARE monitored and recorded the wind speed data at different installed
stations in the Kingdom of Saudi Arabia at 3 m height. 10-fold cross-validation was used
in the experimental part. The proposed model shows great results, so that the information
about two locations is sufficient for obtaining the order of the remaining locations. The
developed model shows high accuracy (up to 95.26%) in the test data. The final performance
of Model 1 has been improved by developing Model 2, where the accuracy has increased
to 100%. Electric network planners could use the proposed model as a means of enhancing
their ability to conduct feasibility studies for any plans for establishing wind farm projects
at different distanced locations. A system operator could also use this method for assessing
likely wind power productivity at each site so that network operational activities can be
managed effectively. The results of this study also offer electricity market investors helpful
input for making appropriate investment decisions.
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Featured Application: The application considered in this study is the real-time monitoring of

chamber purge performance after semiconductor processing for preventive maintenance.

Abstract: The purpose of this study was to determine the feasibility of using an electrical low
pressure impactor (ELPI) for analyzing residual particles in a Si epitaxial growth process chamber
and establish an application technique. Prior to experimental measurements, some preliminary works
were conducted, including an inlet improvement of a cascade impactor, vacuum fitting fastening and
flow rate adjustment, and a vacuum leak test. After that, residual particles in the process chamber
were measured during N2 gas purge using an ELPI due to its advantages including the real-time
measurement of particles and the ability to separate and collect particles by their diameters. In
addition, ELPI could be used to obtain particle size distribution and see the distribution trend for
both number and mass concentration. The results of the real-time analysis of the total particle count
revealed that the concentration at the endpoint compared to that at the beginning of the measurement
by decreased 36.9%. Scanning electron microscopy/energy-dispersive X-ray spectroscopy (SEM–
EDS) analysis of collected particles was performed using two types of substrates: Al foil and a Si
wafer. The results showed that most particles were Si particles, while few particles had Si and Cl
components. ELPI has the clear advantages of real-time particle concentration measurement and
simultaneous collection. Thus, we believe that it can be more actively used for particle measurement
and analysis in the semiconductor industry, which has many critical micro/nanoparticle issues.

Keywords: semiconductor process; process particle; epitaxial growth; electrical low pressure impactor
(ELPI); particle size distribution (PSD)

1. Introduction

Due to recent increase in demand for personal mobile devices, the scale of the semicon-
ductor industry is expanding and competition among related companies is intensifying [1].
Accordingly, highly integrated chip production techniques on large-area wafers are rapidly
being developed and applied as methods to increase the yield and profits of semiconductor
companies. In the production of such high-performance semiconductor products, since the
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supply of high-quality silicon wafers is the most important requirement, an increasingly
higher-performance wafer manufacturing process is required. For the fabrication of a
high-quality wafer, the epitaxial growth process is used, which grows a desired single-
crystal thin film on a wafer for application to a device [2]. This process requires a high
level of chamber cleanliness because the influx of contaminated particles can interfere
with single-crystal growth, leading to defects such as dislocation [3]. For this purpose, it
is essential to identify and remove contaminant particles. Prior to that, various in-depth
analyses are required through the measurement and collection of particles in the process
facility [4].

Research and development of various equipment technologies have been conducted
for the purpose of identifying particulate contaminants in semiconductor process facili-
ties [5,6]. However, due to extreme process characteristics, such as a high temperature
and high vacuum environment and the use of corrosive and explosive gases, the actual
implementation and application of real-time measurement and collection of particulate
contaminants is difficult [7]. Currently, the best method is to collect and analyze particles
detected on the substrate after the process or through the detection of particles remaining
on the inner wall of the chamber by costly and inefficient dismantling of equipment [8].
Therefore, we attempted to introduce new measurement equipment based on the aerosol
engineering principle not yet used for particle measurement or collection in semiconduc-
tor facilities. Another purpose of this study was to establish a corresponding method
of application.

A scanning mobility particle sizer (SMPS) classifies particles based on their electrical
mobility and optically measures their numbers. It is a representative measurement device
used for the measurement of particulate pollutants in the atmosphere [9–14]. According
to its operational principles, it has the advantage of obtaining an accurate particle size
distribution (PSD). However, it is not possible to obtain PSD in every second because
it has time resolution of 1–2 min for each scan/each measurement. For a PSD measure-
ment at every second, a fast mobility particle sizer (FMPS) has been developed that can
simultaneously measure the number of all particles using multiple electrometers [15].
However, since SMPS has been used and studied for a longer period of time with high
reliability of measurement results, it is used more frequently even now [16]. Although
these electromobility-based particle measuring instruments can measure particles with
a size of at least several nm, they cannot measure particles of micron size due to their
upper detection limits of several hundred nm. Using a different principle, an aerodynamic
particle sizer (APS) and an electrical low pressure impactor (ELPI) that can measure PSD
based on aerodynamic diameters of particles [17,18] are also widely used. Of these two,
ELPI has the advantage of categorizing particles by size based on the multistage impactor
principle, thus enabling real-time PSD measurement. It also has a wide measurement range
from several nm to several μm particles. In addition, it can facilitate additional analysis
after collecting particles by size. Another excellent feature of ELPI is its robustness, which
makes it easier to use when collecting samples in very dusty atmospheres, which is not
possible with either FMPS or SMPS [19]. Due to this advantage, ELPI has typically been
used to analyze atmospheric particulate contaminants in a living environment [20–22]. The
application of ELPI has been expanded to the analysis of generated particles and the evalu-
ation of cleanliness in various industrial environments [23,24], and various experiments in
the laboratory [25,26]. Despite these advantages, no study has reported the use of ELPI
in the semiconductor industry where measurement and control of particles are important
because this industry has more micro/nanoparticle issues than any other industry.

Based on these aforementioned advantages, the objective of this study was to deter-
mine whether ELPI could be used for particle analysis in a Si epitaxial growth process
equipment for concentration measurement. Additional analysis was performed after
collection of particles to establish and present its utilization.
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2. Materials and Methods

2.1. Test Process Equipment and Experimental Setup

This study used a 300 mm ATM Si Epi-reactor of Applied Materials, Inc., of SK Siltron’s
silicon wafer manufacturing line located in Gumi, Gyeongsangbuk-do. Chemical reaction
of the Si epitaxy process for production of single-crystal thin film on a wafer is shown
as follows:

SiHCl3(gas) + H2(gas) → Si(solid) + 3HCl(gas) (1)

Figure 1 shows the setup schematic of residual particle measurement during N2 gas
purge. The exhaust of the scrubber in the process chamber was used as the particle sampling
port. Due to extreme conditions of the in-process environment using toxic, ignitable, and
high-temperature gas, there were difficulties in real-time measurement during the process.
Therefore, residual particles were measured and collected for further analysis during
chamber inactivation and N2 gas purge before preventive maintenance. The purge flowrate
of the N2 gas inside the chamber was 25 LPM. The purge was performed every 1 min and
30 s at 20 s intervals. When using the ELPI, the flowrate incoming to the inlet of the cascade
impactor should be fixed to be around 10 LPM for correct measurement and collection
after separating particles by their sizes. The flowrate adjustment was performed using an
orifice gasket for a 10 LPM flow when fastening the VCR fitting connection between the
chamber exhaust and the ELPI inlet. When using an orifice, particles may inertially collide
with the front surface, resulting in particle loss. Although this could not be prevented,
all measurements were carried out by checking that the sampling was conducted under
constant velocity conditions.

 

Figure 1. Schematic of the residual particle measurement setup during N2 gas purge.

2.2. Instrument for Concentration Measurement of Particles in the Process Chamber: Electrical
Low Pressure Impactor (ELPI)

Measurements of number concentration and mass concentration by particle size were
carried out using an ELPI+ (Dekati Ltd., Tampere, Finland). The instrument is capable
of real-time measurement of aerosol-phase particles with particle sizes of about 5 nm
to 10 μm [27]. Figure 2 shows a schematic and cut-off diameters (D50%) of the cascade
impactor employed in ELPI. D50% was the collection efficiency of an impactor, meaning a
particle diameter that resulted in 50% collection efficiency.

Detailed principles of measurement and collection are as follows. First, particles
introduced to the inlet were charged with a large number of cations generated in the
corona glow region when high voltage was applied to the needle in the middle. These
charged particles were then categorized and collected in 15 stages depending on the
aerodynamic diameter. The topmost stage, with a D50% value of 10 μm, simply acted as
a pre-separator to prevent inflow of large particles. At this time, the generated current at
the substrate was measured through electrodes connected to the impactor. The current
value was then converted into a number concentration through formulas [28,29]. If the
principal component of the incoming particle is known, the number concentration can be
converted to a mass concentration by entering the density value into the own program for
data processing.
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Figure 2. A schematic of the cascade impactor and cut-off diameters of each stage in the ELPI
cascade impactor.

Even within a clean room, the leakage of particles from the chamber and instrument
to the outside might affect the human body during measurement. Thus, prior to particle
measurement in the epitaxial growth chamber, the ELPI was improved to check and
prevent gas leakage to the outside during measurement. First, the inlet of the impactor was
improved to use international organization for standardization (ISO) quick flanges (aka
QF, KF, or NW) for vacuum fitting fastening. It was then confirmed that there was no gas
leakage factor between the equipment and the outside using Heliot 900 model (ULVAC,
Kanagawa, Japan), a pressurization-type vacuum leak tester. After that, the measurement
of particles in the epitaxial growth chamber was conducted for about 22 min and averaged.

2.3. Additional Analysis after Collecting Particles from the Epitaxial Chamber

The collection of particles was carried out using the cascade impactor in the ELPI as
described above at the same time as the measurement. Particles were separated by their
sizes and collected on each plate of the cascade impactor. Aluminum foil is generally used
as a particle collection substrate with an ELPI. However, varied types of substrates can be
used to ease additional analysis, distinguishing them from surface shapes and components
of the substrate for a more diverse and discriminative analysis of collected particles [30,31].
As shown in Figure 3, a 10 × 10 mm2 coupon Si wafer was used as the collection substrate
in addition to aluminum foil, the typical substrate of ELPI. If sizes of incoming particles
were too large for each stage, or if the incoming velocity was too high, particle bouncing
could occur. When bouncing occurs, recoiled particles can flow into a lower stage and
become deposited and unmeasured. By applying grease on the surface of the substrate, this
bouncing phenomenon can be somewhat prevented [19,32,33]. Thus, grease was applied
to the surface using a vacuum chamber cleaning wiper. It was then wiped off with another
clean wiper to leave a thin layer. The collection of particles in the epitaxial growth chamber
was carried out for about one hour during and after the measurement to improve the ease
of detection of particles on the substrate during further analysis.

Energy dispersive spectroscopy (EDS) and mounted scanning electron microscopy
(SEM) (JSM 7600F, JEOL, Akishima, Japan), (Quanta Inspect F; FEI Co., Hillsboro, OR, USA)
analyses were performed to check compositions, particle sizes, and shape of particles
collected from the chamber.
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(a) (b) 

Figure 3. Images of an impactor with different collection substrates. (a) Aluminum foil, (b) Si wafer.

3. Results and Discussion

3.1. Number and Mass Concentration

Figure 4 is a graph showing the ratio of the total number of particles by averaging
measurement results of residual particles in the epitaxial growth chamber after the epitax-
ial process. First, looking at the number concentration measurement results in (a), about
86% of particles were measured in the first stage and 11% of particles were measured in
the second stage. The total amount of particles measured in these two stages was 97%, con-
firming that most particles had a size of less than 20 nm. Looking at the mass concentration
measurement results in (b), the percentage of detected particles was found to be 79% at
the 15th stage and 14% at the 14th stage. Thus, a total of 93% of particles were detected at
these two stages. Contrary to the number concentration measurement results, the number
of detected particles was mainly measured at top stages, where micrometer-sized parti-
cles were mainly collected. The reason is that the cascade impactor uses an aerodynamic
diameter, which detects a virtual spherical particle having the same sedimentation rate
and unit density when separating each particle size and the volume of the sphere has
a cubic value of the radius. Thus, the difference according to particle size significantly
changed. This is a natural phenomenon. It is a limitation of mass-based particle measure-
ment techniques. Therefore, for the accurate analysis of nano-sized particles, techniques
for measuring number concentration are required.

Figure 5 shows the particle number concentration graph by time. The y-axis is the total
number concentration of all stages divided by the initial total concentration. The valleys
that occur regularly in the graph correspond to the purge interval. It was confirmed that
the number of measured particles gradually decreased with the passage of time for about
22 min, during which the measurement was possible. At the end of the measurement, the
particle number concentration decreased to 36.9% of the initial measurement value. The
measurement results confirmed that the number of residual particles was reduced well by
the purging operation in the chamber. The removal from the chamber of particles that can
directly adversely affect subsequent process results is essential. In order to confirm that the
particle amount was reduced to an appropriate amount and to find an appropriate purge
time for cost and time efficiency, such real-time monitoring technique was required. When
using an ELPI to measure particle concentration during the purging of the chamber after
the process and to confirm that the particle number falls to a certain level before proceeding
to the next process, it is important to prevent the effect that residual particles may have on
the process.

3.2. Image and Element Analysis of Particles Collected by ELPI

Figure 6 shows SEM–EDS analysis results of particles from the epitaxial growth
chamber collected on aluminum foil, the basic substrate of ELPI. The cutoff diameter
(D50%) was 0.101 μm for the 5th stage and 6.69 μm for the 14th stage. However, due to the
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high surface roughness of the aluminum foil used, it was difficult to identify the shapes of
the collected particles through the detection and separation of the particles collected from
the substrate during image analysis. In area-specific EDS analysis results, in addition to
substrate components and components arising from atmospheric exposure during sample
transfer, Si components were detected in all samples in significant amounts. This was
expected because component Si particles would inevitably occur during the Si epitaxy
process and remain in the chamber.

(a) 

(b) 

Figure 4. Particle size distributions in the epitaxial growth chamber. (a) Number concentration, and
(b) Mass concentration.

Figure 5. Particle number concentration graph by time. X-axis: time (min); Y-axis: the number
proportion compared to the initial total concentration (C/C0).
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Figure 7 shows the SEM–EDS analysis results of particles on the Si wafer substrate
collected from the epitaxial growth chamber. The cutoff diameter (D50%) was 0.637 μm
for the 9th stage and 3.97 μm for the 13th stage. To solve the difficulty of detecting
particles when using aluminum foil, a typical substrate, an alternative substrate with low
surface roughness was used to collect particles and conduct SEM analysis. By changing the
substrate, particle detection was facilitated and images were successfully obtained. In the
EDS analysis results of particles detected on the substrate on the 9th stage, it was confirmed
that particles had Si components, as in the analysis results of the particles on the aluminum
foil substrate. Likewise, the analysis results of particles detected at other stages were
mostly particles having only the Si element. In the EDS analysis results of particles detected
at the 13th stage, significant amounts of Cl components were detected, in addition to Si.
Particles containing these Si and Cl components at the same time were rarely found across
several stages. These detections were due to the use of SiHCl3 gas in the epitaxial growth
process. It is presumed that it was adsorbed into the inner wall of the chamber through
chemisorption of the SiCl2 formed through gas phase decomposition [34]. If sufficient
time is secured and various analyses are performed, such as quantifying components and
crystal structures after particle measurement and collection, it is possible to estimate and
control the generation/inflow path.

 

Figure 6. SEM–EDS analysis results of particles collected on (a,c) the aluminum foil substrate by
ELPI substrate of the 5th stage and the (b,d) substrate of 14th stage.

 

Figure 7. SEM–EDS analysis results of particles collected on the Si wafer substrate with ELPI.
(a,c) Particles from the 9th stage; (b,d) particles from the 13th stage.

226



Appl. Sci. 2021, 11, 7680

4. Conclusions

In order to analyze the particles remaining in the epitaxial growth chamber after the
process, an ELPI was applied. As a result of measuring the concentrations of residual
particles in the epitaxial growth chamber during the N2 purge using ELPI, it was possible
to obtain particle size distribution and see the distribution trend for both the number
concentration and mass concentration. Using the advantage of real-time measurement, it
was confirmed that N2 purge operation was well performed after the process. The particle
shape and composition were confirmed by SEM analysis of particles collected at each stage
of the cascade impactor. Since various substrates could be mounted on each stage of the
cascade impactor of the ELPI, a substrate with a low surface roughness is recommended
when detecting particle shape images. To accurately identify the occurrence and inflow
paths of each component, after collecting a large number of particles using a sufficient
collection time, various in-depth additional analyses are required.

We performed a cornerstone study of the application of ELPI for particle analysis for
process equipment in the semiconductor industry and other industries. The first application
point found in this study is the real-time monitoring of chamber purge performance after
the process for preventive maintenance using the advantage of real-time measurement.
After confirming that the number of particles has fallen to a certain level before proceeding
to the next process, it is possible to prevent the possible influence of residual particles on
the process. This novel measurement mechanism provides critical information allowing
us to reduce impurities and increase the rate of crystal growth. In addition, as this is a
process that does not use explosive gas and which is conducted at normal pressure and
room temperature, the concentration of the particles generated during the process can be
monitored in real time. In addition, the ELPI method has a clear advantage of real-time
particle concentration measurement and simultaneous collection. Thus, it can be more
actively used for particle measurement and analysis in the semiconductor industry, which
is plagued by many micro/nanoparticle issues.
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Abstract: The research herein explored the possible mechanism of toxicity of the antibiotic sulfa-
diazine (SD) and the related antibiotic resistance gene transformation in lettuce by systematically
investigating its growth responses, ultrastructural changes, and antibiotic resistance gene trans-
formation via solution culture experiments. The results showed that SD mainly accumulated in
the roots of lettuce at concentrations ranging from 6.48 to 120.87 μg/kg, which were significantly
higher than those in leaves (3.90 to 16.74 μg/kg). Lower concentrations of SD (0.5 and 2.0 mg/L)
in the culture nutrient solution exerted little effect on lettuce growth, while at SD concentrations
higher than 10 mg/L, the growth of lettuce was significantly inhibited, manifesting as shorter root
length and lower dry matter yield of whole lettuce plants. Compared with that for the control
group, the absolute abundance of bacteria in the root endophyte, rhizosphere, and phyllosphere
communities under different concentrations of SD treatment decreased significantly. sul1 and sul2
mainly accumulated in the root endophyte community, at levels significantly higher than those in
the leaf endophyte community. Studies of electrolyte leakage and ultrastructural characteristics of
root and leaf cells indicated that lettuce grown in culture solutions with high SD concentrations
suffered severe damage and disintegration of the cell walls of organs, especially chloroplasts, in
leaves. Furthermore, the possible mechanism of SD toxicity in lettuce was confirmed to start with
the roots, followed by a free flow of SD into the leaves to destroy the chloroplasts in the leaf cells,
which ultimately reduced photosynthesis and decreased plant growth. Studies have shown that
antibiotic residues have negative effects on the growth of lettuce and highlight a potential risk of the
development and spread of antibiotic resistance in vegetable endophyte systems.

Keywords: sulfadiazine; lettuce; phytotoxic; hydroponic; antibiotic resistance gene

1. Introduction

Intensive animal farming is often associated with the use of considerable amounts of
drugs, including antibiotics for disease prevention and animal growth [1,2]. Sulfadiazine
[SD, 4-amino-N-(2-pyrimidinyl) benzene sulfonamide] is a potent antibacterial agent be-
longing to a large group of structurally related antibiotics: the sulfonamides. Attributed
to its high efficacy and affordable price, SD has been long and widely used in intensive
livestock production. Although the amounts of antibiotics excreted from animals vary with
the type and dosage level of antibiotics, as well as the species and age of the animals [3], the
overall majority (25–75%) of the administered drugs are excreted via feces and urine [4].

Due to its high nutrient content, animal manure is often applied as an organic fertilizer
to arable lands for crop production, which has resulted in the large-scale introduction of
antibiotics into the terrestrial environment. Furthermore, antibiotics could exert pressure
on microorganisms, inducing antibiotic resistance, in the receiving environment. To date,
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various kinds of antibiotics, including SD, have been widely detected at high concentrations
ranging from 1.93 to 760 μg/kg in soils [5–7]. In recent years, the ecotoxicity of residual
antibiotics and antibiotic resistance genes in soils have received increasing attention, and
antibiotics have been confirmed to cause toxicity to a wide range of organisms, including
soil microorganisms, earthworms, insects, and other endpoints [8–11]. With antibiotic
contamination in soils, many planted edible crops have been reported to accumulate
antibiotics in their organs, which could ultimately enter the human body through the
food chain [12]. The occurrence of antibiotic resistance genes in soil, water, and livestock
manure has been studied extensively [13–15]. In contrast, only limited studies are available
regarding plant microbial resistance [16]. Lettuce may be consumed with little processing,
and this may spread antibiotic resistance to humans through the food chain [16], posing
health risks to humans.

Lettuce (Lactuca sativa L.) is a widely consumed vegetable worldwide, and it has a
high germination rate, sensitivity to contaminants, and low genetic variability, making
it economically and ecologically relevant for toxicity studies [17,18]. For example, Song
reported changes in the antioxidative system of lettuce in response to arsenic toxicity [19];
Yadzi evaluated cadmium accumulation in lettuce cultivated in contaminated environments
and found that several phytochelatin synthase genes contribute to the accumulation of
cadmium [17]. Recently, antibiotics as pollutants and their toxicity in plants have received
particular attention. Xu et al. reported that the phytotoxicity of sulfanilamide antibiotics
on Arabidopsis thaliana generates both toxic effects and hormesis related to plant drug
uptake [20]. Nasri et al. studied the impact of five antibiotics on phytotoxicity and
genotoxicity in rice [9]. Antibiotic resistance has become a global problem; antibiotics are
considered emerging environmental pollutants and have thus attracted extensive attention
worldwide [21]. Recently, antibiotic resistance in various manure-fertilized vegetables, such
as celery, pakchoi, and cucumber, has been reported [22]. As mentioned above, although
research has been conducted on the effects of antibiotics on several plant species [23], the
possible growth response mechanisms and ultrastructural alterations of leafy vegetables in
response to antibiotics and whether the antibiotic resistance of endophytic bacteria can be
directly impacted by antibiotic pollution in the environment are still unclear.

Therefore, in this study, the responses of Lactuca sativa L. organs, including roots and
leaves, to SD and antibiotic resistance gene accumulation during the growth processes
under SD stress in culture solutions were systematically studied to explore the possible
mechanism of lettuce toxicity and antibiotic resistance gene selection induced by antibiotics.
To achieve this goal, experiments were conducted to (i) investigate the quantitative re-
sponses of roots and leaves of Lactuca sativa L. to SD stress, (ii) determine SD and antibiotic
resistance gene accumulation levels in different organs with different SD concentrations in
cultures, and (iii) explore the extent of organ damage and ultrastructure alterations during
the growth processes of Lactuca sativa L. under SD stress via the culture substrate. Our
findings will facilitate a more accurate assessment of the potential risks posed by antibiotic
contamination to food quality and environmental health.

2. Materials and Methods

Commercial seeds of lettuce (Lactuca sativa L.) were used as the source of plant materi-
als in this study. Seeds were sterilized with a 6% sodium hypochlorite solution for 30 min,
followed by eight rounds of vigorous washing in distilled water. Then, seeds were trans-
ferred into a temporary plastic germination box with sandy soil under continuous artificial
lighting at 20 ◦C. The germinated seedlings were carefully dug up from the germination
box. After being washed to remove sediments and soils from roots, the seeds were immedi-
ately transferred to containers filled with nutrient solution for a 10-day adaptation period to
hydroponic conditions. The nutrient solution contained 2 mM Ca(NO3)2, 0.1 mM KH2PO4,
0.5 mM MgSO4, 0.1 mM KCl, 0.7 mM K2SO4, 10 μM H3BO3, 0.5 μM MnSO4, 0.5 μM ZnSO4,
0.2 μM CuSO4, 0.01 μM Na2MoO4, and 100 μM Fe(II)-EDTA, with pH values ranging from
5.5 to 6.0. On Day 11, the lettuce seedlings were carefully transferred and allocated to their
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respective treatments (plastic containers 10 cm wide × 21 cm long × 10 cm deep). The SD
(Sigma-Aldrich, St. Louis, MO, USA) concentrations in the culture nutrient solutions were
set at 0.01, 0.05, 0.5, 2, 10, and 50 mg/L, with conditions without SD as the control. All
experiments were conducted in triplicate, and all plants were maintained in an incubator
at 20 ◦C.

The primary roots of the 0, 0.01, 0.05, 0.5, 2, 10, and 50 mg/L SD-treated plants
were collected on Days 0, 7 and 14 and after the last measurement on Day 14. After
first measuring the root length, all plants were carefully washed in distilled water and
then individually separated into roots and leaves. Three roots from each treatment were
randomly selected for the membrane permeability study. Plant samples from the control,
2 mg/L SD, and 10 mg/L SD treatments were selected to examine the cell structures via
transmission electron microscopy (TEM). The lettuces in all the different treatments were
harvested and weighed to study the dry matter yields and SD concentrations in lettuces
after they were freeze-dried for 24 h.

A previously described sequential extraction procedure [24] was used for the extrac-
tion of SD with a minor modification. Briefly, 250 mg of leaf or root sample (in dry weight)
was first extracted using 2 mL 0.01 M CaCl2 as the mobile fraction for the total dissolved
SD, followed by a second extraction using 10 mL methanol to extract the bioavailable SD
fraction. The total SD concentrations in the organs were the sum of both of the above
two extracted fractions. For each extraction step, samples were first sonicated for 30 min
and then centrifuged for 30 min at 1700× g. The supernatants were mixed, evaporated,
and dried by nitrogen stream to 5 mL.

After evaporation by nitrogen stream flow, a high-performance liquid chromatogra-
phy (HPLC) system (Waters 2487, MILFORD, MA, USA) was used for the quantitative
determination of SD concentrations during its transformation reactions. The HPLC system
was equipped with a Waters 1525 binary pump and a dual λ absorbance UV/Vis detector
(Waters 2487, UV–vis SPD-10AVP), with the wavelength used for detecting SD set at 254 nm.
Samples of 20 μL were injected into the column through the sampling loop for analysis. SD
separation was carried out using a Symmetry C18 column (5 μm beads, 250 × 4.6 mm I.D.)
A mobile phase consisting of 75% methanol, 24% water, and 1% acetic acid (v/v/v) was
applied at a flow rate of 1.0 mL/min.

Fresh leaf and root samples of lettuce plants collected from the control, 0.01, 0.05, 0.5,
and 10 mg/L SD treatment groups were used to quantify antibiotic resistance genes. DNA
extraction using the FastDNATM SPIN Kit for Soil for root endophytes and leaf endophytes
was performed using the FastPrep®-24 Instrument (both MP Biomedicals, Santa Ana, CA,
USA) according to the manufacturer’s instructions with minor modifications as described
elsewhere [25]: Bead-beating was run twice for 45 s at a speed of 6.5 m s−1. The samples
were then centrifuged for 5 min at 14,000× g and room temperature. Approximately
2 g of lettuce leaves or roots from each replicate was transferred into a 50 mL centrifuge
tube, shaken at 200 rpm for 2 h after addition to 50 mL autoclaved 1 × phosphate buffer,
and sonicated for 15 min. The washing solution was filtered with a 0.22 μm sterilized
nylon net to collect the phyllosphere and rhizosphere microbiomes for DNA extraction
using a DNeasy PowerWater Kit, Qiagen USA, Valencia, CA, USA. Primers developed
for total bacteria, sul1, sul2, and tnpA genes and validated in previous studies were used
in this study. Quantitative real-time PCR was performed on triplicate DNA extracts in
independent runs for total bacteria, sul1, sul2, and tnpA. Each qPCR reaction was conducted
using a Bio-Rad CFX96 Real-Time PCR Detection System (Bio-Rad, Herculers, CA, USA).
The total reaction volume of 20 μL contained 1.0 μL DNA, 10.0 μL Talent qPCR mix (SYBR
Green), and 0.5 μL of each primer (forward and reverse). The qPCR conditions for all of the
genes consisted of an initial denaturation of 95 ◦C for 2 min, followed by 40 cycles of 15 s
of denaturation at 95 ◦C, 15 s of annealing at the temperature specified in Table 1, and 40 s
at 72 ◦C. A melt curve was run following each plate for primer specificity. The abundance
of each gene in each sample was calculated by multiplying the number of copies per well
by the total volume of DNA per well (1.0 μL). DNA standards were prepared from E. coli
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strains carrying plasmids with total bacteria, sul1, sul2, and tnpA gene fragment inserts.
Amplified DNA from SYBR Green assays was subjected to the melting curve analysis and
gel electrophoresis to assure primer specificity. Samples of DNA were also selected from
soil matrices for PCR product sequencing. DNA extracted from the soil was amplified with
both forward and reverse primers (without SYBR green to prevent interference with the
sequencing process), and the reaction products were purified using the E.Z.N.A.TM Gel
Extraction Kit. The purified product subsamples were then submitted to the Biotechnology
Company for sequencing.

Table 1. Primers employed in the present study for real-time quantitative PCR.

Target Gene Primer Pair a Sequence (5′→3′) Annealing Temp. (◦C) Reference

16s rRNA
16s rRNA-F GTGSTGCAYGGYTGTCGTCA

60 [26]16s rRNA-R ACGTCRTCCMCACCTTCCTC

sul1
sul1-F CGCACCGGAAACATCGCTGCAC

62 [27]sul1-R TGAAGTTCCGCCGCAAGGCTCG

sul2
sul2-F CTCCGATGGAGGCCGGTAT

60 [28]sul2-R GGGAATGCCATCTGCCTTGA

tnpA tnpA-F CCGATCACGGAAAGCTCAAG
60 [29]tnpA-R GGCTCGCATGACTTCGAATC

The membrane permeability of roots was studied through electrolyte leakage (EL)
measurements based on a procedure reported in previous studies. Briefly, 0.2 g of fresh
roots was rinsed thoroughly with distilled water to remove surface contamination; then,
the rinsed roots were cut into 1 cm segments and placed in individual vials containing
10 mL of distilled water. After exposure to vacuum treatment at 25 ◦C for 3 h, the electrical
conductivity (EC) of the solution (EC1) was measured using an electrical conductivity
meter (SY-2, Institute of Soil Science, Chinese Academy Sciences, Nanjing, China). Samples
were then placed in a thermostatic water bath at 100 ◦C for 15 min, and a second reading
(EC2) was determined after the solutions were cooled to room temperature. The EL values
were calculated using the equation EL = 100 × EC2/EC1.

Fresh leaf and root samples of lettuce collected from the control, 2 mg/L, and 10 mg/L
SD treatment groups were used for the cell structure study via transmission electron
microscopy, which was carried out on a Zeiss E.M.95 at 60 kV. Plant tissues were cut into
1 mm2 slices, which were prefixed with 4% glutaraldehyde solution and then stored at
4 ◦C for 24 h after washing with 0.1 M sodium cacodylate buffer 3 times for 10 min each
time. The samples were fixed in 1% osmium tetroxide at 4 ◦C for 2 h and then washed
again with 0.1 M sodium cacodylate buffer 3 times for 10 min each. The samples were
then dehydrated in acetone at 35, 50, 70, 95% (30 min each), and 100% (45 min each),
3 times. The dehydrated samples were infiltrated with 1/1 (v/v) resin and acetone for
2 h, 1/3 (v/v) resin and acetone overnight, and 100% resin overnight; then, each specimen
was placed into beam capsules, filled with resin, and polymerized in an oven at 60 ◦C for
24 h. Then, 60- to 90-nanometer-thick sections were cut with a diamond knife on a Reichert
ultramicrotome, stained for 10 min with uranyl acetate, and washed with 50% filtered
alcohol and distilled water 2 times each. Sections were then stained with lead for 10 min
and washed with double-distilled water.

The root length, dry matter yield, electrolyte leakage, and SD concentrations in
plant organs were analyzed for deviations using Statistical Product and Service Solu-
tions (SPSS 22.0). Duncan’s multiple range test was used to compare the treatment means,
and a 0.05 probability level was used to identify differences.

3. Results

3.1. Effect of SD Accumulation on Lettuce Growth

At all the studied SD concentrations, Lactuca sativa L. survived cultivation for 14 d,
which indicated that this vegetable can grow under high SD concentrations, even up to
50 mg/L, in culture solutions. However, obvious morphological differences were found
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among the lettuces under treatments with different concentrations of SD. At 0.01, 0.05, and
0.5 mg/L SD, both the roots and leaves exhibited little difference from those under the
control treatments without SD in the culture solutions. With increasing SD concentration,
phenomena of inhibited root and leaf growth were found, especially with SD concentrations
higher than 10 mg/L, at which the lettuces showed an obvious decrease in biomass.

Accordingly, with increasing SD concentration in the culture solution, the dry matter
yields in both the leaves and roots of the lettuce plants were reduced (Figure 1). There were
differences in the dry mass among the SD treatments in the control, 0.01, 0.05, 0.5, and
2.0 mg/L groups, but the differences were nonsignificant. However, the total dry matter
(roots + leaves) yields were significantly decreased in the treatments with SD concentrations
of 10 and 50 mg/L. The mean dry mass values in each lettuce were 0.221, 0.22, 0.214, 0.22,
and 0.19 g under the 0.01, 0.05, 0.5 and 2.0 mg/L SD treatments and the control, respectively.
At higher SD concentrations, the dry mass decreased to 0.14 and 0.125 g under the SD
treatments at concentrations of 10 and 50 mg/L, respectively.

Figure 1. Effect of SD concentration on the dry matter yields per lettuce (n = 10). Error bars represent
standard deviations of the means. a, b, and c on the top of the error bars represent significant
differences (p < 0.05) among different initial concentrations of treatments.

The growth of roots is most sensitive to toxic effects and can act as a highly indicative
parameter for evaluating the growth rate under SD stress environments; roots are the first
and the primary organs through which plants contact the soil/aquatic environment, and they
are also known to be the storage organs of nutrients, including toxic compounds [30,31]. The
effects of different SD concentrations on the length of primary roots of lettuce on Days 0, 7,
and 14 were studied (Figure 2). Without SD in the culture solution, the mean length of roots
increased from 14.86 cm to 22.88 cm over the 14-day period, an increase of 1.5-fold. However,
in the presence of SD, root growth was inhibited, and the inhibition rate was dependent on
the SD concentration and exposure duration, as indicated by Figure 2. Up to Day 7, the root
lengths grew to 3.63 cm in the control but only to 3.41, 3.24, 2.58, 2.38, 1.71, and 0.14 cm in SD
stress environments with concentrations of 0.01, 0.05, 0.5, 2, 10, and 50 mg/L, respectively.
Onward to Day 14, the root lengths under all SD treatments (p < 0.05) continuously increased,

234



Processes 2021, 9, 1451

but a large increase of 8.02 cm was observed in the control treatment, while under the 0.01,
0.05, 0.5, 2, 10, and 50 mg/L SD treatments, the increases in values compared with those on
Day 7 were 7.78, 8.38, 5.37, 2.47, 1.87, and 0.03 cm, respectively. The above results clearly
indicate the highly toxic effect of SD accumulation on the growth of lettuce roots and the
whole dry mass, integrating the results of Figure 1.

Figure 2. Effect of SD concentration on the root length of lettuce. Error bars represent the standard
deviations of the means (n = 15), and a–d on top of the error bars represent significant differences
(p < 0.05) among different initial concentrations of treatments.

3.2. Extent of SD Accumulation in Lettuce Organs

The morphological responses of lettuce to SD stress were attributed to the accumula-
tion of SD in the organs of lettuce, which ultimately caused toxic effects on the plant. The
accumulated concentrations of SD in roots and leaves of lettuce under different treatments
are shown in Table 2. In the control experiments, no SD was detected in either the leaves
or the roots. With SD in the culture nutrient solution, SD accumulated in the lettuce,
including the roots and leaves; the accumulated SD concentrations in roots were higher
than those in leaves under the four highest treatment concentrations (0.5, 2, 10, 50 mg/L)
but not under the two lowest concentrations (0.01, 0.05 mg/L). In both roots and leaves, the
accumulated SD concentrations significantly increased with increasing SD concentration in
the culture nutrient solution. After 14 d of growth in the culture solution with 0.5 mg/L
SD, the accumulated SD concentrations were 3.90 ± 0.91 and 6.48 ± 1.62 μg/kg in the
leaves and roots, respectively. When the SD concentration in the solution was 2.0 mg/L,
the accumulated SD concentrations increased by 2.4 and 3.5 times compared with those
under 0.5 mg/L SD for leaves and roots, respectively. The increased accumulation rates of
SD in roots were also found to be significantly higher than the corresponding increased
rates in leaves under the same increased SD concentrations in the culture solutions.
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Table 2. Concentrations (μg/kg in dry mass) of SD (±standard deviation) in the roots and leaves in
different treatments.

Treatment Leaf Root

Control Not detectable Not detectable
0.01 mg/L SD Not detectable Not detectable
0.05 mg/L SD Not detectable Not detectable
0.5 mg/L SD 3.90 ± 0.91 c 6.48 ± 1.62 b

2 mg/LSD 9.55 ± 1.73 b 22.86 ± 2.41 c
10 mg/L SD 13.06 ± 1.76 a 39.80 ± 2.34 b
50 mg/L SD 16.74 ± 1.88 a 120.87 ± 17.33 a

a, b, and c within the same column represent significant differences (p < 0.05) among different initial concentrations
of treatments (n = 10).

3.3. Antibiotic Resistomes in Plant Microbiomes

The roots and leaves of lettuce samples after 14 d of growth from the control and 0.01,
0.05, 0.5, and 10 mg/L SD treatment groups were collected to study the antibiotic resistance
genes transformed in an SD stress culture environment. The absolute abundance levels
of 16S rRNA in the lettuce samples after growth for 14 d under different treatments are
shown in Figure 3. The absolute abundance levels of 16S rRNA in the phyllosphere and
rhizosphere were significantly lower than those in the leaf endophytes and root endophytes,
respectively. When SD was added to the culture solutions, the absolute abundance of 16S
rRNA in all of the lettuce samples was reduced. The absolute abundance levels of 16S
rRNA in the rhizosphere, root endophytes, and phyllosphere of lettuce under all SD
treatments were significantly lower than those in the control group. In particular, the
absolute abundance of 16S rRNA in the treatments with an SD concentration of 10 mg/L
was significantly lower than that under the other SD concentrations.

Figure 3. Effects of SD concentration on the log 16S rRNA absolute abundance in different parts of
lettuce. Error bars represent standard deviations of the means. a, b, and c on top of the error bars
represent significant differences (p < 0.05) among different initial concentrations of treatments.

Two common sulfonamide resistance genes, sul1 and sul2, and a transposon related
to horizontal transfer, tnpA, were detected, and their relative abundance levels are shown
in Figure 4. For sul1 and sul2, the relative abundance levels of root endophytes and leaf
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endophytes were significantly lower than those of the rhizosphere and phyllosphere, and
the leaf endophytes had the lowest abundance among all the samples. For both sul1 and
sul2, the relative abundance of leaf endophytes was significantly lower than that of root
endophytes. For the relative abundance levels of sul1 and sul2 in leaf endophytes, the
abundance levels were significantly higher under SD concentrations of 10 mg/L than under
other SD concentrations, while the sul2 relative abundance in the phyllosphere was similar.

Figure 4. Effects of SD concentration on the relative abundance of antibiotic resistance genes (sul1, sul2) and tnpA in different
parts of lettuce. Error bars represent standard deviations of the means. a and b on top of the error bars represent significant
differences (p < 0.05) among different initial concentrations of treatments. (a) sul1; (b) sul2; (c) tnpA.

3.4. Membrane Permeability of the Roots

Electrolyte leakage (EL) has been suggested to be an indicator of membrane perme-
ability and the degree of damage in roots [32]. The results of EL analyses of the lettuce roots
after growth for 14 d under different treatments are shown in Figure 5. With the accumula-
tion of SD in the roots during the lettuce growth processes in an SD stress environment, the
leakage rates of roots were significantly increased. In the control group, the EL value of
the roots was 20.0. Under SD stress environments at 0.5 and 2.0 mg/L SD, there were no
significant differences compared with the control. When the SD concentration increased
to 10 mg/L in the culture solution, the EL increased greatly, with an increase of 3.4-fold.
When the SD concentration was further increased to 50 mg/L, the EL value increased to
79.0, with a significant difference obtained compared with that under 10 mg/L SD. The
results also indicate that an SD concentration of 10 mg/L is the threshold for SD toxicity in
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lettuce and can result in obvious physiological damage to the roots, ultimately leading to
the inhibition of plant growth.

Figure 5. Effects of SD concentration on the electrolyte leakage of excised roots. Error bars represent
standard deviations of the means. a, b, and c on top of the error bars represent significant differences
(p < 0.05) among different initial concentrations of treatments.

3.5. The Ultrastructural Responses of Lettuce to the SD Stress Culture Environment

The roots and leaves of lettuce samples from the control, 2, and 10 mg/L SD treatment
groups after 14 d of growth were collected to study their ultrastructural responses to the
SD stress culture environment; the TEM results of root cells are shown in Figure 6a–c. The
root cells of lettuce grown in the solution without SD showed a well-defined cell wall and
regular cell contents for a normal lettuce root cell (Figure 6a), indicating no damage to
lettuce under this condition. When the root cells of lettuce were grown with 2.0 mg/L SD,
ultrastructural alterations, including thickening, were observed in the cell walls (Figure 6b).
With a higher SD concentration of 10 mg/L, obvious damage and disintegration of cell
walls were observed, including irregular cell walls and detached particles within the cell
contents (Figure 6c).

Ultrastructural alterations were also observed in the leaf cells through TEM pho-
tographs of lettuce leaves collected from different treatment groups (Figure 6d–f). From
the results, we observed that the chloroplasts of leaves from the control group were well
elongated, having clear stoma and thylakoids with a typical grana structure and starch
grains (Figure 6d). However, the chloroplasts in lettuce leaves under SD stress conditions
at 2.0 mg/L showed damage and disintegration, although to a small extent, as indicated by
Figure 6e. A further increase in SD concentrations in the culture nutrient solutions resulted
in more obvious alterations of the chloroplasts. As shown in Figure 6f, the chloroplast
structures in lettuce leaves under treatment with 10 mg/L SD, which was also observed as
the threshold for SD toxicity in the study of membrane permeability, were severely altered
in terms of the grana structure and starch grains, which appeared to be badly dissolved.
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Figure 6. Transmission electron micrographs of lettuce root and leaf cells after 14 days of treatment under different SD
concentrations: lettuce root under (a) control, (b) 2 mg/L, and (c) 10 mg/L; lettuce leaf under (d) control, (e) 2 mg/L, and
(f) 10 mg/L. C denotes cell wall and CW denotes chloroplasts.

4. Discussion

Vegetable plants such as lettuce can absorb and accumulate residual SD antibiotics
from the environment, which are ultimately enriched in the human body through direct
consumption via the food chain. The USEPA reported that after being cultured in nutrient
solution with 100 mg/L SD, the dry mass of Lupinus albus was reduced by 13% compared
with that in the control [33]. In this study, Lactuca sativa L. was found to be more sensitive to
SD than Lupinus albus: the dry mass yield reduction rates reached 36% with 10 mg/L SD in
the culture solution. Our results also indicated that SD concentrations lower than 2.0 mg/L
exerted no significant effect on the growth of lettuce, although the accumulation of SD
and damage to the organs were still observed. Only at higher concentrations of SD, e.g.,
higher than 10 mg/L, did the morphology of lettuce, including the roots and leaves, exhibit
significant changes in response to SD toxicity. Attributed to their direct and prolonged
contact with SD residues, roots may be the main organs for accumulation and deposition
in plants. As our results showed, the accumulated SD was mainly concentrated in the
roots, with levels significantly higher than those in the leaves under all the different SD
concentrations. On average, the SD concentrations in roots were two- to eightfold higher
than those in leaves. Ahmed et al. also reported the bioaccumulation of six antibiotics
in several plant species with obviously higher concentrations in the roots than in the
stems [34]. The SD concentrations in Lactuca sativa L. are more related to the health of the
human body since lettuces are usually directly eaten rather than processed.

Plant microbiota harbor intrinsic or acquired (from the environment) resistance genes
that may be transmitted to humans through the food chain [16]. Environmental bacteria,
especially rhizosphere bacteria, are an important type of plant endophytic bacteria [35],
which can enter endophytic systems through plant tissues. Our results showed that the root
and leaf endophyte microbiota were more abundant than the rhizosphere and phyllosphere
microbiota. With the increase in SD concentration, the microbial abundance levels in the
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root endophyte, rhizosphere, and leaf endophyte communities were significantly lower
than those in the control group. This indicated that the addition of SD reduced the plant
microbiota, which was also in good accordance with SD being a potent antibacterial agent.
However, there was no significant change in the abundance of microbes within the leaf
endophyte community because SD in lettuce is transported from roots to leaves and the
amount of SD accumulation within the leaves is low.

sul1 and sul2 are the most common resistance genes to sulfonamides, so we selected
them for this study. The abundance levels of these genes in both the rhizosphere and
phyllosphere were significantly higher than those in both the root endophytes and leaf
endophytes, which is consistent with previous reports on the transfer of antibiotic resistance
from manure-amended soil to vegetables [36]. There are two potential explanations for
the lower abundance of sul1 and sul2 in lettuce endophytes: (1) the endophyte community
diversity is low [37]; and (2) there was no direct contact between endophytes and SD [38],
which served as a selective pressure [36]. The relative abundance levels of sul1 in the leaf
endophytes and in the rhizosphere and sul2 in the leaf endophytes were only significantly
higher under the 10 mg/L SD treatments than those under the control treatments, and
those under all other concentrations were not significantly different from the control levels.
sul1 and sul2 were mainly concentrated in the roots and were significantly more abundant
in roots than in the leaves under all the different SD concentrations, which is consistent
with previous reports [36]. The relative abundance of tnpA was similar to that of sul1 and
sul2 at different SD concentrations. In our study, SD was added to the nutrient solution as
a pure chemical. The situation may differ from the conditions under actual agricultural
practices, as they likely represent a mixed input of antibiotics, antibiotic-resistant bacteria,
and antibiotic resistance genes.

The toxicity mechanisms of antibiotics accumulated in plants have been researched
for a long time but remain unclear and, at times, even controversial. It has been reported
that the phytotoxicity of enrofloxacin in Lactuca sativa plants generates both toxic effects
and hormesis, which manifest as quickly accelerated growth; the toxic effect is reported
to be induced by high concentrations of antibiotics (e.g., 5000 μg/L), while the hormetic
effect occurs at relatively low concentrations (e.g., 50 and 100 μg/L) [39]. Liu et al. found
that in Welsh onion leaves, chloroplasts are sensitive to antibiotics by promoting ROS
accumulation [40], while other researchers suggested that antibiotics potentially inhibit
plant growth because of hydrophobicity [41]. In the present study, our results from a cell
structure study provide direct evidence to confirm that the chloroplasts in lettuce leaves
are the structures most sensitive to SD accumulation that affects growth. The accumulation
of a sufficiently high level of SD antibiotics in the leaf cell could damage the structure and
function of chloroplasts, thereby affecting photosynthesis.

Based on the above results, the proposed possible mechanism of SD toxicity in lettuce
is presented in Figure 7. The toxic effect of lettuce was expected to first occur in the
roots due to the direct contact of this organ with SD during the growth process. This
was also evidenced by the thickening of root cell walls in the antibiotic-stressed lettuce.
The thickening phenomenon of the cell wall is believed to be a natural self-protection
mechanism of the root cells to prevent further accumulation of the antibiotic from the
rhizosphere and/or to prevent the enlargement of the cells due to the increased pressure
built up within the cell contents [42]. However, under high SD stress with extremely high
concentrations in the culture solutions, the root cells of the lettuce were still physiologically
damaged (Figure 6c), which was expected to lead to an equilibrium in the SD distribution
between the external solution and the sap of the xylem. The physiological damage to the
root cells was also reflected by the drastic increase in the EL rates obtained in the roots
from lettuce grown under treatments with high SD concentrations.
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Figure 7. Proposed toxicity mechanism of accumulated SD in lettuces grown in SD stressed culture solutions. (a) lettuce at
first contact with SD; (b) thickening of the lettuce root cell in the SD-stressed; (c) lettuce root cell damage and SD translocated
from the roots to the leaves; (d) lettuce leaf cell damage and SD damage to the chloroplasts; (e) lettuce leaf cell broken, thus
ultimately inhibiting plant growth.

After entering the xylem, the antibiotic can be easily translocated from the roots to
the leaves along with the transpiration stream, resulting in accumulation of the antibiotic
in the leaves and leading to further damage to the leaf cells, especially the chloroplasts.
Chloroplasts are the organelles directly responsible for photosynthesis, and after being
destroyed by the toxic effects of antibiotics, they lose the important ability to produce
chlorophyll for the conversion of solar energy into chemical/food energy in the plant, thus
ultimately inhibiting plant growth.

5. Conclusions

In conclusion, this study presents a possible mechanism of SD accumulation in lettuces
grown in SD stressed culture solutions and antibiotic resistance gene transformation. The
mechanism we have proposed is unverified, so SD may inhibit lettuce growth via other
ways. Our study provides valuable information on the uptake and accumulation of
antibiotics and antibiotic resistance genes in plants, which is useful for environmental fate
and risk assessments of antibiotics for human exposure.
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Abstract: The influence of hydrothermal pretreatment temperature on the hydration products and
carbonation efficiency of Al-rich LF slag was investigated. The results showed that the carbonation
efficiency was strongly dependent on the morphology of hydration products and the hydration
extent of the raw slag. Hydrothermal pretreatment at 20 ◦C or 80 ◦C favored the formation of flake-
shaped products with a higher specific surface area and therefore resulted in a higher CO2 uptake of
20 ◦C and 80 ◦C-pretreated slags (13.66 wt% and 10.82 wt%, respectively). However, hydrothermal
pretreatment at 40 ◦C, 60 ◦C or 100 ◦C led to the rhombohedral-shaped calcite layer surrounding
the unreacted core of the raw slag and the formation of fewer flake-shaped products, resulting in
a lower CO2 uptake of 40 ◦C, 60 ◦C and 100 ◦C-pretreated slags (9.21 wt%, 9.83 wt%, and 6.84 wt%,
respectively).

Keywords: LF slag; hydrothermal pretreatment; temperature; hydration products; CO2 uptake

1. Introduction

The growth of global greenhouse gas emissions was 2.0% in 2018 and there is no
sign that any of these emissions are peaking yet. The six largest emitters of greenhouse
gases, together accounting for 62% globally, are China (26%), the United States (13%),
the European Union (more than 8%), India (7%), the Russian Federation (5%), and Japan
(almost 3%) [1]. China’s carbon emission peak is a matter of international focus. Recently,
China made a solemn promise to peak its carbon dioxide emission by 2030 and achieve
carbon neutrality by 2060. Some of the main measures China will use to reduce CO2
emissions over next 10 years are: changing energy and industrial structures, transforming
the development mode, promoting clean energy, and appropriately increasing carbon
sequestration ability. Among the current CO2 sequestration routes, mineral carbonation is
regarded as a potential technology because of its advantages; it is environmentally benign,
it enables the permanent trapping of CO2 in the form of carbonate, and it does not require
post-storage surveillance for CO2 leakage [2]. In general, mineral carbonation can be
divided into two categories, namely direct carbonation and indirect carbonation. Direct
mineral carbonation is accomplished through the reaction of a solid alkaline mineral with
CO2, either in gaseous or in aqueous phase [3].

Alkaline solid wastes such as red mud, steel slag, blast furnace slag, fly ash, etc., are
used for direct mineral carbonation as efficient and economically available capturers of
CO2 [4–9]. For the direct mineral carbonation of steel slag, the formation of an increasingly
thick and dense carbonate layer surrounding the unreacted core of the solid particle hinders
further carbonation and results in the lower CO2 capture capacity [10]. In our previous
study [11], the improvement in the direct carbonation efficiency of Al-rich ladle furnace
refining slag (LF slag) by hydrothermal pretreatment was investigated. The results showed
that after hydrothermal pretreatment at 80 ◦C, the morphology of Ca12Al14O33(C12A7) in
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the slag transformed from separated particles to the flake-shaped Ca3Al2O6·xH2O(C3AHx),
resulting in an increased reaction surface area and carbonation efficiency. However, this
study did not discuss the effect of hydrothermal temperature on the carbonation effi-
ciency. In fact, the hydration product of C12A7 is dependent on the hydration temperature.
Koplík et al. [12] reported that at 20 ◦C the major hydration products of C12A7 were
Ca2Al2O5·8H2O(C2AH8) and CaAl2O4·10H2O(CAH10); at 30 ◦C CAH10 disappeared and
only C2AH8 remained; at 60 ◦C the only stable hydrates–Ca3Al2O6·6H2O(C3AH6) and
Al(OH)3(AH) were formed. Edmonds et al. [13] stated that both C2AH8 and CAH10 can
be produced during the hydration of C12A7 at 4 ◦C, while no trace of CAH10 was spotted
when C12A7 was hydrated at 20 or 40 ◦C. Given that the morphology of the hydration
product of C12A7 has a significant effect on the carbonation efficiency of LF slag and
the type of hydration product produced is related to temperature, the aim of this study was
to investigate the influence of hydrothermal pre-treatment temperature on the hydration
properties and the carbonation efficiency of Al-rich LF slag at ambient temperature and
pressure. Moreover, the relation between the morphology of the hydration product and
the carbonation efficiency was clarified in this work.

2. Materials and Methods

2.1. Materials

The Al-rich LF slag used in this study was collected from the Xiangtan steel plant
in Hunan province, China. The chemical composition of the slag determined by X-ray
Fluorescence (XRF) is listed in Table 1. Before pretreatment, the raw slag was crushed and
ground into a powder <20 mesh particle size. Distilled water was used in this study for
slag suspension preparation.

Table 1. Chemical composition of raw slag as determined by XRF analysis.

Component CaO Al2O3 SiO2 MgO TiO2 SO3 Fe2O3 Others

wt% 52.0056 23.66 15.83 4.05 0.90 2.45 0.54 0.57

2.2. Hydrothermal Pretreatment of LF Slag at Different Temperatures

At first, the raw slag was fully mixed with water at a solid/water (S/W) ratio of
1:10 in a beaker. Then, the suspension was stirred for 30 min at 20, 40, 60, 80 and 100 ◦C
(designated as 20H, 40H, 60H, 80H and 100H-slag, respectively). Next, the suspension was
filtered and the obtained solid was sufficiently washed and dried to a constant weight at
105 ◦C for further characterization and for the following carbonation experiment.

2.3. Direct Aqueous Carbonation Process

The schematic diagram of the aqueous carbonation experimental system is shown in
Figure 1. The pretreated slag suspension with a solid/water ratio of 1:10 was placed in
a conical flask into an electric-heated thermostatic water bath equipped with a mechanical
stirrer. The temperature of the water bath was kept at 40 ◦C. Then, 99.99% pure CO2 from
the CO2 cylinder was injected into the suspension at a flow rate of 5 L/min controlled by
a flowmeter, and was simultaneously stirred for carbonation. The suspension underwent
the carbonation process for 60 min and was then filtered. The obtained solid was dried to
a constant weight at 105 ◦C for further characterization.
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Figure 1. Schematic diagram of the aqueous carbonation experimental system.

2.4. Characterization of Slag

X-ray diffraction (XRD, Bruker AXS company D8 Advance, Karlsruhe, Germany) was
conducted on the slags to identify their main mineral phases. The scanning range was
from 5◦ to 70◦ 2θ at 2◦/min. TG-DSC analysis was performed using a METTLER TOLEDO
1600 LF thermal gravimetric analyzer. A field-emission scanning electron microscope
(FESEM, Hitachi company SU8010, Tokyo, Japan) was used to characterize the morphology
of the slag. The specific surface area of the slags was measured by the N2 gas adsorption
Brunauer–Emmet–Teller (BET) method (ASAP 2020, Micromeritics, Norcross, GA, USA).
The pH value of the slag suspension was determined by a PHS-3C pH meter.

2.5. Analysis of Carbonation Efficiency

In order to compare the carbonation efficiency of Al-rich LF slags under the hydrother-
mal pretreatment at different temperatures, the CO2 uptake of the slags was measured
based on the weight fraction of the TG curve (Δm600–800 ◦C) and the dry weight (m) [14]
expressed in terms of CO2 (wt%), Equation (1):

CO2(wt%) =
Δm600–800 ◦C

m
×100 (1)

3. Results and Discussion

3.1. Influence of Hydrothermal Temperature on Hydration Properties of Al-Rich LF Slag

Figure 2 shows the XRD patterns of the raw slag and the pretreated slags. The main
mineral phases of raw slag were C12A7 and Ca2SiO4(CS2). For all the slags with pretreatment,
the peaks of C12A7 were reduced, indicating its hydration. The 40H-slag and 100H-slag pre-
sented relatively more intense residual C12A7 peaks than the other slags, suggesting the lower
hydration extent of these two slags. For the 20H-slag, 3CaO·Al2O3·CaCO3·11H2O(C4ACH11)
was the dominant hydration product. A small amount of (C4ACH11) also appeared
in the 40H-slag and C3AH6 was the other main product for this slag. Hydrocalumite
(Ca4Al2(OH)12CO3·5H2O) was only present in the 100H-slag, and this slag had the most
intense C3AH6 peaks. With respect to the 60H-slag, only C3AH6 crystal was found. In
general, C3AHx, C4ACH11, and C3AH6 were the main hydration products, while the other
products mentioned in the “Introduction” (such as CAH10 and C2AH8) were not observed.
This could be explained by the fact that CAH10 and C2AH8 are the transition phases and
can be converted to the ultimate stable products (e.g., C3AH6 and C3AHx), described by
Equations (2)–(4), respectively [15].

2CAH10 → C2AH8 + AH3 + 9H (2)
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3C2AH8 → 2C3AH6 + AH3 + 9H (3)

3C2AH8 → 2C3AHx + AH3 + (21 − 2x)H (4)

Figure 2. XRD patterns of (1) raw slag, (2) 20H-slag, (3) 40H-slag, (4) 60H-slag, (5) 80H-slag, and
(6) 100H-slag.

Figure 3 displays the FESEM pictures of the raw slag and the pretreated slags. The raw
slag appeared as irregular-shaped particles with dense and coarse surfaces (Figure 3a).
After hydration at 20 ◦C, the slag surface became smooth due to the formation of flake-
shaped C4ACH11 (Figure 3b). In addition, metastable hydrates in the form of hexagonal
platelets [14] were observed (Figure 3b). The microstructure of the 40H-slag presented
as a mixture of C4ACH11, metastable hydrated hexagonal-shaped platelets [16], and un-
hydrated slag particles (Figure 3c). The edge of the unhydrated particles in the 40H-slag
was covered by rhombohedral-shaped CaCO3 (calcite) particles and AH gel with a grain
size of 0.5 μm, which may hinder the further hydration of C12A7 (Figure 3d). Once again,
this verified that the thick and dense CaCO3 layer surrounding the unreacted core of
the solid particle was the main cause of the low carbonation efficiency of the slag without
hydrothermal pretreatment, as illustrated in our previous studies [9]. CaCO3 and AH
gel should be generated by the indirect carbonation reaction between C12A7 and CO2 in
the air, which can be described by Equations (5) and (6) [17]. The occurrence of Equation
(5) resulted in the alkalinity of the slag suspensions (the final pH values were 10.42, 10.13,
10.05, 10.56, and 10.02 for the slag suspensions treated at 20 ◦C, 40 ◦C, 60 ◦C, 80 ◦C, and
100 ◦C, respectively).
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Figure 3. FESEM pictures of (a) raw slag 2000×, (b) 20H-slag 2000×, (c) 40H-slag 2000×, (d) 40H-
slag 8000×, (e) 60H-slag 2000×, (f) 60H-slag 5000×, (g) 80H slag 2000×, (h) 100H-slag 2000× and
(i) 100H-slag 5000×.

The FESEM image of the 60H-slag (Figure 3e) indicates the formation of flake-shaped
and cubic hydrates that should be amorphous calcium carboaluminate (CCA) and C3AH6,
respectively. In addition, a dense rhombohedral-shaped calcite layer covered part of the slag
surface (Figure 3f). Therefore, it is assumed that CCA was formed through the reaction
between C3AH6 and calcite [18,19]. This also provides an explanation for why the 20H-slag
contained large amounts of C4ACH11 but small amounts of calcite formation (the reaction
between C3AH6 and calcite can be described by Equation (7) [19]). After hydration at 80 ◦C,
the morphology of the slag changed from separated particles to continuous gel (Figure 3g).
The flake-shaped gel should be C3AHx, and calcite particles were scattered on the surface
of C3AHX in the 80H-slag (Figure 3g). For the 100H-slag, flake-shaped hydrocalumite and
cubic C3AH6 particles were embedded in the unhydrated slag particles (Figure 3h), and
a rhombohedral-shaped calcite layer deposited on the edge of the slag particles (Figure 3i),
similarly to the 40H and 60H slag.

Ca12Al14O33 + 33H2O → 12Ca2+ + 14Al(OH)4
− + 10OH− (5)

Ca2+ + CO2 + 2Al(OH)4
− → CaCO3↓ + 2Al(OH)3↓ + H2O (6)

CaCO3 + Ca3Al2O6·6H2O + 5H2O → 3CaO·Al2O3·CaCO3·11H2O (7)

The BET specific surface area (SBET) of the slags were listed in Table 2. The SBET of
the 20H-slag and the 80H-slag was more than two times that of the raw slag, while other
pretreated slags demonstrated only a slight SBET increase compared with the raw slag. This
should be attributed to the larger amount of flake-shaped hydrates in the 20H-slag and
the 80H-slag [20].

Table 2. The BET specific surface area of the pretreated slags.

Raw Slag 20H-Slag 40H-Slag 60H-Slag 80H-Slag 100H-Slag

SBET (m2/g) 4.68 8.32 5.89 6.15 9.40 5.15

Figure 4 shows the TG-DSC analysis results of the pretreated slags. The endothermic
peak of around 260–270 ◦C denoted the decomposition of Al(OH)3 and appeared in all
slags [19]. This peak was overlapped by the endothermic peak between 280 ◦C and
325 ◦C, which was attributed to the dehydration of C3AH6 in the 40H-slag, 60H-slag,
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and 80H-slag [18]. These results corresponded well with the XRD and FESEM analysis.
The endothermic peak at 157 ◦C in the 20H-salg indicated the dehydration of C4ACH11 [16],
while this peak became broad for the 40H-slag due to the low crystallinity of C4ACH11 [16],
as was also reflected in the broad peak of XRD patterns (Figure 1). The absence of C4ACH11
in the other slags can be explained by its instability in temperatures above 40 ◦C [19]. A very
broad endothermic peak between 80 and 200 ◦C was observed in the 60H-slag, generated by
the dehydration of amorphous CCA [14]. The endothermic peak at 155 ◦C in the 80H-slag
represented the dehydration of C3AHx which is close to the dehydration temperatures of
CAH10 and C2AH8 [15]. With respect to the 100H-slag, the dehydration of hydrocalumite
was reflected in the endothermic peak around 146 ◦C. In general, the dehydration of
hydrates mainly occurred over the temperature range of 105–325 ◦C, resulting in significant
weight loss. The other significant weight loss region was between 600 and 800 ◦C, which
was ascribed to the CaCO3 decomposition. During the hydrothermal process, C12A7 was
transformed into calcium aluminates hydrate (CAH), CAC, AH, and CaCO3; therefore,
the mass loss ratio of the slags (See Table 3) above the temperature range of 105–800 ◦C
should be an indicator of C12A7 hydration extent. It may be concluded from the results in
Table 2 that the 20H-slag and the 80H-slag had significantly higher hydration extent than
other three slags, in good agreement with the XRD and FESEM analysis.

Figure 4. TG-DSC curves of the pretreated slags.

Table 3. The mass loss ratio of the pretreated slags between 105 and 800 ◦C.

Sample Mass Loss Ratio between 105 and 800 ◦C (wt%)

20H-slag 20.58
40H-slag 13.80
60H-slag 15.95
80H-slag 20.70

100H-slag 15.07

In conclusion, cubic C3AH6 was a main hydration product for the 40H-slag, 60H-slag,
and 100H-slag. Part of C3AH6 could react with CaCO3 to generate CCA while the unreacted
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rhombohedral-shaped CaCO3 layer covered the slag surface, resulting in the hindrance
of further hydration for these three slags. By contrast, flake-shaped C4ACH11 and C3AHx
were the main hydration products for the 20H-slag and the 80H-slag, respectively, and
their higher specific surface area may accelerate the carbonation reaction.

3.2. Carbonation Efficiency of Slags Pretreated at Different Temperatures

The XRD patterns of the slags after carbonation are shown in Figure 5. After car-
bonation, the peaks of C3AHx, C4ACH11, and hydrocalumite disappeared or showed
a significant decrease in intensity while the calcite peaks increased in intensity. This sug-
gests the carbonation of these hydrates. On the contrary, C3AH6 appeared less active in
terms of its carbonation, which may be the main cause of the less intense calcite peaks in
the carbonated100H-slag with C3AH6 as the main hydration product (see Figure 1). In
addition, residual C4ACH11 peaks were observed, indicating the incomplete carbonation
of C4ACH11 in the 20H-slag during carbonation. This resulted in the less intense calcite
peaks in the carbonated 20H-slag compared with the carbonated 80H-slag.

Figure 5. XRD patterns of (1) carbonated 20H-slag, (2) carbonated 40H-slag, (3) carbonated 60H-slag,
(4) carbonated 80H-slag, and (5) carbonated 100H-slag.

Figure 6 exhibits the FESEM pictures of the slags after carbonation. For the carbonated
20H-slag, flake-shaped C4ACH11 was decomposed and cubic calcite crystals were observ-
able (Figure 6a). In the carbonated 40H-slag and 60H-slag, some of the cubic calcite crystals
were surrounded by unreacted hydrates (Figure 6b,c). Larger amounts of cubic calcite
crystals appeared in the carbonated 80H-slag than in the other slags, leading to the break-
down of continuous C3AHx gel (Figure 6d). Moreover, the carbonation products were
covered by a small amount of unreacted C3AHx debris (Figure 6d). The microstructure of
the carbonated 100H-slag (Figure 6e) was similar to the carbonated 40H-slag and 60H-slag;
it was composed of unreacted hydration products, unhydrated slag, and some cubic calcite
crystals. In each of the slags, the cubic calcite was generated by the direct reaction of CO2
with the hydrates and amorphous AH, as the other reaction product surrounded the cubic
calcite crystals [11]. In each of the carbonated slags, calcite appeared as non-uniform
aggregated crystal particles, which indicate direct carbonation [21]. Direct carbonation
of alkaline slag involved two stages: CO2 dissolution and carbonation reaction [21,22].
The simplified direct carbonation mechanism of slags with hydrothermal pretreatment in
this study was summarized in Table 4.
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Figure 6. FESEM pictures of (a) carbonated 20H-slag, (b) carbonated 40H-slag, (c) carbonated
60H-slag, (d) carbonated 80H-slag, and (e) carbonated 100H-slag.

Table 4. Chemical reaction equations of the direct carbonation of the pretreated slags in this study.

Stage Chemical Reaction Equation

CO2 dissolution
CO2(g) → CO2(aq)

CO2(aq) + 2OH−
(aq) → CO3

2−
(aq) + H2O(l)

Carbonation

Ca3Al2O6·6H2O(s) + 3CO3
2−

(aq) → 3CaCO3(s) + 2Al(OH)3(s) + 6OH−
(aq)

Ca3Al2O6·xH2O(s) + 3CO3
2−

(aq) → 3CaCO3(s) + 2Al(OH)3(s) + 6OH−
(aq) +

(x − 6)H2O(l)
3CaO·Al2O3·CaCO3·11H2O(s) + 3CO3

2−
(aq) → 4CaCO3(s) + 2Al(OH)3(s) +

6OH−
(aq) + 5H2O(l)
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Based on the TG curves of the carbonated slags (Figure 7), CO2 uptake (wt%) was
calculated with Equation (1) where m was the dry weight at 325 ◦C (at this temperature,
free water and chemically bound water evaporated). The results of CO2 uptake were listed
in Table 5. The CO2 uptake of slags followed this order: 80H-slag (13.66 wt%) > 20H-slag
(10.82 wt%) > 60H-slag (9.83 wt%) > 40H-slag (9.21 wt%) > 100H-slag (6.84 wt%), which
corresponded well with the XRD and FESEM results. This is attributed to the following
reasons: (1) a dense CaCO3 or AH gel layer covered the unhydrated slag surface in
the 40H-slag and the 60H-slag, therefore resulting in the hindrance of further hydration
and carbonation; (2) flake-shaped hydrates such as C4ACH11 in the 20H-slag or C3AHx in
the 80H-slag provided a larger reaction surface aera than the cubic C3AH6 and raw slag
particles, avoiding calcite and AH gel layer formation on the unreacted hydrates surface.
In short, the carbonation efficiency was strongly dependent on the type and morphology
of the hydrates of LF slag.

Figure 7. TG curves of (1) carbonated 20H-slag, (2) carbonated 40H-slag, (3) carbonated 60H-slag,
(4) carbonated 80H-slag, and (5) carbonated 100H-slag.

Table 5. CO2 uptake of pretreated slags.

20H-Slag 40H-Slag 60H-Slag 80H-Slag 100H-Slag

CO2 Uptake(wt%) 10.82 9.21 9.83 13.66 6.84

The maximum CO2 uptake among these five pretreated slags was 13.66 wt% (namely
136.6 g of CO2/1 kg of slag) which was attained by the 80H-slag. Compared with previ-
ous studies about wet direct carbonation of steelmaking slags conducted under ambient
temperature and pressure (See Table 6), the CO2 uptake of the 80H-slag in this study was
considerable and the process was attractive. With an annual (2019–2020) output of LF slag
of about 5 MT in China, this waste could, under 80 ◦C hydrothermal pretreatment, capture
about 0.67 MT CO2 if the mineral carbonation process is applied in steel plants.

Table 6. Comparison of current with previous steelmaking slag carbonation studies conducted under
ambient temperature and pressure.

Slag Type CO2 Uptake (g of CO2/1 kg of Slag) Conditions Reference

Al-rich LF slag 136.6
Temperature: 40 ◦C

This studyS/W ratio: 1:10
Reaction time: 1 h
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Table 6. Cont.

Slag Type CO2 Uptake (g of CO2/1 kg of Slag) Conditions Reference

EAF steel slag 87
Temperature: 20 ◦C

[23]S/W ratio: 1:10
Reaction time: 37 min

BOF steel slag 116.4
Temperature: 70 ◦C

[24]S/W ratio: 1:2
Reaction time: 2 h

LF slag 67
Temperature: 20 ◦C

[25]S/W ratio: 1:20
Reaction time: 1 h

BOF steel slag 168.32
Temperature: 60 ◦C

[26]S/W ratio: 1:30
Reaction time: 10 h

LF slag 56
Temperature: 20 ◦C

[27]S/W ratio: 1:5
Reaction time: 70 min

BOF steel slag 215
Temperature: 60 ◦C

[28]S/W ratio: 1:5
Reaction time: 3 h

4. Conclusions

This study investigated the temperature of hydrothermal pretreatment on the hy-
drate formation and carbonation efficiency of Al-rich LF slag at ambient temperature and
pressure. The main results are as follows:

During hydrothermal pretreatment, cubic C3AH6 was a main hydration product for
40 ◦C, 80 ◦C, and 100 ◦C-pretreated slags while C4ACH11 and C3AHx with flaked shapes
were the main hydrates for 20 ◦C and 80 ◦C-pretreated slags, respectively. Rhombohedral-
shaped CaCO3 was generated by the reaction between C12A7 in the slag and CO2 in
the air; and then CaCO3 reacted with C3AH6 to form flake-shaped CCA. Flake-shaped
products presented higher BET specific surface area. In 40 ◦C, 60 ◦C, and 100 ◦C-pretreated
slags, a dense CaCO3 layer surrounded the unreacted core of the slag particle, resulting in
the hindrance of further C12A7 hydration.

Flake-shaped products could provide a lager reaction surface area and avoid the calcite
and AH gel layer formation on the surface of the unreacted hydrates. Therefore, 80 ◦C and
20 ◦C-pretreated slags containing a larger number of flake-shaped hydrates had larger CO2
uptake (13.66 wt% and 10.82 wt%, respectively). Cubic C3AH6 crystal and unhydrated raw
slag particles were less inactive for carbonation, resulting in the smaller CO2 uptake for
40 ◦C, 60 ◦C, and 100 ◦C-pretreated slags (9.21 wt%, 9.83 wt% and 6.84 wt%, respectively).
In short, the carbonation efficiency of the pretreated slag was strongly associated with
the morphology of the hydration products and the hydration extent of LF slag.
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Abstract: Phosphorus, as one of the main pollutants in municipal sewage, has received increasing
attention recently. Phosphorus recovery also increases the sustainable development of municipal
wastewater. Since algae have the ability to effectively redirect nutrients, including phosphorus,
from municipal sewage to algae biomass, municipal sewage treatments involving microalgae have
piqued the interest of many researchers. The phosphorus removal depends on the potential of the
microalgae to absorb, preserve, or degrade phosphorus in municipal wastewater. It is, therefore,
of great interest to study the mechanisms underlying the absorption, storage, and degradation of
phosphorus by microalgae to ensure the viability of this phosphorus removal process in wastewater.
The objectives of this review were to summarize phosphorus metabolism in microalgae, examine
key external and internal factors impacting phosphorous removal by microalgae from wastewater,
and examine the status of phosphorous-metabolism-related research to improve our understanding
of microalgae-based municipal wastewater treatments. In addition, the methods of recovery of
microalgae after phosphorous removal were summarized to ensure the sustainability of municipal
wastewater treatment. Finally, a potential approach using nanomaterials was proposed to enhance
the overall phosphorous removal performance in municipal wastewater through the addition of
nanoparticles such as magnesium and iron.

Keywords: microalgae; municipal wastewater; phosphorus removal; immobilization and
recycle technology

1. Introduction

Cities are generally densely populated and have great demands for water. For some
cities, the efficient treatment of urban sewage to achieve water recycling has become a
strategic solution to water shortages [1]. In China, the amount of wastewater treated
has increased by more than 50% in the last decade, and the increase in the volume of
wastewater has significantly endangered human and environmental welfare [2]. The fecal
sludge collected by the sewage systems in some industrial cities is untreated, causing
significant damage to water supplies across such cities [3]. While urban sewage treatment
in developed European countries strongly reduces pollution in wastewater, the amount of
sludge generated is still growing year on year. Finding methods to efficiently treat sludge
is an urgent challenge [4]. In comparative studies and simulation forecasts regarding
the statuses of cities in Nanjing (domestic), South Asia, and Southeast Asia, the results
indicated that by 2030 the water quality in samples sites in Manila and Jakarta will have
deteriorated further [5].

Phosphorus is an essential basic element in organisms that is also commonly present
in water bodies and primarily occurs in a dissolved form and in association with other
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particles via chemical adsorption; however, regardless of whether it originates from the nat-
ural world or via human activities, phosphorus significantly impacts the environment [6].
Excessive phosphorus in a water body, for example, accelerates the growth of algae and
other microorganisms, subsequently creating nutrient imbalance in the water body and
accelerating eutrophication [6]. Some phosphorous-containing compounds in water can
be converted into minerals and may block water supply lines and sewage treatment facili-
ties [7,8]. In municipal drainage systems, phosphorus originates primarily from domestic
sewage, with 85% of the total phosphorus entering the wastewater from domestic sewage
containing human excrement and detergents [6]. Phosphorus-containing sewage com-
pounds in urban life exist mainly in the form of orthophosphoric acid, tripolyphosphate,
and pyrophosphate [9,10]. Modern technologies used for the elimination of phosphorus
are primarily categorized into biological, chemical, and physical technologies [11]. The
removal and recovery of phosphorus from municipal sewage not only provides conditions
for the utilization of phosphorus resources, but also reduces the eutrophication and in-
creases the sustainability of municipal sewage; however, many conventional phosphorous
reduction processes used for urban sewage entail high running and maintenance costs and
are not sustainable, and may even cause other pollution to the water body [12,13].

Phosphorus also has numerous constructive uses. For example, certain phosphates
can be applied to water supply pipes, where they combine with heavy metals in rainwater,
lowering the concentration of heavy metals in the water while still acting as a corrosion
inhibitor [14,15]. To avoid direct interactions between the metal and the food in metal
food containers, phosphides are often added to form an inert coating [16]. Furthermore,
household detergents, toothpaste, and shampoos are often also incorporated phosphorous
compounds to improve their washing efficiency, with sodium tripolyphosphate being the
most popular phosphorous-containing compound in detergents [17]. The overall amount
of phosphorus in the world is small and nearly 40 million tons of phosphorus is absorbed
worldwide per year, making the recycling of phosphorus critically significant [18].

CiteSpace is a tool used for the analysis of scientific literature. It can help an au-
thor to explore research hotspots and research frontiers in a certain research field and
to predict future development trends. The Web of Science database was used to per-
form a comprehensive study of the literature, using the search terms “microalgae” and
“phosphorous removal”. In total, 678 manuscripts published in the past five years were
retrieved and a visual study of the keywords in the manuscripts was carried out using
CiteSpace (version 5.7.R2), with the results shown in Figure 1. Based on the findings of the
search, CiteSpace was used again to analyze clusters, with the results shown in Figure 2.
Figures 1 and 2 demonstrate that the study hotspots regarding the reduction of phosphorus
by microalgae focus primarily on the treatment of municipal sewage, recovery, and resource
utilization. The results of this analysis provided theoretical significance for this review of
relevant research frontiers regarding the treatment of phosphorus in urban sewage and the
prediction of future development trends for microalgal phosphorus removal technology.

This review summarizes phosphorus elimination from municipal wastewater by mi-
croalgae and analyzes the factors influencing this phosphorous removal and the associated
methods. The aim of this review is to further understand the process of phosphorus
removal by microalgae in municipal wastewater, so as to optimize the process and sustain-
ability. In this paper, the problems related to microalgae dephosphorization are introduced
for researchers who are interested in municipal wastewater dephosphorization technology.
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Figure 1. CiteSpace visual analysis diagram.

Figure 2. CiteSpace cluster analysis diagram.
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2. Various Systems and Strategies for the Reduction of Phosphorus in
Municipal Wastewater

Phosphorus removal from municipal sewage is mainly categorized into three cat-
egories of processes: physical, chemical, and biological. The respective technological
methods and respective advantages and drawbacks of each process are shown in Table 1.
Physical phosphorus removal technologies can eliminate all forms of particulate phospho-
rus compounds [19]. Membrane technology not only extracts phosphorus from complete
suspended solids but also removes dissolved phosphorus. Membrane bioreactors (MBRs)
and reverse osmosis (RO) devices with good phosphorous removal capacity have been
widely used in full-scale sewage treatment plants [20]. The fundamental theory behind the
elimination of chemical phosphorus is to crystallize or condense phosphorous compounds
by adding chemical agents or by modifying certain reaction conditions. For example, in
the coagulation and flocculation process, phosphorous-containing materials are flocculated
by the addition of polymers or metal ions. This approach is effective for removing larger
molecules, and its quality is determined by the charge of the salt ions [21]. Since biological
phosphorus removal is used to treat municipal sewage, anaerobic or anoxic treatment
is usually required first, followed by aerobic treatment and other procedures to remove
phosphorus from activated sludge in municipal sewage. Microorganisms have been shown
in studies to have the largest reduction effect on total phosphorus under anaerobic con-
ditions, with removal rates exceeding 80–90% [21]. Compared to the large operational
and repair costs of conventional physical and chemical phosphorous removal systems
and the complexities of certain biological treatment processes, the use of microalgae has
proved to be a cost-effective and long-term alternative for biological phosphorus removal,
which is now commonly utilized [22]. The following is an introduction to the microalgae
dephosphorization technology mechanism.

2.1. Microalgae Culture Methods

There are two types of microalgae culture structures: open and closed systems. The
term “open systems” refers to growing systems of outdoor waters, such as lakes and
reservoirs. In order to provide adequate light for the microalgae, the system’s water depth
is usually no greater than 0.5 m [23]. While the open system layout is simple and easy to
manage, nutrients can become diluted by pollution when exposed to the open environment
over a long period [24]. Closed devices are segregated from the external environment,
thereby shielding the system from the harmful effects of the external environment. Photo-
bioreactors (PBRs) are widely used as closed structures for microalgae cultivation. PBRs are
usually classified into stubs and flat plates, and are generally made from glass or plastic,
air, carbon dioxide (CO2), and other gases may be fed into the PBRs [23,25]. On the basis of
being highly controlled, the closed method can be used to evaluate the characteristics of
microalgae and the effects on the purification of wastewater under different sets of condi-
tions. It also provides a culture system for improving the conditions for the absorption of
phosphorus by microalgae in urban wastewater.

Microalgae culture modes can be separated into continuous and semi-continuous
batch modes [24]. A lot of the management costs are avoided in closed batches because
the culture material does not always need to be replaced. The growth of the microalgae,
however, will be inhibited if the nutrients in the batch system are depleted or if certain
factors occur, such as cell self-shading, pH variations, and contamination, inhibiting the
growth. In addition, the device must ensure a successful exchange of gas [23]. Compared to
the batch model, the semi-continuous model can achieve higher biomass despite the need
for periodic substitution of culture material and the continuous removal of wastewater [26].

2.2. Phosphorus Uptake and the Metabolism Mechanism of Microalgae

The absorption and metabolism of phosphorus by microalgae are often distinct for
different types of phosphorus or under different environmental conditions. Microalgae
can induce phosphatase to absorb external organophosphorus and synthesize high-affinity
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inorganic phosphorus transporters to assist inorganic phosphorus absorption [27]. The
absorption of inorganic phosphorus also relies on the inorganic phosphorus charge and the
pH of the microalgae cell membrane [28–30]. In general, the lower the molecular charge, the
higher the bioavailability of inorganic phosphorus for the microalgae [28]. Most microalgae
assimilate inorganic salts such as HPO−, HPO2−, and PO4

3− [31].
Polyphosphates include acid-soluble and acid-insoluble polyphosphates. Although

certain microalgae do not use polyphosphates as their primary supply of phosphorus [32],
in the absence of phosphorus, microalgae can assimilate and metabolize polyphosphate [31].
In addition, under the condition of excess inorganic phosphorus, microalgae can take up
excess phosphorus and deposit it in the form of insoluble polyphosphate acid, where it
can be used for cell metabolism when inorganic phosphorus is lacking [33]. Excessive
phosphorus and high light intensity in municipal wastewater tend to facilitate the removal
of phosphorus by microalgae [31,34]; however, some studies have shown that excessive
phosphorus can impede the growth of some microalgae due to excessive accumulation of
polyphosphate in the cells [35].

Photosynthesis is the basis of the metabolism of microalgae. Over the entire photosyn-
thesis process, phosphorus is required in the reaction that produces the energy substance
ATP. The equation for this reaction is as follows:

2 H2O + 2 NADP+ + 3 ADP + 3 Pi + 8-10 Photons (light) → 2 NADPH + 2 H+ + 3 ATP + O2

To summarize, the electrons in the water are transferred to NADP+ after the absorp-
tion of light energy by the microalgae. H+ formed by water allows ADP and inorganic
phosphorus to form ATP on the thylakoid membrane in the cell [31]. Phosphorus is also
important for the synthesis of DNA, RNA, and cell membranes [36].

Table 1. Different physical, biological, and chemical phosphorus removal technologies used in wastewater treatment
processes [20,37–39].

Methods Technologies Advantages Disadvantages

physical methods

physical absorption widely used for phosphorus
removal

not yet perfect for phosphorus
adsorption

sand filtration removes all P compounds only for the primary stage

the membrane purification simple and efficient high operation and maintenance
costs

ion exchange
can treat hazardous waste and
higher concentrations of
phosphorus

lack of selectivity for specific ions
and complex process

chemical methods

by precipitation of metal salts
and lime

high phosphorus removal efficiency
and economical

may cause secondary
contamination

crystal reusable, little environmental harm need to add chemicals and low
stability

Coagulation and flocculation
can be used for reaction by adding
metal ions such as polymers or
aluminum

need high charge for salt ions

biological methods

artificial aeration mainly used for dephosphorization
of lakes no significant effect in shallow lakes

enhanced biological
phosphorus removal no chemicals need to be added low stability and biological

population competition

photosynthetic
microorganisms immobilized
on cellulose, ceramic, or gel
carriers

can effectively immobilize and
remove more than one type of
microorganism or contaminant

not easily removed for most
phototrophs

phosphoric acid binds
proteins

can work in low phosphorus
environments the use of this protein is limited
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3. Factors Impacting the Elimination of Phosphorus from Municipal Wastewater
by Microalgae

There are several internal and external factors influencing the removal of phosphorus
by microalgae, such as the temperature, strength and period of illumination, and pH [31,40].
These common factors have been extensively studied and summarized, although a review
regarding their impacts on the treatment of urban sewage by microalgae is lacking. In this
chapter, the impacts of microalgae on the removal of phosphorus in municipal wastewater
will be examined in terms of the hydraulic retention time, ratio of nitrogen to phosphorus,
carbon dioxide concentration, species of microalgae, and different types of wastewater.

3.1. Hydraulic Retention Time

The hydraulic retention time (HRT) for microalgae in bioreactors influences their
growth and phosphorous removal performance. An appropriate HRT not only improves
the efficiency of the microalgae wastewater treatment but also reduces the operating and
maintenance costs of the system. In the batch regime pilot scale photobioreactor system,
activated microalgae sludge is used for the treatment of municipal sewage. Findings
have shown that when the hydraulic retention time is 2–6 days, the phosphorous removal
efficiency of the microalgae is improved by around 30% to 90% [41]; however, owing to the
deterioration of the switch virtual interface (SVI) and other factors in the later stage, the
phosphorous removal performance of the microalgae does not improve with the increase
in hydraulic retention time [41]. Similarly, the optimum hydraulic retention time in the
high-level algae pond also occurs on the sixth day when the bacteria and algae system is
used to treat sewage [42].

The short HRT means that ammonia nitrogen ions in steam pools used for wastewater
treatment cannot be fully nitrified [43–45]. By separating HRT and sludge retention times
(SRT), a next-generation anaerobic–aerobic algal bioreactor was developed to solve the
problem of inadequate HRT [44–46]. Toledo-Cervantes et al. [45] used a new form of
photobioreactor involving hypoxia–aerobic algae to investigate the removal of phosphorus
in water under varying hydraulic retention periods. Their findings revealed that when the
HRT of the bioreactor decreased from 4 to 2 days, the removal rate of P-PO4

3− decreased
from about 22% to approximately 11%. A schematic diagram of the photobioreactor
involving anoxic–aerobic algae–bacteria is shown in Figure 3. Similarly, when a mixed-
culture microalgae membrane bioreactor was used to treat secondary wastewater from
municipal wastewater, the optimal retention time was decreased to 1 day [39]. In general,
the optimum hydraulic retention time for the removal of phosphorus by microalgae is
approximately 6 days. By enhancing the treatment technology, such as the selection of a
suitable bioreactor, the hydraulic retention time can be reduced, along with the running
and repair costs of the treatment.
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Figure 3. Schematic diagram of anoxic–aerobic algae–bacteria photobioreactor [45]. SWW: secondary
wastewater; HRAP: open photobioreactor.

3.2. The Ratio of Nitrogen to Phosphorus

Nitrogen and phosphorus are important urban wastewater elimination indices, as
well as important microalgae nutrient sources. An appropriate N/P ratio provides a
good growth environment for microalgae and increases the phosphorous removal perfor-
mance of the microalgae. The optimal N/P ratio range for microalgae development in
freshwater ranges is 6.8 to 10 [47]. In the photobioreactor method, when microalgae are
used to treat urban wastewater, the optimum N/P ratio range for the elimination of total
phosphorus is 5–30 [48].

Molazadeh et al. [49] performed post-screening, biological treatment, and disinfection
treatment of wastewater drained from sedimentation tanks of urban wastewater treatment
plants. They controlled the N/P ratio and CO2 concentration through the injection of
potassium dihydrogen phosphate and used a high CO2 concentration. The analyses
showed that Chlorella vulgaris demonstrated strong potential to remove phosphorus under
all concentrations of CO2 and N/P, exhibiting a removal range of 70.0–96.0%. Under
conditions with 16% CO2 and a ratio of 10:1 N:P, algae biomass was the highest, with
an increase in lipid productivity, which makes a powerful contribution to the eventual
recovery of microalgae for biofuel [49]. To summarize, the reduction of total phosphorus
from urban wastewater by microalgae is not only related to the required N/P ratio but is
also directly proportional to the biomass of the microalgae [48]; however, as microalgae
process urban waste, the feedbacks between the N/P ratio, the concentration of CO2 in the
water body, and the regulation of the optimum concentration remain unclear [49].

3.3. Carbon Dioxide Concentration

Carbon is the most fundamental component of living things. When microalgae are
used to treat urban waste, the source of carbon comes not only from sewage but also
from CO2 in the air. Shanshan Ma [50] added 10% CO2 mixed gas to unsterilized sewage
to support Tetradesmus obliquus PF3 for the treatment of sewage and nutrient recovery.
Compared to the addition of air, sewage with 10% CO2 added shows greater TP (99 ± 0%)
removal performance under unsterilized conditions. This is due to the increased supply
of carbon and the high concentration of CO2 changing the pH to an optimal growth
range (6.8–7.8) [50]. Chaudhary et al. [51] used Chlorella ATCC13482 for the treatment of
urban wastewater in bubble column photobioreactors at a volume of 7 liters. The findings
revealed that the rate of microalgae orthophosphate elimination with 5% CO2 air was as
high as 92.8%.

Increasing CO2 concentrations not only enhances phosphorous reduction by the
microalgae but also increases the biomass of the microalgae. The higher the biomass of the
microalgae, the higher the phosphorous removal performance [48]. Studies have shown
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that in the case of Nannochloropsis sp., where the concentration of CO2 was 15%, the biomass
of the microalgae and intracellular lipids was dramatically increased [52]. In general, high
CO2 concentrations not only boost the phosphorous removal performance of microalgae
but also improve the lipid content of microalgae cells and increase the recovery value of
the microalgae.

3.4. Species of Microalgae

The optimal growth conditions for each microalgae species are different, such that
suitable algae species are chosen for different initial concentrations of urban waste in order
to achieve the maximum benefit of phosphorous elimination; however, in experimental or
practical applications, a single type of algae is rarely used to treat municipal wastewater.

By using mixed microalgae for the treatment of municipal wastewater, dominant
algae species can be chosen on the basis of the sewage characteristics. For example, Toledo-
Cervantes et al. [45] increased the rate of phosphate elimination from a water body from
about 10% to around 50% by reducing the C/N ratio from 9 to 7. At the same time, Chlorella
vulgaris, the dominant species of algae, was eventually replaced by Phormidium sp. [45].
This type of research approach can reliably and efficiently find appropriate microalgae
for certain sewage treatment plants by screening the dominant algae species and adding
mixed microalgae for realistic conditions.

More studies have shown that relative to single algae species in wastewater treatment,
there is a cooperative or competitive partnership between mixed algae species, resulting in
biodiversity and making the treatment system more stable and efficient. Paches et al. [53]
performed batch and mixed cultures for four types of microalgae using anaerobic mem-
brane bioreactors. Their findings showed that the mixed microalgae culture could increase
the rate of phosphorous removal and the productivity of water by letting the species
compete with each other [53]. Devi et al. [54] also revealed through their research that
mixed microalgae showed a high degree of phosphorous elimination in wastewater and
concluded that using mixed cultures was one of the better methods to handle municipal
wastewater and other low-toxicity wastewater.

3.5. Different Municipal Wastewater Treatment Technologies

In a city sewage treatment facility, the municipal wastewater can be separated into
three levels based on the extent of treatment, ranging from primary wastewater treatment,
where the wastewater has not yet been deeply treated, up to tertiary wastewater treatment,
in which the wastewater is at the final cleaning process. Although primary wastewater
exhibits several negative factors, such as high optical density (OD) and bacterial contami-
nation, the concentration of nutrient species in primary wastewater is much higher than
in other wastewater treatment levels, making it more favorable for microalgae develop-
ment [50,55]. Secondary wastewater is partially treated and most of the nitrogen at this
stage is available as nitrate due to nitrification. This is a negative factor for microalgae, as
microalgae preferentially absorb nitrogen in the form of ammonia [50]. Bellucci et al. [56]
used microalgae to treat secondary wastewater and evaluated the combined function of
microalgae as a disinfectant and nutrient remover. Their findings revealed that the microal-
gae contributed to an E. coli count equal to that of standard ultraviolet therapy in the batch
disinfection test, and that the count was smaller than that of light experiments without
microalgae. The E. coli population decreased by an order of magnitude in subsequent con-
tinuous studies. The rate of elimination of total phosphorus in the secondary wastewater
was 100%. In addition to the level of municipal wastewater treatment, the forms of munici-
pal wastewater can also be categorized according to the special new wastewater created by
the treatment process. Various processes and techniques are used to treat different forms of
wastewater with microalgae, as shown in Table 2.

Anaerobic digestion is a mechanism that converts polluted waste to energy materials;
however, this method volatilizes harmful gasses such as high-viscosity, high-moderation,
and highly volatile fatty acids. In addition, these reactive compounds are also poisonous
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to plants and microalgae. Products from untreated anaerobic digests cannot, therefore, be
released immediately into nature [57]. The immediate discharge of untreated anaerobic
digestive fluid into bodies of water can cause eutrophication [57]. The integrated technology
of using microalgae to treat digested products is a technology that can offer economic gains,
while also being environmentally sustainable [58]. In regards to the uptake of nitrogen and
phosphate from wastewater, algae have demonstrated higher removal efficiency than other
microorganisms [59]. Ermis et al. [60] used an experimental batch sequencing device to
investigate the use of mixed microalgae in the treatment of anaerobic liquor digestion. The
digestive juice was diluted to 2%, 5%, 7%, and 10%, so that the original concentrations of
ammonia nitrogen and phosphate in the digestive juice were regulated at 18.6–87.1 mg L−1

and 1.85–6.88 mg L−1, respectively. It was found that the absorption of nitrogen by mixed
microalgae was 10 times greater than that of phosphorus. Based on a biokinetic coefficient
of the phosphorus measurements, the reaction rate coefficient was 0.21 mg PO4-P mg−1 chl
a day−1 and the saturation constant was 2.94 mg L−1, with a yield coefficient of 5.03 mg
chl a mg−1 PO4-P.

The main goal of treating eutrophic water bodies is to remove organic and inorganic
compounds from the wastewater. Nitrogen and phosphorus, however, are not readily
eliminated [61]. The utilization of photosynthetic–autotrophic digestion by microalgae
means that CO2 or inorganic carbon in the water or air can be used as a carbon source
and source of energy. Autotrophic microalgae release extracellular organic matter (EOM)
that converts inorganic carbon to organic carbon, increasing the concentration of organic
carbon in the water [62]. While microalgae do not specifically remove organic matter
from eutrophic water sources, they can be mixed with bacteria and other heterotrophic
microorganisms to treat bodies of water with high amounts of organic matter; this specific
topic will be detailed in the next chapter.

Sludge ozone technology can not only degrade several refractory organic compounds
so that the production of the sludge can be decreased to 50–100%, but no harmful by-
products are generated during the application of this technology [63,64]; however, owing to
the high concentrations of nitrogen, ammonia, COD, and heavy metals in the excess ozone
sludge, an additional burden is placed on the sewage treatment plant, which decreases
the effectiveness of the sewage treatment [64–68]. Lei et al. verified the possibility of
growing algae in sludge-concentrated wastewater ozone. While generating biomass, the
microalgae can also extract nutrients from the water [64]. Their findings revealed that the
bacteria–algae system had greater elimination effects in terms of total phosphorus removal
than the pure microalgae system, with the systems showing 93% and 53.9% elimination
effectiveness, respectively.

 

Figure 4. Schematic diagram of the MBR-MPBR experimental setup [72].
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4. Research Status Analysis of Phosphorus Removal from Municipal
Wastewater by Microalgae

4.1. Symbiotic Systems of Bacteria and Algae

The treatment of wastewater by pure microalgae is usually limited to laboratory con-
ditions, while sterile water is difficult to find in sewage treatment plants. Microalgae often
work with endophytic bacteria to purify the wastewater [76]. There are high concentrations
of activated sludge in some urban sewage treatment plants. Urban sewage provides a
culture substrate for microalgae, which can reduce the high costs associated with microalgal
artificial culture medium. Cultures of microalgae can also be mixed with heterotrophic
microorganisms in activated sludge to meet the sustainability requirements for urban
sewage purification [77]. Bacteria and algae can form a good symbiotic relationship [78],
enhancing the effects of the microalgae in the purification of urban sewage. For the treat-
ment of municipal wastewater and industrial wastewater, there is a trend of combining
selected algal and bacterial species [79,80]. For example, a culture made up of C. vulgaris
and P. putida can remove organic matter and other nutrients and shows good performance
in synthetic municipal wastewater [81,82]. Lananan et al. [83] co-cultured Chlorella and
effective microorganisms (EM-1), and their findings revealed that this mix could extract
99.15% of the total phosphorus from domestic sewage. Qing et al. [69] screened Klebsiella
from activated sludge and treated municipal wastewater with C. pyrenoidosis. Their find-
ings revealed that the phosphorous microbe not only boosted the phosphorous absorption
performance of the microalgae (up to 3.05 mg/L), helping to regulate the total phosphorous
concentration in the water to 0.46 mg/L, but also increased the lipid yield and the average
productivity of the microalgae (90.1% and 13.6%, respectively).

4.2. Adding Metal Compounds

Magnesium ions (Mg2+) are some of the most essential components for microalgae pho-
tosynthesis. P in wastewater can be removed by trimagnesium diphosphate (Mg3(PO4)2)
and MgNH4PO4 precipitation with other ions such as NH4

+-N and Mg2+. The assimi-
lation of PO4

3−-P could be hindered to some degree under Mg2+ deficiency [54,84–87].
Studies have shown that the development of C. vulgaris is inhibited in media without
Mg2+, whereas microalgae grown in media with Mg2+ are four times more productive
than the blank group [88,89]. The concentration of Mg2+ has a significant influence on the
metabolism of microalgae in urban wastewater treatment [59]. Nickel laterite ore wastewa-
ter (NLOWW) provided by the hydrometallurgical recovery of the nickel contains high
concentrations of Mg2+ in the range of 20–40 g L−1 [74]. Conventional NLOWW treatment
for recovery of Mg2+ consists of a series of integrated chemical–physical processes requiring
investment in equipment and chemicals that are energy intensive and produce solid waste
requiring further treatment [90]. Chen et al. [74] mixed urban and lateral nickel ore wastew-
ater to cultivate C. sorokiniana. Their findings showed that the growth of microalgae cells in
a culture without nickel laterite ore wastewater was slower and had a low biomass yield,
whereas the microalgae biomass production rate in mixed wastewater containing nickel
laterite ore increased by 1.89 times, the photosynthetic activity (Fv/Fm value) increased by
3.77 times, and the phosphorus removal rate increased by 39.3%; however, for 100% nickel
laterite ore wastewater, excess Mg2+ can contain high amounts of reactive oxygen species,
which inhibit the growth of microalgae.

As an essential micronutrient for the growth of algae, iron ions also play an important
role in the physiological synthesis and enzymatic reactions of algae. Iron can coordinate
active oxygen in algal cells and take part in electron transport, enzyme reactions, photosyn-
thesis and respiration, and the synthesis of proteins and nucleic acids, and can promote the
metabolism and absorption of nutrients [91,92]. As mentioned earlier, phosphorus is an
important nutrient for synthesizing cell proteins and nucleic acids. Qiu et al. [93] compared
the effects of various forms of iron on the growth of Anabaena flos-aquae, and the results
revealed that ferric ammonium citrate, EDTA-Fe, iron ions, and ferric oxalate are the forms
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of iron that can stimulate the development of microalgae. When the iron concentration
was regulated in the range of 0.1 mg L−1 to 0.8 mg L−1, the impact of the iron type on
microalgae growth was still greater than that of the iron concentration.

4.3. Biofilm Technology

In the 21st century, several wastewater treatment plants in the United States found that
combining mobile bed bioreactor and fixed-membrane-activated sludge technologies not
only enhanced the wastewater nitrification technology but also reduced the footprint of the
facilities [70,94]. The integrated fixed-membrane-activated sludge process is an innovative
biological wastewater treatment process that incorporates biofilm carriers into conventional
activated sludge to eliminate nitrifiers, resulting in an improved retention time for the
heterotrophic bacteria [70]. The nitrifying bacteria can be applied to the biofilm without
being affected by the washing of the nitrifying agent, while the biological nitrogen can be
eliminated by the nitrifying reaction [70]. Compared to the moving bed bioreactors (MBBR)
system, the Integrated Fixed-Film Activated Sludge (IFAS) system can decouple the SRT
of nitrifiers and polyphosphate bioaccumulators (PAO) by maximizing the elimination
performance of biological nitrogen and phosphorus [70].

Jared Church et al. [70] incorporated microalgae into an optimized fixed-membrane-
activated sludge configuration for photooxygenation and examined the symbiotic reactions
of microalgae and bacteria to suspended matter and IFAS biofilms. In sequential batch
mode, the microalgae were combined with the IFAS method to remove 51% of the phospho-
rus without mechanical aeration. This study also showed that the addition of microalgae
to the IFAS system modified the metabolic function of multiple bacterial populations. This
study was not only desirable for the reduction of phosphorus in water sources, but it
also offers new research ideas for the improvement of various water bodies, the use of
microalgae–IFAS technologies to modify the behavior of bacterial species, and the evolution
of water quality.

Abeysiriwardana-Arachchige et al. [75] suggested a research approach for the treat-
ment and recovery of wastewater based on algae (STaRR). Their findings revealed that
the STARR device had a recovery output of 71.6% of nutrient phosphorus and that the
removal of phosphorus per unit of energy consumption was calculated to be 0.1 g/kJ.
This indicates that the STaRR system could be a green alternative for water treatment and
nutrient recovery.

Anaerobic membrane bioreactor technology has the benefits of absorbing less energy
and producing less sludge relative to more conventional aerobic systems, while still pro-
ducing biomethane.; however, inorganic contaminants such as nitrogen and phosphorus
cannot be removed from anaerobic reactors. Other nitrogen-containing compounds convert
ammonia, which increases the concentration of ammonia in the water, one of the major
microalgae nutrients [53,95,96]. Microalgae, thus, play an important role in the produc-
tion of this system. Microalgae demonstrate good growth conditions in 5–30% nitrified
digestion solutions combined with municipal wastewater. For example, the addition of
a 10% nitrification solution for digestion in a two-stage bacterial-microalgal phase can
eliminate 77% of the phosphate. Under the same conditions, the continuous use of a
microalgae-based photobioreactor (MPBR) membrane will extract more than 99% of the
phosphate [72].

4.4. Recovery Technology

From an economic and sustainable development point of view, the recovery of microal-
gae is a significant link in the treatment of wastewater by microalgae [97,98]. Currently,
more mainstream approaches for the recovery of microalgae include centrifugation, filtra-
tion, sedimentation by gravity, and flocculation [98,99]. In addition, flocculant recovery
technology and immobilized recovery technology are used.
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4.4.1. Flocculant Recovery Technology

Microalgae can also be flocculated and retrieved by inorganic coagulants, such as
aluminum sulfate or ferric chloride, polymeric flocculants, mixtures of the two components,
or by using automated chemical flocculation methods such as pH modification [100–102].
Mennaa et al. [73] researched the continuous activity of the BCPBR (bubble column photo-
bioreactor) using a flocculation–precipitation system to examine the effects of phosphorous
removal and recovery of natural microalgae plants in urban wastewater. Their findings
showed that continuous-mode experiments extract up to 99% of the total dissolved phos-
phorus without controlling the volume of CO2 or regulating pH. PAC, Fe2(SO4)3, and
Al2(SO4)3 were found to have positive effects on the recovery of microalgae; however, the
addition of a flocculant not only increases the cost, but also may cause other pollution to
the water body, reducing the sustainability of urban sewage.

4.4.2. Immobilized Recovery Technology

Compared with flocculant recovery technology, immobilized recovery technology can
avoid secondary water pollution and increase the possibility of the sustainable develop-
ment of urban sewage. The elimination of sewage from suspended algae systems can result
in a low concentration of algae in the reactors, resulting in a reduction in the treatment
rate [33,103,104]. The use of alginate beads to immobilize microalgae cells helps to retain a
high concentration of microalgae in the reactor, which can easily remove nutrients from the
water body, while the hydraulic retention period is less than 12 h [80,105]. Immobilized
microalgae beads can settle rapidly to promote screening and regeneration, and these beads
can be used directly as fertilizer or biomethane production after digestion [106–108]. In ad-
dition, beads produced by immobilized microalgae can also shield the culture from harmful
contaminants in wastewater [109]. Kube [110] demonstrated that different concentrations
of nitrogen and phosphorus can influence the absorption of phosphorus by Chlorella and
that the immobilization of microalgae does not hinder the rate or ratio of nitrogen and
phosphorous absorption. In addition, cell immobilization and co-cultivation of Bacillus
vulgaris and P. brasiliensis can boost the removal rates of ammonia and phosphorus [111].

Katam et al. [71] used mixed microalgae to investigate the removal efficiency of carbon
and nutrients in the treatment of real wastewater in an activated sludge reactor and set up
two separate treatment systems for the simultaneous treatment of domestic wastewater.
Their findings revealed that the total phosphorus removal performance of the immobilized
microalgae system was as high as 93%, which was higher than the suspended activated
sludge system. In addition, the microalgae developed higher lipid and carbon contents
than the suspended activated sludge solution in the immobilized microalgae system.

4.5. Other Improved Technologies

Photobioreactors used to grow microalgae also have a major effect on the treatment
of urban wastewater by microalgae. For example, relative to other reactors, BPBR has
the advantages of high heat and mass transfer speeds, compact construction, and low
operational and maintenance costs. Since the reactor has a higher surface-to-volume ratio,
good mixability, lower shear stress, high scalability potential, simple sterilization, low
emissions, and decreased photoinhibition, it can better monitor the growth parameters
(such as temperature) of photooxidation [112].

The microalgal elimination of phosphorus can also be improved via genome building.
Guerra-Renteria et al. [113] developed a genome-scale biochemical reaction network for
the co-cultivation of Chlorella spp. and Pseudomonas aeruginosa bacteria using a metabolic
pathway analysis (MPA). This analysis considers the metabolic ability of co-cultivation
and determines the best conditions for the removal of nutrients. The theoretical phos-
phorous removal yield under photoheterotrophic conditions was determined as follows:
0.042 mmol of PO4

3– per g DW of C. vulgaris, 19.43 mmol of phosphorus (Pi) per g DW of
C. vulgaris, and 4.90 mmol of phosphorus (Pi) per g DW of P. aeruginosa. These theoretical
yields are important because they can help in the design of biological systems and in
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the understanding of the theoretical requirements of oxygen and carbon dioxide in order
to achieve maximum nutrient absorption. In this system, other by-products containing
nitrogen or phosphorus may not even be formed, and all nutrient absorption is directed
toward the growth of microalgae and bacteria [113].

5. Conclusions and Perspectives

While microalgae-based technologies provide a sustainable alternative for the removal
of phosphorus from urban wastewater, the substitution of conventional water treatment
technologies remains a major challenge. In this paper, we present the microalgae culture
methods and the microalgae dephosphorization process. In addition, considerations influ-
encing the elimination of microalgae phosphorus in urban water include traditional factors,
but also the species characteristics of the microalgae and urban sewage types. This study,
however, cannot completely summarize all of the factors influencing the dephosphoriza-
tion of microalgae. It is necessary to further study the mechanisms and factors impacting
microalgae dephosphorization from a microscopic perspective.

The study of phosphorous removal by microalgae showed that microalgae were often
combined with other municipal wastewater treatment systems. Symbiotic relationships
between bacteria and microalgae are common in municipal wastewater treatment plants.
Biofilm has commonly been used in the treatment of sewage in the 21st century, and
its combination with microalgae has encouraged the elimination of phosphorus from
wastewater. While the microalgae biomass may be improved and phosphorous removal
efficiency may be increased by increasing the concentrations of magnesium and iron ions
in water, the mechanism for the removal of phosphorus by the inclusion of certain metals
is less studied. In addition, certain metal nanomaterials have good adsorption and other
characteristics, although the study of metal nanomaterials on microalgae is still lacking.
This study also shows that immobilized microalgae technology can not only solve the
problems of microalgae recycling and urban sewage sustainability, but can also improve
the efficiency of phosphorus removal. This immobilization technology also offers a research
concept to solve secondary contamination caused by the addition of metal ions to support
the growth of microalgae.
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Abstract: Processes to remove and inactivate Escherichia coli from wastewater effluents and drainage
are complex and interrelated. The objective of this study was to determine if irrigation of undis-
infected wastewater effluents in the winter moves bacteria to surface water through subsurface
drainage, posing a public health risk. The central Ohio study site, an open meadow constructed in the
1970s, is irrigated with lagoon effluents each summer. The irrigated area has subsurface drainage that
collects for discharge in one spot. Undisinfected wastewater from a stabilization pond was irrigated
for the first time in the winter of 2013/2014. E. coli was measured in the subsurface discharge during
the irrigated winter season and compared to the non-irrigated previous winter season. Soil temper-
ature and moisture were also monitored. E. coli moved to subsurface drains when the water table
was above the drain. E. coli also moved to subsurface drains when the shallow soil temperature
dropped to near freezing. With less winter sunlight and minimal evapotranspiration, the soil stayed
moist near field capacity. Temperature appears to be the most important factor in limiting natural
inactivation in subsurface soil and allowing the movement of E. coli in undisinfected wastewater
effluents to the subsurface drainage systems. The results show that winter reuse of undisinfected
wastewater does pose a public health risk to surface water through subsurface drainage. Therefore,
disinfection of wastewater effluents used for irrigation is strongly recommended.

Keywords: Escherichia coli; groundwater; land application; public health; reuse; soil moisture; soil
temperature; subsurface drainage; wastewater

1. Introduction

Land application of wastewater has increased since the amendments to the Federal
Water Pollution Act of 1972 set the goal to eliminate the discharge of pollutants to navigable
waters. This reuse of wastewater protects surface waters from fecal, chemical, and physical
pollution; enriches the soil with organic matter; and recycles inorganic nutrients. Wastew-
ater reuse through irrigation saves water and reduces treatment costs, waste hazards,
and health risk in the environment. Due to the presence of human pathogens, irrigation
practices have severe limitations if reclaimed wastewater is used for food crops because of
food safety and food-borne illnesses.

Pathogenic microorganisms are considered one of the highest risk factors for surface
water quality and human health [1] because of direct and indirect exposures to potential
pathogens in wastewater. Reclaimed water produced from domestic wastewater contains
many bacterial, viral, and parasitic human pathogens. One goal in wastewater treatment is
to reduce the disease-causing agents to acceptable levels. In drinking water, the number of

Sustainability 2021, 13, 9594. https://doi.org/10.3390/su13179594 https://www.mdpi.com/journal/sustainability276
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total coliforms should be <1/100 mL. The most commonly used fecal bacterial indicator,
Escherichia coli, indicates the presence of fecal contamination from sewage, animal manure,
or wildlife.

Water from precipitation and irrigation moves into the soil where some will run
off or evaporate and some is used by plants through evapotranspiration as a part of
the hydrologic cycle. The remaining water can infiltrate the soil until it reaches field
capacity, which is the water remaining after the soil drains freely. The excess water usually
drains away into groundwater in one to two days [2]. The drainage rate is governed by
the soil texture. Silt loam and silty clay loam soils are rated as moderately permeable.
The movement of water through the soil slows down in cold temperatures as the viscosity
of water increases [3].

The pathway for water movement is built by macropores in soil [4]. Macropore flow
can significantly reduce the retention time of bacteria and viruses in soil, thus resulting in
the contamination of groundwater. Smith and others [4] concluded that any soil type with
macrospores that receives enough water to saturate the pores has the potential to transport
bacteria vertically. Macropores can be formed by earthworms. Williams and others [5]
monitored a contaminated soil subjected to earthworm digestion over 21 days. They found
that anecic earthworms such as Lumbricus terrestris significantly aided vertical movement
of E. coli in soil, whereas epigeic earthworms such as Dendrobaena veneta significantly aided
the lateral movement within the soil.

To prevent groundwater from being contaminated by pathogenic microorganisms
in reclaimed water, soil absorption processes are necessary. Because bacteria and viruses
have an electrical charge, they can be immobilized as they are adsorbed by soil parti-
cles [6]. The retention and reduction of bacterial numbers in soil are complicated processes
that involve soil entrapment, nutrients, temperature, moisture content, soil compaction,
clay minerals, humic fraction, and toxic components.

Soil must be deep enough and unsaturated to filter pathogens from treated wastewater.
It has been reported [7–9] that 0.6 to 1.2 m of unsaturated soil below an on-site wastewater
treatment system is sufficient to remove most bacteria and viruses. The main bacterial
removal mechanisms as wastewater moves through unsaturated soil are filtration and
retention. Bacterial in the size range from 0.2 to 5 μm are entrapped if the soil pores are
smaller than this range. The movement of E. coli in soil columns decreases with increasing
dry bulk density. Specifically, the presence of macropores and degree of compaction impact
the transportation of E. coli [10,11].

Temperature impacts the survival of E. coli in the soil environment. The highest
survival of E. coli is in the coldest soils [12–14]. Biotic factors affect E. coli survival in the
soil. Die-off rates of E. coli have been shown to be rapid in native soils as compared to
pre-sterilized soils. Predation and competition in native soil and wastewater influence
E. coli survival [12,15]. Indigenous soil microbes can have adverse effects on E. coli due to
predation and more favorable growth conditions. Sunlight facilitates coliform inactivation
on soil surfaces more in the summer than in the winter [13,16].

In general, E. coli can potentially move through the soil to groundwater or subsurface
drains under wet, cold, and dark winter conditions. Thus, the goal of this study was to
examine E. coli movement in reuse of reclaimed wastewater scenarios during winter condi-
tions. The specific objective was to determine if winter reuse of undisinfected wastewater
moves bacteria to groundwater or surface water through subsurface drainage, thus posing
a public health risk. E. coli vertical movement was examined in relation to soil temperature,
moisture, and depth of saturation at the study site.

2. Materials and Methods

The study site is located within the Deer Creek State Park, which lies on the eastern
edge of a till plain in south central Ohio (39.6301◦ N, 83.2510◦ W). This region is mainly
woodland, and the wastewater treatment plant and irrigation field are in an open meadow
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area. The system was designed and constructed by the U.S. Army Corps of Engineers in
the 1970s.

The wastewater comes from the visitor lodge and cabins, campgrounds, and a golf
course. A bar screen serves as the pre-treatment system to remove large solids before
discharge into a sewage lagoon (stabilization pond) that provides secondary treatment to
remove suspended solids, organic matter, and microorganisms. A holding pond follows
the sewage lagoon and wastewater is pumped from there to the spray irrigation field.
A chlorination facility is positioned between the treatment lagoon and the holding pond,
but the chlorinator was not in use during the study period. The wastewater treatment
and irrigation system are outlined in Figure 1. The sewage lagoon is designed to operate
between the depths of 0.9 m to 1.5 m by a decanting device. The lagoon hydraulic retention
time ranges from 73 to 61 days. The retention time of the holding pond is no more than
28 days [17].

Figure 1. Wastewater treatment system and sampling locations (not to scale). The circles indicate
sampling points: A is the sampling location for wastewater, B for subsurface runoff, C for ground-
water depth and groundwater samples, D for surface runoff, E for soil moisture and temperature
sensors. E and F are the locations of soil samples (scheme taken from [17]).

The spray field is a mowed, grass meadow to the east of the lagoon system. This 48,562 m2

spray field is equipped with 16 lines each having 14 sprayers on 45 cm risers equipped with
impact drive sprinklers (Rain Bird 29B-TNT, Rain Bird Corp., Azura, AZ, USA). The system is
divided into four irrigation zones with 12,141 m2 tracts. The irrigation changes from zone to
zone at 15-min intervals.

2.1. Sampling Locations and Sample Collection Methods

The sampling locations are shown in Figure 1. Samples were collected at the holding
pond (sampling site A) and from the subsurface drain outlet (site B). Soil moisture sensors
(Decagon EC-5 sensors coupled with Em50 data loggers, ICT International, Armidale,
Australia) and temperature sensors (HOBO TMC20-HD sensors coupled with HOBO
U-series 4-channel dataloggers Onset, Bourne, MA, USA) were installed in the spray field.

Groundwater samples and depths were measured in a monitoring well (site C),
and surface runoff was sampled at a collection weir (site D). Samples were placed in
sterile Nasco Whirl-Pak® (Madison, WI, USA) sampling bags with the volume of ~800 mL
and stored on ice in a dark cooler for testing within 2 h. The study site was less than a
45-min drive from the lab.
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Irrigation water samples were collected directly from the holding pond (Figure 1A)
and in metal pans placed in the irrigation field. Three 33 cm × 23 cm stainless pans were
used to collect wastewater samples distributed in the field. Wastewater samples from the
holding pond were collected with a graduated dipper with a handle length of 30 cm and
500 mL bowl. Water and wastewater samples were collected at the time of irrigation.

2.2. Sample Analysis Methods

Water samples were tested for E. coli by membrane filtration method (USEPA Method
1103.1). Water samples of 100 mL were filtered through sterile filter membranes (47 mm
diameter and 0.45 μm pore size), and the membranes were transferred to a modified m-TEC
media. The plates were incubated for 2 h at 35 ◦C followed by 22 h at 44.5 ◦C. Magenta
colored colonies were counted as E. coli and the colony counts were converted to colony
forming units (CFU) per 100 mL original sample.

The soil survey for the area was conducted by USDA and is published on the Web
Soil Survey system [18]. The area includes three soil series, Miamian-Lewisburg (MIB) silt
loams, Crosby (CrA) silt loam, and Kokomo (Ko) silty clay loam. Table 1 shows the series
and properties of soil. The loamy soils are expected to retain at most 0.35 m3 water/m3 soil.

Table 1. Soil series in Deer Creek State Park, Ohio irrigation field.

Map Unit Symbol Map Unit Name Hectares

CrA Crosby silt loam, 0 to 2 percent slope 2.7
Ko Kokomo silty clay loam, 0 to 2 percent slope 0.6

MlB Miamian-Lewisburg silt loams, 2 to 6 percent slope 4.7

2.3. Soil Conditions

Soil temperature and moisture sensors were installed in March 2013 to conduct year-
long monitoring of the soil conditions. The soil sensors were placed at depths of 15, 30, 46,
and 61 cm.

Daily climatology data including maximum and minimum air temperatures and
precipitation were retrieved from NOAA National Climatic Data Center [19] at Circleville,
OH, USA located 34.8 km (21.6 miles) southeast of the park.

To monitor performance of the irrigation system, the US Army Corp of Engineers
installed groundwater monitoring wells. The monitoring well, with 15 cm diameter and
4.3 m depth, was located 15 m outside of the irrigation field. The depth of groundwater
was measured by 101 P7 Water Level Meter (Solinst©, Georgetown, ON, Canada).

The subsurface drainage system under the entire field was installed with 32 PVC
perforated pipes, 15 cm diameter and 186 m length, and installed a depth of 76 to 107 cm.
All subsurface drainage pipes discharged to a central flume for sample collection (sampling
site B).

To test for trends in soil conditions changing with time the daily means of the temper-
atures and soil moisture were compared using a two tailed paired t-test.

3. Results

Lagoon-treated wastewater was irrigated at the Deer Creek State Park on an open,
flat meadow site. No wastewater was irrigated December 2012 through March 2013 winter
season, and this period served as a control. Winter irrigation started on 23 October 2013
and continued through 22 March 2014. Beginning in the 1970s, wastewater was irrigated
only during the summer because of concerns over equipment failure due to freezing in the
winter. For this project, wastewater was irrigated during the winter of 2014 for the first
time and equipment failures were not experienced.

The counts of E. coli in subsurface drainage water during the winters of 2013 and
2014 are shown Tables 2 and 3. When sprayed through the air and onto the plant surfaces,
the E. coli in wastewater is exposed to sunlight as a natural inactivation process. During
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daytime irrigation cycles, spray irrigation effluent was collected in sterilized metal pans
for 2 to 3 h and tested for E. coli. The wastewater in pan exposed to 2 to 3 h of sunlight
experienced up to 3-log E. coli reductions (Table 4).

Table 2. Winter control E. coli counts in subsurface drainage. The drain depth ranged from 76 to 107 cm. (Gray cells show
groundwater depth above the drain).

Date (m/d/y)
Depth of Precipitation 3 d before

Sampling (cm) (3 d/2 d/1 d) a Depth to Groundwater (m)
E. coli in Subsurface

Drainage (CFU/100 mL)

2/7/13 1.27/0.23/Trace 0.95 10
2/12/13 0.00/0.00/0.25 1.10 10
2/20/13 Trace/0.00/0.18 1.03 <2
2/28/13 0.00/0.00/1.12 1.20 <2
3/5/13 0.03/0.03/0.00 1.30 <2

3/13/13 0.00/0.03/0.51 1.70 <2
a Three days, two days, and one day before the sampling.

Table 3. Winter irrigated field E. coli counts in subsurface drainage. The drain depth ranged from 76 to 107 cm. (Gray cells
show groundwater depth above the drain).

Date (m/d/y)
Wastewater E. coli

(CFU/100 mL)
Depth to

Groundwater (m)
Soil Temperature

at 15 cm (◦C)
Soil Temperature

at 60 cm (◦C)
E. coli in Subsurface

Drainage (CFU/100 mL)

10/23/13 55 2.3 11 14 <2
1/12/14 3 0.88 1.3 3.7 23
2/16/14 1.0 × 103 1.50 0.7 2.9 <2
2/22/14 7.9 × 103 1.60 0.9 2.4 1.1 × 102

3/5/14 7.8 × 103 0.70 0.2 2.7 3.3 × 102

3/11/14 <2 1.60 2 2.6 <2
3/22/14 9.0 1.40 4 4 <2

Table 4. E. coli counts in water samples collected in daytime with the metal pan exposed to sunlight.

Date (m/d/y) E. coli in Wastewater (CFU/100 mL) E. coli in Pan after 2 to 3 h (CFU/100 mL)

2/16/14 1.0 × 103 <2
2/22/14 7.9 × 103 40
3/5/14 7.8 × 103 1

Impact of Soil Conditions on E. coli Removal

During the non-irrigated season (December 2012 to March 2013), E. coli counts were
detected in two out of six subsurface drainage samples. Precipitation events for the non-
irrigated season are shown in Table 2. On 7 February 2013, the water table was within the
depth of the subsurface drainage system and E. coli was detected in the drainage water.
Five days later, as the groundwater dropped below the drainage system, E. coli was still
detected. However, once the groundwater depth stayed below the subsurface drainage
system, even with precipitation, E. coli could not be detected in the subsurface drainage
water, even though the drain continued to flow throughout the winter. With no human
wastewater inputs of E. coli during this time, the fecal source in these two samples during
the non-irrigated period may be wildlife (e.g., deer, racoons, and other animals).

Soil temperature and moisture content were monitored in the irrigation field at Deer
Creek State Park during the winter irrigation season. The temperature and moisture were
measured at four depths before and after the irrigation practices. The data showed an
increasing trend of moisture and temperature with soil depth. The moisture and soil
temperature were significantly positively related (with adjusted R2 value is at least 0.99
and p-value = 0.0016) at the same depth of soil.

The soil moisture increased in response to the application of 4.5–5 cm treated wastew-
ater in the fall (October 23) and in the spring (March 22) (Figure 2). The shallow (15 cm)
soil temperature was 10 ◦C in the fall and after a cold winter rose to 5 ◦C in the spring.
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°

Figure 2. Soil moisture and temperature at four depths in response to irrigation in fall (October 23)
and Spring (March 22). (A) and (C) show soil moisture and temperature in the fall for 10/22 to 10/24,
2013. (B) and (D) show soil moisture and temperature in the spring for 3/21 to 3/22, 2014.

Throughout the winter the shallow soil temperature dropped below 1.5 ◦C and was as
low as 0.3 ◦C during January, February, and the beginning of March. During these winter
months irrigation of 4.5–6 cm of treated wastewater did not change soil moisture at the site
(Figure 3).

Figure 3. Soil moisture at four depths in response to irrigation during winter months (January 11
through March 13). (A) shows soil moisture with depth for 1/11 to 1/14, 2014. (B) shows soil
moisture with depth for 2/15 to 2/18, 2014. (C) shows soil moisture with depth for 2/21 to 2/24,
2014. (D) shows soil moisture with depth for 3/04 to 3/07, 2014. (E) shows soil moisture with depth
for 3/10 to 3/13, 2014.
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With warmer weather and more sunlight in the fall and spring, evapotranspiration
was drying out the surface soil between precipitation and irrigation events. The drier
soil attenuated the movement of wastewater, allowing for natural inactivation of bacteria.
When the shallow soil temperature dropped to near freezing and with less sunlight in
the winter, evapotranspiration was minimal, and the soil stayed moist near field capacity.
The addition of precipitation and irrigated wastewater did not change the soil moisture.
With the soil at field capacity, wastewater drained through the moist soil. With cold soil
temperature (less than 1.5 ◦C) natural inactivation was limited, and E. coli was moved
through the soil to the drainage system.

During the winter irrigation season E. coli was detected three times in the subsurface
drainage (Table 3). Irrigation water applied on the day of the sampling in combination
with precipitation (Table 5) that occurred in the 3 days, washing bacteria to the subsurface
drainage system. Even seven days later E. coli was detected.

Table 5. Precipitation and groundwater table depth and E. coli in wastewater and subsurface drainage during irrigated
season. (Gray cells show groundwater depth above the drain).

Date (m/d/yr)
Depth of Precipitation

3 d before Sampling (cm)
(3 d/2 d/1 d)

Depth of
Irrigated Water

(cm)

Depth to
Groundwater

(m)

Wastewater
E. coli

(CFU/100 mL)

E. coli in
Subsurface Drain

(CFU/100 mL)

10/23/13 0.00/0.00/0.30 5.0 2.3 55 <2
1/12/14 Trace/0.18/1.50 5.0 0.88 3 23
2/16/14 0.00/0.00/0.91 5.0 1.50 1.0 × 103 <2
2/22/14 0.20/0.00/0.89 6.0 1.60 7.9 × 103 1.1 × 102

3/5/14 0.03/0.61/0.00 4.5 0.70 7.8 × 103 3.3 × 102

3/11/14 0.00/0.00/0.00 5.5 1.60 <2 <2
3/22/14 0.00/0.36/Trace 4.5 1.40 9.0 <2

The wastewater irrigated in October and again in January contained very low counts
of E. coli because natural inactivation in the lagoon facilitated die-off. Some E. coli was
detected in the drainage system when the water table rose above the level of the drain.
Starting in mid-February, E. coli counts in the wastewater effluent increased by 3-log
(Table 5). High E. coli counts were initially attenuated, but within a week high numbers of
E. coli were moving through the cold, wet soil to the subsurface drainage system.

By the end of March, soil temperatures were beginning to rise, the groundwater table
had dropped below the level of the drains, and more sunlight was starting to provide
natural inactivation in the wastewater lagoon. E. coli counts in the irrigated wastewater
dropped and were not detected in the subsurface drainage system.

In this field site, E. coli was not detected (<2 CFU/100 mL) in the groundwater, 15 m
away from the irrigation field during the irrigation and non-irrigation season. This finding
indicates that the horizontal movement of bacteria was limited on the relatively flat land.

4. Discussion

In this project, the main goal was to investigate the movement of E. coli in the soil and
infiltration through the unsaturated soil column when treated wastewater was applied on
soil surface. E. coli counts in the reclaimed wastewater were already low due to the natural
die-off processes in the lagoon system, which functioned as a stabilization pond. During
daytime irrigation, E. coli was exposed to sunlight facilitating die-off and the movement
of the remaining E. coli into the soil was very limited. At least a 2-log reduction in E. coli
counts was observed when the wastewater was exposed to sunlight for 2 to 3 h, but the
bacteria infiltrated into the soil relatively quickly, reducing the chance for natural removal.
Standridge [16] concluded that the effect of sunlight on coliform inactivation was most
noticeable in late June, when the bacteria were completely removed from samples after
1–2 h of exposure. While this experiment in the present work was conducted during late
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autumn and winter, when the sun irradiation is not as strong as in June, E. coli numbers
were still somewhat reduced through natural decay.

In the field study, E. coli was not detected in the groundwater, 15 m away from the
irrigation field both in irrigation and non-irrigation season. The Ohio Department of
Health [20] recommendation is supported by this finding that all components of sewage
treatment system should be at least 15 m away from any water supply source.

The irrigation practice of as much as 5 cm over two hours on the soil did not change
soil moisture and temperature conditions substantially at the monitored depths. Irrigation
at this rate, in combination with precipitation, did contribute to saturated soil conditions by
raising the water table in the irrigation field. The irrigation rate of about 2.5 cm/hour at the
Deer Creek State Park is similar to a high intensity rainstorm. Slower and more frequent
irrigation would help to slow the movement of reused wastewater through wet, cold soil.

The low soil temperatures recorded in this study appeared to enhance survival and
movement of E coli. These findings were similar to a microcosm study, where Vidovic and
others [12] looked at E. coli survival in soils at −21, 4 and 22 ◦C. They found the highest
survival of E. coli in the coldest soils. Noble and others [13] examined survival of E. coli
in sewage and stormwater runoff. They found bacteria were inactivated more rapidly at
20 ◦C than at 14 ◦C.

During cold, wet soil conditions E. coli moved through 76 to 107 cm to the subsurface
drain. Peterson and Ward [7] studied the movement of common wastewater bacteria in a
coarse soil that was irrigated with reclaimed wastewater. They found that 60 to 120 cm of
unsaturated soil below an on-site wastewater treatment system was sufficient to remove
most bacteria and viruses in the test soils. Karathanasis and others [8] studied the movement
of fecal coliforms through 30, 45, and 60 cm in undisturbed soil monoliths in the laboratory.
They found movement of bacteria through 30 cm of coarse textured soil and that removal
improved with 60 cm thickness. This study suggests that 60 cm depth is sufficient for E. coli
removal in winter in this meadow system, and summertime irrigation should need less
depth for comparable removal. Regardless of the season, supplemental disinfection should
be practiced.

5. Conclusions

In summary, the outcome of this study can fill the knowledge gap about survival
and movement of potential enteric bacterial pathogens in subsurface soil and ground
water when wastewater is applied on soil during cold and wet conditions. Winter reuse
of undisinfected wastewater does pose a public health risk to surface water through
subsurface drainage. This project went on to help understand how soil conditions impact
E. coli movement in cold, wet soil conditions.

This study investigated the removal of E. coli as a function of the soil temperature,
moisture, and depth of soil saturation. When soil temperature was coldest in February,
the soil remained wet and irrigation practices did not change the soil conditions signifi-
cantly during cold weather when evapotranspiration is limited. As a result, the irrigated
wastewater drained quickly through the wet and cold soil and had lower E. coli removal,
allowing their movement to subsurface drainage.

Wastewater irrigation practices during the winter do not change the soil temperature
and moisture in a short period, but high soil moisture content tends to provide a better
pathway for E. coli movement through the soil. Greater depth to water tables shows higher
E. coli removal efficiency as the unsaturated soil condition enhances natural inactivation
processes. E. coli traveled downward to subsurface drainage in response to winter irrigation,
and the likely driving force of this movement was the presence of macropores combined
with the hydraulic force provided by irrigation water and precipitation.

Temperature appears to be the most important factor in limiting natural inactivation,
allowing the movement of E. coli in wastewater to the subsurface drainage systems. The ir-
rigation of undisinfected wastewater to sites with subsurface drainage is not an appropriate
practice for winter as it provides the opportunity to move E. coli too quickly through the
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soil to allow for natural die-off. To protect public health, treated wastewater should be
disinfected year-round and lower winter irrigation rates should be considered in an effort
to control slow movement of any remaining pathogens through wet, cold soil.
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Abstract: The link between different plastic waste pollutants and their impact on the natural aquatic
environment and food chain remains a constant and growing issue. Bisphenol A (BPA), a known
endocrine disruptor produced in large quantities primarily in the industry of polycarbonate plastics,
can accumulate in vegetal and animal tissue, thus magnifying through trophic levels. In this study
we exposed viable specimens of the aquatic plant Lemna minor under controlled conditions to 50,
100 and 200 ppm BPA levels in order to partially observe the toxic effects of BPA. Colonies ceased to
form during the exposure and chlorosis was present especially in the 100 ppm group. Interestingly
enough, a high density formation of non-fermenting bacteria as well as coliforms was also observed
in the BPA exposed cultures but not in the control groups. The levels of Malondialdehyde (MDA) in
the vegetal tissue indicated cellular insults and severe damage, results that were correlated with the
HPLC BPA determined concentrations of 0.1%, 0.2% and 0.4%.

Keywords: Bisphenol A; BPA; aqueous; ecotoxicity; bacteria; Lemna minor

1. Introduction

Plastic pollution induces an alarming impact on aquatic ecosystems, becoming a severe
issue worldwide. The unprecedented accumulation of growing plastic waste pollutants
in aquatic ecosystems leads to disturbances to ecosystems’ structure and functions [1].
It has been determined that there are chemical additives in the composition of some
microplastics that are known as reproductive toxins, carcinogens and mutagens [2]. These
micropollutants can bioaccumulate in the food chain and the resulting trophic transfer of
microplastics and chemical constituents can have a serious impact on the stability of the
ecosystem [1].

Bisphenol A (BPA), a compound used in the production of polycarbonate plastics
and epoxy resins, has been detected in aquatic ecosystems, with about 100 tons of BPA
being released into the atmosphere annually during production [3]; this does not include
plastic trash or BPA from thermal papers. Evidence of BPA has been discovered in river
and marine sediments in variable concentrations [4,5].

Both vegetal and animal tissues are able to absorb BPA, which has proven to be an
important endocrine disruptor [6,7]. In the case of mammalian systems, BPA can interact
with nuclear receptors, mimicking the action of natural hormones including progestins, es-
trogens, androgens, glucocorticoids, vitamin D3, thyroid and retinoid hormones. Through
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these interactions, BPA can affect the normal function of these receptors even in very low
doses [8]. In vegetal organisms, BPA can accumulate in the tissue, interacting with lipids
and therefore inducing modifications into the cell membrane which can lead to cell damage
and, eventually, to apoptosis [9].

Aquatic floating plants such as Lemna minor have the capacity to accumulate for
the removal of micropollutants. Lemna minor has a wide distribution around the world,
a simple structure and can be easily cultivated. It can double its biomass in two days,
growing faster than most other plants and proving to be an ideal test organism [10,11].

Few studies have explored the effects of BPA on macrophytic plants in aquatic en-
vironments. Adamakis et al. [12] found leaf elongation was impaired and defects in the
cytoskeleton of a seagrass occurred at BPA concentrations that were environmentally rele-
vant. In an industry sponsored study, Mihaich et al. [13] found a significant decrease in
frond density and growth rate in Lemna gibba, but were dismissive of environmental impact.
Lemna was shown to remove BPA from the water [14] due to uptake.

The objective of this paper was to identify the toxicity of BPA in the aquatic plant Lemna
minor, known to be a sensitive test organism to pollutants. Viable specimens of Lemna minor
were studied under controlled conditions to different BPA levels. The toxic effects of BPA
were measured by lipid peroxidation, growth inhibition and the total chlorophyll content.

2. Materials and Methods

2.1. Bisphenol A Aqueous Solution

The protocol used to obtain the experimental Bisphenol A (BPA) aqueous solutions
were performed after Motoyama et al. [15], in which 20, 10 and 5 mg of BPA ≥ 99%
(Sigma-Aldrich, Darmstadt, Germany) were dissolved in 1 mL anhydrous ethanol, then
99 mL of culture water was added. The azeotrope BPA containing solutions were stirred at
600 rpm on a magnetic stirrer hotplate at 25 ◦C for 2 h; due to evaporation each solution
was supplemented with 8 mL of distilled water to reach the total volume of 100 mL. As the
maximum solubility of BPA in water is 200–300 ppm [16], a higher concentration was not
used as it had no fundament.

2.2. Lemna Minor Culturing Conditions

For culturing Lemna minor, 500 mL of lake water was collected and vacuum filtered us-
ing qualitative filter papers grade 202 with 5–8 μm retention (Frisenette, Knebel, Denmark).
The filtered water was then re-filtered with sterile 0.22 μm Polyethersulfone (PES) syringe
filters (Isolab, Schweitenkirchen, Germany) in order to remove fine particles including
bacteria and fungi prior to BPA being added, as stated above. Filtered water without BPA
was used as the control culture media.

Mature, actively growing specimens of Lemna minor were selected, rinsed thoroughly
with distilled water and then enclosed in sterile 400 mL capacity transparent tissue culture
flasks (VWR, Philadelphia, PA, USA), each with 100 mL of the culture water containing
BPA or the control. The specimens were incubated at 25 ◦C under controlled circadian
conditions: 12 h light/12 h dark, where the light was provided by a fluorescent 4000K
white light lamp with 300 lumens intensity. The experiment took place for 1 week at
concentrations of 200, 100 and 50 ppm of BPA.

2.3. Macroscopic Observations

Lemna minor plants were evaluated macroscopically in order to observe budding
formation and possible abnormalities. The culture water turbidity was measured at A600
against a blank, and Eosin Methylene Blue base (EMB base) (Himedia, Mumbai, India)
plates were inoculated with culture water from the BPA experimental groups and control
group. Apart from the control group, a separate group which contained only the culture
water that was kept in the same experimental conditions was also assayed microbiologically.
EMB base is a modification of Levine EMB Agar; without lactose, the peptone serves as a
source of carbon, nitrogen, and other essential growth nutrients while eosin and methylene
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blue dyes differentiate between lactose fermenters and non-fermenters. The chromogenic
media is used for the differentiation of Escherichia coli and Enterobacter aerogenes as well as
for the rapid identification of Candida albicans, and is also recommended for the detection,
enumeration and differentiation of members of the coliform group [17].

2.4. Total Chlorophyll Content Assay

Chlorophyll content was determined by first washing the plants with distilled water
prior to their roots being removed, and then briefly dabbing them dry on paper towels
before weighing [18]. Approximately 300 mg of tissue was kept in 5 mL of anhydrous
ethanol in the dark at 4 ◦C for 24 h. The samples were gently shaken and 1:10 (v/v)
dilutions in anhydrous ethanol were made using the supernatant. A clear ethanol solution
served as the reference blank, and the absorbance of the plant extracts was calculated from
the ratio of the response of the extract solution to the reference blank, according to the
equations: concentration in units of μg/mL of chlorophyll a = 13.70(A665) − 5.76(A649); and
concentration in units of μg/mL of chlorophyll b = 25.8(A649) − 7.60(A665) [19].

2.5. Lipid Peroxidation—TBARS Assay

A thiobarbituric acid reactive substances (TBARS) assay was adapted after Buege and
Aust, 1978 [20]. TBARS are formed as byproducts of lipid peroxidation (i.e., as degradation
products of fats) determined as malondialdehyde (MDA), a pink compound that can
be spectrophotometrically read. To perform the assay, plants were weighed and 10%
homogenate was made in cold 0.154M KCl. The homogenate was then centrifuged for
15 min at 10.000 rpm (Eppendorf Minispin Plus, Leipzig, Germany). The supernatant was
collected in clean tubes and to each 500 μL of supernatant, 500 μL of 10% trichloroacetic
acid (Fisher, New Jersey, NJ, USA) was added. The samples were then centrifuged at
3500 rpm and the supernatant was collected. To 500 μL of supernatant, 500 μL of 0.67%
thiobarbituric acid (Merck, Darmstad, Germany) was added. The samples were then kept
on boiling water for 15 min, left to cool and then measured at 531 nm (Shimadzu, Tokyo,
Japan) against blank. Concentrations were measured using the molar extinction coefficient
of 0.641 × 10−5 to obtain the MDA concentration in nM [20].

2.6. HPLC Analysis

Lemna minor samples were placed at −80 ◦C in an ultrafreezer (Thermofisher, Lenexa,
KS, USA) for 48 h and then cryodesiccated for 5 days. The resulting dry mass was weighed
and HPLC analyzed. The system used was an Agilent series 1260 Infinity (Agilent, Santa
Clara, CA, USA), equipped with a binary pump and DAD detector. Data analysis was
performed via OpenLAB CDS software, version C 01.02. The chromatographic separation
was made on a Kinetex C18 column (100 × 2.1 mm, 2.6 μm, Phenomenex, Torrance,
CA, USA) at 35 ◦C, using a mobile phase containing water-acetonitrile at 70:30 (v/v)
with isocratic elution, at 0.3 mL/min flow rate, followed by column washing with 70%
acetonitrile (Carlo Erba, Milano, Italy) and then re-equilibrated to the initial condition. The
detection was monitored at 210 nm; the injection volume was 2 μL.

Cryodesiccated samples were analyzed in duplicates, as follows: for each group ≈ 5 mg
of cryodesiccated sample was weighed and 1 mL of acetonitrile was added prior to a 20 min
ultrasonification at 25 ◦C. The resulting extract was filtered through a 0.2 μm PTFE filter
(Agilent, Captiva EconoFilter, Santa Clara, CA, USA) and then HPLC analyzed.

For sample quantification, a standard solution of ≥99% Bisphenol A (Sigma-Aldrich,
city, Germany) 1 mg/mL was prepared in LC-MS grade acetonitrile (Carlo Erba, Milano,
Italy), dilutions were made at 10, 100 and 500 μg/mL concentrations in order to obtain a
calibration curve (Figure 1).
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Figure 1. Bisphenol A calibration curve.

3. Results

3.1. Macroscopic Observations

Visual investigation revealed chlorosis (yellowing of leaf tissue) for the groups exposed
to 200 and 100 ppm. No budding formation was observed. The 50 ppm group presented
normal leaf color, but with no budding formations, while the control group showed no
alteration and presented with budding formations.

The Lemna minor control group as well as the culture water control group were clear
with no significant OD600 (Optical Density) increase against blank, followed by an increase
at 50 ppm that peaked at 100 ppm and decreased for the 200 ppm group (Figure 2). Biofilms
were observed on the roots of plants in the 100 ppm group but not in the other groups.
The EMB culture plates were read after a 24 h incubation at 35 ◦C and revealed luxuriant
colonies of non-fermenting Gram-negative bacteria, as well as punctiform colonies of
Escherichia coli. The colonies were identified on the chromogenic media by a colorless
aspect for non-fermenting Gram-negative bacteria and a pink color for Klebsiella aerogenes
colonies, respectively blue-black with a green metallic sheen for Escherichia coli colonies.
No colonies were present on the plates inoculated from the Lemna minor control group and
neither from the culture media control group.

 

Figure 2. Spectrophotometric measurements of the culturing media turbidity at 600 nm (OD600).
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3.2. Total Chlorophyll Content

Chlorophyll levels were found at their lowest in the 100 ppm group, followed by the
200 and 50 ppm groups (Figures 3 and 4), the results are multiplied by a factor of 10 due to
the 1:10 dilution made to perform the readings.

 

Figure 3. Chlorophyll a content at 665 nm absorption.

 

Figure 4. Chlorophyll b content at 649 nm absorption.

3.3. Oxidative Stress Levels

TBARS Assay results showed high absorbance at 531 nm for the control and 50 ppm
groups but low absorbance with small variations for the 100 and 200 ppm groups, the
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measurements were made against blank, which represented all the reagents in the same
ratio that underwent the same thermal treatment but without the plant tissue. MDA
concentration was measured using the formula:

MDAconcentrationinnM =
Absorbanceat531nm

molarextinctioncoeficient(ε)
, where ε = 0.641 × 10−5.

The results are shown in Figure 5, converted to μM.

 

Figure 5. MDA content at 531 nm absorption.

3.4. HPLC Results

The HPLC chromatograms (Figure 6) revealed BPA absorption in all three exposed
groups for P1, P2, P3 and none detected in the control group P4. The analysis was per-
formed in duplicate where P1-1, P1-2 represent plants exposed to 50 ppm; P2-1, P2-2
represent plants exposed to 100 ppm; P3-1, P3-2 represent plants exposed to 200 ppm and
P4-1, P4-2 represent the plant control group. The numerals I, II and III represent the culture
water with BPA at 50, 100 and 200 ppm. (Table 1).

 

Figure 6. HPLC Chromatogram representing, from the bottom to the top, the samples P4-1, P3-1,
P2-1 and P1-1.
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Table 1. BPA content in Lemna minor samples.

Sample Sample Mass (mg)
BPA in Sample
Extract (mg/mL)

BPA in Sample Extract
Expressed in Percentage (%)

P1-1 5.1 0.0057 0.11
P1-2 5.3 0.0063 0.12

P2-1 5 0.009955 0.20
P2-2 5 0.0128 0.26

P3-1 5.2 0.0243 0.47
P3-2 5.4 0.0257 0.48

P4-1 5.2 0 0
P4-2 5.3 0 0

I 0.045
II 0.102
III 0.201

4. Discussion

Effects such as chlorosis and cessation of bud formation were observed macroscop-
ically, as well as high densities of non-lactose fermenting bacteria that were confirmed
by inoculation on plates with the EMB selective media. The estrogenic effect of BPA as
well as its capacity to stimulate abnormal growth was first accidentally discovered after
autoclaving polycarbonate culture flasks in a study to determine whether Saccharomyces
cerevisiae produced estrogens [21,22], the culture media was prepared using distilled water
autoclaved in the polycarbonate flasks from which BPA leaked. Although the microbial
growth was facilitated in our study by BPA levels, chlorosis and cessation of budding could
be linked to the multiple effects of BPA.

According to some authors [21–23] alterations of chlorophyll content can serve as an
indicator of the physiological status of a photosynthetic organism. Therefore, it has been
frequently used in ecotoxicological studies for the assessment of toxicity of inorganic and
organic chemicals. It is thus possible to conclude that BPA challenged the production of
photosynthetic pigments impairing photosynthesis in this study. One study found that
higher microbial densities with added bacteria appeared to be cause of the degradation
of chlorophyll a in two marine algae [24]. It is possible that the lower chlorophyll levels
found in this study corresponding to higher optical density readings may be at least
partially responsible for the results obtained. This may account for the reduced chlorophyll
levels seen in the 100 ppm BPA cultures as well as the somewhat reduced levels in the
200 ppm BPA cultures. While the apparent levels of bacteria seem to be associated with a
reduction in chlorophyll, the causative factors are not clear. While the increase in optical
density is expected in the experimental cultures, and the reduction in chlorophyll levels
probably related in part to the BPA concentrations, the effect of the BPA on bacterial
growth and chlorophyll degradation needs to be fully explored. Lipid peroxidation was a
distinctive and sensitive parameter showing the degree to which reactive oxygen species
induced damage, as the biphenolic compound had a surprising effect on L. minor which
was ineffective in coping with the cellular level insults of BPA for 100 and 200 ppm
concentrations. This resulted in an interestingly low lipid peroxidation concentration and
therefore low absorbance values at A531 compared to the control and 50 ppm groups.

A molecular dynamics simulation study [9] indicated that BPA can easily enter the
membrane from the aqueous phase in an isolated phospholipid bilayer. With the increasing
concentrations of BPA in the membrane, BPA tends to aggregate and form into cluster
while dipalmitoyl phosphatidylcholine (DPPC) lipids are pulled out and adsorbed on the
cluster surface, leading to membrane pore formation. Observations indicated that the
lipid extraction results mainly from the dispersion interactions between BPA cluster and
lipid tails, as well as weak electrostatic attractions between lipid headgroups and the two
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hydroxyl groups on BPA. Such lipid extraction and pore formation cause cell membrane
damage that leads to chlorosis and apoptosis, revealing another cytotoxicity aspect of BPA.

5. Conclusions

Lemna minor, a macrophyte known for it’s abilities in water purification processes,
demonstrated a BPA absorption of ≈0.1%, 0.2% and 0.4% during the time in culture in
this study. Consequences will include detrimental effects regarding its mitosis, cellular
membrane integrity and viability. All of these could occur with significant environmental
damage to all aquatic organisms.

The findings determined that the lack of budding formations at all experimental
concentrations is an important concern from BPA pollution of aquatic systems. The low
concentrations of Chlorophyl a in the group exposed to 100 ppm, and a part of the results
in the 200 ppm cultures, could be explained by both the toxic effects directly, the high
density of the microbial community, or both of these in concert.

Although toxic to eukaryotic organisms, the hormone-like properties of BPA appears
to strongly enhance growth in some bacteria that are naturally found in freshwater en-
vironments. The detection of the increased bacterial growth of the coliform bacteria and
production of a biofilm on the plants in the 100 ppm culture is a new and potentially
important finding. This may occur through the epigenetic actions of BPA [25]

The implications of BPA pollution causing an increase in the growth of some bacterial
species raises many important ecological questions. The changes in bacterial composi-
tion of the culture microbiome and growth not shown in other culture conditions raises
other critical questions regarding ecosystem functioning and the complex effects of this
endocrine disruptor.

A review [26] found that surface waters exceeded the proposed predicted no-effect
concentrations in Europe 53.1% of the time, and 34.6% in North America. These data
along with the new findings in this report indicate a clear and urgent need to understand
the effect of BPA on microorganisms and the direct or indirect effect on chlorophyll in
surface waters.
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Abstract: Concentrating the chromium in chromium slag and improving the chromium–iron ratio is
beneficial for the further utilization of chromium slag. In this paper, chromium slag obtained from a
chromite lime-free roasting plant was used as the raw material. Pellets made of the chromium slag
and pulverized coal were reduced at different pre-reduction temperatures and then separated by a
melting separation process or magnetic separation process, respectively. The mass and composition
of the metallized pellets before separation, along with the alloy and tail slag after separation, were
comprehensively analyzed. The experimental results showed that the output yield of alloy, iron
recovery rate, and chromium content in the alloy were all higher when using melting separation than
when using magnetic separation, because of the further reduction during the melting stage. More
importantly, a relatively low pre-reduction temperature and selection of magnetic separation process
were found to be more beneficial for chromium enrichment in slag; the highest chromium–iron ratio
in tail slag can reach 2.88.

Keywords: chromium slag; chromium–iron ratio; pre-reduction; melting separation; magnetic sepa-
ration

1. Introduction

Chromium has been widely applied in many industrial processes, such as leather
tanning, electroplating, and mineral extraction. It is also an important ingredient in
protective coatings, especially for stainless steel.

Chromium slag is the waste residue generated by the industrial process of extracting
chromium (Cr) from chromite ore. Due to different needs for chromite quality in the target
product, the extraction processes for chromium (Cr) are also different, leading to diverse
compositions and properties for chromium slag [1–3]. Chromium salt manufacturing is a
typical extraction process, which takes chromite, sodium carbonate, and dolomite as raw
materials. After high-temperature oxidation roasting, chromium oxides are transformed
into water-soluble sodium chromate, and the remaining tailings become chromium slag
after water leaching [4,5]. However, about 10% of the chromium remains in the chromium
slag and contains water-soluble, migratory, and carcinogenic Cr6+, which is harmful to the
environment [6–8]. If it is not recycled or reused, not only are resources wasted, but serious
pollution of the environment results, which will have a serious impact on the health of the
surrounding residents because of the toxic Cr6+ content of the slag [9–11]. At present, the
treatment method for chromium slag is mostly landfill after reduction or solidification, but
there are still potential environmental hazards and resource waste to consider [12]. Thus, it
is valuable to explore further treatment methods for chromium slag.

According to the flux used in the roasting process, the chromium salt manufacturing
process can be divided into the lime-based roasting process and the lime-free roasting
process [13]. The chromium slag used in this research was obtained from a chromite
lime-free roasting plant. The main components of the lime-free roasting slag are iron oxide
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and chromite oxide. Based on the chemical composition characteristics of the lime-free
roasting slag, the recovery and utilization methods for metallic elements mainly include
the hydrometallurgical method and pyrometallurgical method. The hydrometallurgical
extraction method generally uses highly corrosive acids as extractants, such as sulfuric
acid and hydrochloric acid, to achieve the transfer of metallic elements from the chromium
slag to the liquid phase [14]. However, the selectivity of the acid-leaching process is
poor, because there is no difference in the recovery of various metallic elements from the
slag. A lot of subsequent separation steps need to be added to achieve real recycling [15].
In addition, efficient and low-cost treatment of the waste acids is also a problem.

The advantage of pyrometallurgical extraction lies in its excellent selectivity. By
adding the reducing agent and slagging agent and adjusting the processing temperature
and operating pressure, it can achieve the selective recovery of different metallic elements.
The principal elements in chromium slag are iron and chromium. Reduction by the proper
amount of carbon can convert toxic Cr6+ into nontoxic chromium oxides, such as CrO and
Cr2O3; meanwhile, the iron oxide can be reduced partly to metallic iron [16–18]. After the
reduction treatment, the metallic iron can be separated from the chromium slag by the melt-
ing separation method or magnetic separation method because of the magnetic difference
between the metal and slag [19–22]. According to extensive experimental research and
productive practices, the higher the ratio of chromium to iron (Cr/Fe) in slag, the higher
the economic value of the slag. In reality, only when the mass ratio of chromium to iron
(Cr/Fe) in the slag is greater than 2.0 can the slag meet the requirements for further use,
which is mainly the production of ferrochromium. [23]

In order to improve the mass ratio of chromium to iron (Cr/Fe) in slag, it is necessary
to extract iron from chromium slag and retain chromium in chromium slag. Compared with
other synthesis techniques, carbothermal reduction is the most widely used method because
of its low cost and simple process. From thermodynamic data on the reduction reactions
of iron oxides and chromium oxides, as shown in Table 1 [24], it is clear that iron oxides
can be more easily reduced by carbon than chromium oxide. The starting temperature of
chromium oxide (Cr2O3) reduction is 1521.0 K, which is much higher than the reduction
temperature of iron oxide, which is only 994.9 K. Thus, it is practicable to control the
extraction of iron and the retention of chromium by adjusting the reduction temperature.

Table 1. Thermodynamic data for reduction reactions.

No. Equations ΔGθ [J·mol−1]
Start Temperature of

Reaction [K]

1 3Fe2O3 + C = 2Fe3O4 + CO 124,429 − 224.2 T 555
2 Fe3O4 + C = 3FeO + CO 207,510 − 217.62 T 953.4
3 FeO + C = Fe + CO 149,600 − 150.36 T 994.9
4 Cr2O3 + 3C = 2Cr + 3CO 771,315 − 507.11 T 1521

However, after the controllable reduction, the reaction products need to be separated
into the metallic alloy and non-metallic slag. Melting separation and magnetic separation
are the most widely applied and mature separation processes. Selection of the separation
process also has a significant impact on the yield and composition of the final product.

In this paper, chromium slag obtained by chromite lime-free roasting was used as
the raw material, and the experimental processes of pre-reduction, followed by melt-
ing/magnetic separation, were adopted to deal with the chromium slag. The main purpose
of this paper was to investigate the chromium enrichment characteristics of chromium slag
under different pre-reduction temperatures and different separation processes, with the
aim of achieving a higher mass ratio of chromium to iron (Cr/Fe) in the final tail slag.
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2. Experiment

2.1. Raw Materials

As mentioned above, the chromium slag was obtained from a chromite lime-free
roasting plant. As the key raw material of the experiment, it was necessary to obtain the
specific composition of the chromium slag. The slag was ground to a particle size of less
than 0.074 mm first; then, the powder slag was sent to National Analysis Center for Iron
and Steel China for accurate composition analysis. T.Fe, T.Cr, Al2O3, MgO, CaO, and SiO2
were clearly identified for analysis. The T.Fe and T.Cr contents were detected by oxidation–
reduction titration method, and the Al2O3, MgO, CaO, and SiO2 content were detected by
wavelength dispersive X-ray fluorescence spectrometry method. The composition of the
dry chromium slag used in the experiment is shown in Table 2. The T.Fe content and T.Cr
content were relatively high, indicating resource utilization potential. Considering that the
chromite was roasted in an oxidizing atmosphere, it was assumed that the iron in the slag
existed in the form of Fe2O3, and the chromium in the slag existed in the form of Cr2O3. The
Al2O3 content, MgO content, and SiO2 content in the chromium slag were similar, while
the CaO content was quite low, which is a typical feature of the chromite lime-free roasting
process. In addition, it should be noted that the total content of the above components did
not reach 100%. Apart from the above components, chromium slag also contains a small
amount of natrium salt, titanium oxide, phosphorus oxide, and other gangue minerals. It
may even include crystal water that has not been completely removed during drying. Due
to their small effect on the chromium enrichment characteristics, quantitative analysis of
these components was not performed.

Table 2. Composition of the chromium slag used in the experiment.

T.Fe
(wt.%)

T.Cr
(wt.%)

Al2O3

(wt.%)
MgO

(wt.%)
CaO

(wt.%)
SiO2

(wt.%)
Cr/Fe

19.2 23.2 9.47 9.69 0.57 10.36 1.21

In addition to the chromium slag, another main raw material of the experiment was
pulverized coal, which played the role of reducing agent. Before analyzing the composition,
the pulverized coal was ground to a particle size of less than 0.074 mm, the same as the
chromium slag. Proximate analysis of the pulverized coal showed that the fixed carbon
content was 85.66 wt.%, the volatile content was 1.59 wt.%, and the ash content was
12.13 wt.%.

In this research, an analytically pure SiO2 reagent was used to adjust the basicity of
the pellets. The SiO2 content in the analytical reagent was more than 99.5 wt.%.

2.2. Experimental Schemes

In order to reveal the reduction and separation behaviors of chromium and iron in
slag, four experiments with different pre-reduction temperatures and different separation
processes were designed and carried out in this research, as shown in Table 3. Choosing
1373 K and 1523 K as the pre-reduction temperatures were mainly based on the experiment
results of Cheng G et al. [25], who found that 1373 K was the optimal reduction temperature
for reducing iron from slag under their experimental conditions.

Experiment NO. 1 was pre-reduced at 1373 K, followed by a melting separation step,
whose separation temperature was 1853 K, with a separation processing time of 60 min.
Experiment NO. 2 was pre-reduced at 1523 K, followed by a melting separation step, whose
separation temperature was also 1853K, and the separation processing time was 60 min.
Experiment NO. 3 was pre-reduced at 1373 K, followed by a magnetic separation step.
Experiment NO. 4 was pre-reduced at 1523 K, followed by a magnetic separation step.
Uniformly, the pre-reduction time was 45 min for all experiments. In order to reduce the
experimental error, each group experiment was repeated three times.
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Table 3. Experimental scheme and operating parameters.

NO.
Basicity of

Pellets
Pre-Reduction

Temperature [K]
Pre-Reduction

Time [min]
Separation

Method
Separation

Temperature [K]
Separation
Time [min]

1 0.36 1373 45 Melting
separation 1853 60

2 0.36 1523 45 Melting
separation 1853 60

3 0.99 1373 45 Magnetic
separation - -

4 0.99 1523 45 Magnetic
separation - -

Generally, the melting point of the slag has a major influence on the separation
of the alloy and slag during the melting separation process. Low-melting-point slag is
beneficial for the separation of the metallic alloy from the tail slag. In order to figure out the
appropriate slag composition, the MgO–SiO2–Al2O3 phase diagram was calculated and is
shown in Figure 1. The phase diagram was calculated and drawn by the thermodynamic
software FactSage 7.2, which is developed by Thermfact/CRCT (Montreal, Canada) and
GTT-Technologies (Aachen, Gemany). During the phase diagram calculation, the selected
database was FToxide, and the operating pressure was 101,325 Pa. The isotherm lines
from 1650 K to 2000 K were plotted in the phase diagram with an interval of 50 K. The
calculated phase diagram was compared with the slag atlas [26] and was validated by it.
According to the phase diagram of MgO–SiO2–Al2O3 in Figure 1, the slag composition in
the low-melting-point area was around mSiO2:mAl2O3:mMgO ≈ 6:2:2, while the initial slag
composition shown in Table 2 was mSiO2:mAl2O3:mMgO ≈ 1:1:1. In order to obtain the target
slag composition (mSiO2:(mAl2O3 + mMgO) = 6:4) with a low melting point, 18.38 g SiO2
should be added to every 100 g of chromium slag. As a result, when the melting separation
method was adopted, the basicity of the slag ((mCaO + mMgO)/mSiO2) was reduced to 0.36
from the initial value of 0.99 due to the addition of SiO2. Because the melting properties of
the slag have little effect on the magnetic separation process, there is no need to add SiO2
into the pellets when using the magnetic separation method, whose basicity remains at the
initial value of 0.99.

As pulverized coal is the reducing agent of chromium slag, its addition amount in the
pellets is very important for reduction reactions. Since the chromium slag came from a
chromate roasting process, which was in an oxidizing atmosphere, it was assumed that
the iron and chromium in the chromium slag would exist in the form of Fe2O3 and Cr2O3
when they took part in the carbothermal reduction reaction and that the gaseous product
of the reduction reaction would be CO. The concentration of the added carbon powder
was expressed as the mole ratio of carbon to reducible oxygen (nC/nO), instead of mass %,
in order to meaningfully represent the significance of the carbon addition. In the (nC/nO)
value, reducible oxygen (O) is the total amount of oxygen present in the form of Fe2O3,
while excluding the oxygen in Cr2O3. The reason for excluding the oxygen in Cr2O3 was
that the purpose of this research was to reduce the iron and retain the chromium as much
as possible. In order to ensure that the iron oxide was fully reduced, the addition of coal
needed to be in excess, and the carbon–oxygen ratio of the experiment was nC/nO = 1.1.

2.3. Experimental Procedures and Devices

The experimental procedures are shown in Figure 2, including grinding, batching,
briquetting, pre-reduction, and separation. Details of every procedure are described in
combination with the relevant devices. The main devices used in the experiment were a
grinder, mixer, presser, muffle furnace, and magnetic separator, as shown in Figure 3.
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Figure 1. MgO–SiO2–Al2O3 phase diagram with isotherm lines for p = 1 atm, drawn with Fact-
Sage 7.2.

 

Figure 2. Experimental procedures for the pre-reduction and separation processes.

2.3.1. Grinding

As mentioned above, both the chromium slag and the pulverized coal were ground to
a particle size of less than 0.074 mm first, not only for the composition analysis, but also for
the subsequent batching. Crushing and grinding of the raw materials were performed in a
grinder, as shown in Figure 3A. The grinder was suitable for the preparation of powdered
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samples of coal, ore, slag, and other raw materials. After the motor started, the eccentric
block was driven to rotate at high speed to drive the exciting platform to generate the
exciting vibration. After loading the material into the material bowl, the material collided
with the crushing rod and the crushing ring in the material bowl strongly, then was crushed
into very fine grains. After grinding, the ground powder was sieved with a 200-mesh sieve.
If the particle size did not meet the requirements, the grinding time was prolonged.

Figure 3. Experimental devices. (A) Grinder; (B) mixer; (C) presser; (D) muffle furnace; (E) mag-
netic separator.
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2.3.2. Batching and Mixing

The ground chromium slag, pulverized coal, and silica were weighed and mixed in
specific proportions corresponding to the respective experimental schemes. In order to
achieve uniform mixing, each material was put into a 3-dimensional motion mixer, as
shown in Figure 3B. During the mixing operation, various materials were well mixed
due to the multi-directional rotation of the mixing tank, while avoiding the stratification
phenomenon caused by gravity in general mixers.

2.3.3. Briquetting and Drying

Each group’s well-mixed raw material was put into the presser for briquetting. The
presser (Figure 3C) compacts powder samples. It can press granular material into tablets or
granules. It is suitable for pressing tablets, catalysts, and metal powders in the laboratory.
By manually pressing the lever, the oil can be pressed from the oil pool into the cylinder
below the mold. The one-way valve prevents the oil from returning to the oil pool, so the
high pressure of the oil cylinder can be maintained, and the maximum pressure is 60 MPa.
The powder materials in the mold were molded by high pressure, and the molded pellets
were obtained after demolding. The obtained pellets had an approximate diameter of
20 mm and mass of 10 g.

Before the pre-reduction step, the pellets were dried at 378 K for 4 h in an oven.

2.3.4. Pre-Reduction

Pre-reduction of the pellets was carried out in a muffle furnace, as shown in Figure 3D.
This is a high-temperature resistance furnace with a maximum temperature of 1873 K.
The furnace temperature was measured by a double platinum-rhodium thermocouple
and controlled by the program. According to the experimental scheme, pre-reduction
temperatures of 1373 K (Experiment NO. 1 and NO. 3) and 1523 K (Experiment NO. 2 and
NO. 4) were used. When the muffle furnace reached the required temperature (1373 K or
1523 K), the graphite crucible containing the pellets was put into the furnace. Then, 45 min
after the reduction, the graphite crucible was taken out and the pellets were covered by
another graphite crucible to prevent oxidation. The cooled metallized pellets were used in
subsequent experiments for melting separation or magnetic separation.

2.3.5. Melting Separation

The temperature of the muffle furnace was raised to 1853 K, and then the crucible
containing the metallized pellets was put into the furnace. The temperature was maintained
at 1853 K for 60 min, and then the crucible containing the sample was removed from the
furnace and covered by a graphite plate to prevent oxidation during cooling. After the
sample was cooled, the bulk alloy was separated from the slag, and then the slag and alloy
were sent for chemical analysis.

2.3.6. Magnetic Separation

Magnetic separation was carried out with a magnetic separator, as shown in Figure 3E.
The magnetic separator can generate a strong magnetic field at the middle position of the
magnetic separator tube, and the maximum magnetic field intensity is 500 mT. Metallized
pellets obtained by pre-reduction were ground to a particle size of less than 0.148 mm. Then,
the powder was mixed into water and stirred, before being passed through the magnetic
separation tube with a magnetic field intensity of 200 mT, so that the magnetic powder
remained in the magnetic field in the magnetic separator tube, and the non-magnetic slag
passed through the tube with the water. After all of the mixture of water and powder had
been poured into the magnetic separation tube, water continued to be poured into the tube
until the flowing water became clear. Then, the magnetism of the magnetic separator was
switched off, and the alloy in the magnetic separation tube was flushed with water into
another container until the magnetic separation tube was clean. The sample of tail slag was
filtered, and the residue on the filter paper was collected and dried for 4 h to obtain dry
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tail slag; dry alloy powder was obtained in the same way. Finally, the dry tail slag and dry
alloy powder were sent for chemical analysis.

3. Results and Discussion

After finishing the experiments, the metal distribution between the slag and the alloy,
the metal recovery rate, and the mass ratio of chromium to iron (Cr/Fe) in final tail slag
were compared in detail. Based on the experimental results, the proper process route and
technological parameters for the recovery of chromium slag were explored.

Table 4 shows the weight and composition of the metallized pellets before separa-
tion, together with the alloy and tail slag after separation. Through pre-reduction and
melting/magnetic separation, iron and chromium are distributed both in the alloy and
in the tail slag. The multiple indicators, such as the output yield of alloy, the distribution
ratio of metals (iron and chromium) in the slag and alloy, the recovery rate of metals (iron
and chromium), and the mass ratio of chromium to iron (Cr/Fe) in the slag and alloy, can
quantitatively express the effect of the process route and technological parameters on the
chromium enrichment characteristics.

Table 4. Weight and composition of the metallized pellets, alloy, and tail slag.

NO.

Metallized Pellets Alloy Tail Slag

m0

(g)
(% Fe)0

(wt.%)
(% Cr)0

(wt.%)
ma

(g)
(% Fe)a

(wt.%)
(% Cr)a

(wt.%)
ms

(g)
(% Fe)s

(wt.%)
(% Cr)s

(wt.%)

1
91.2 18.71 22.59 13.76 55.78 22.8 70.04 11.9 22.5
87.6 18.83 22.61 12.81 56.81 23.12 71.54 11.03 21.51
92.1 18.67 22.8 13.65 54.33 21.89 69.1 12.04 23.51

2
91.4 18.92 22.86 8.02 52.14 24.6 64.8 17.1 25.5
92.1 19.13 22.9 8.51 53.21 24.71 64.13 17.32 25.68
94.5 19.79 23.58 8.5 52.13 25.32 65.31 18.01 26.61

3
60 20.11 24.21 3.78 67.42 1.27 55.4 9.1 26.2
60 20.01 24.37 3.61 66.58 1.3 54.99 9.32 26.41
60 20.2 24.41 3.71 68.1 1.23 55.81 8.88 26.09

4
60 20.53 25.01 3.61 55.13 2.53 56.3 13.9 26.6
60 21.51 25.89 3.69 52.78 2.68 56.59 14.01 27.19
60 21.72 26.11 3.59 57.61 3.01 56.9 12.99 27.36

3.1. Output Yield of Alloy

The output yield of alloy is defined as ϕ.

ϕ = ma/m0 × 100% (1)

where ma is the mass of the obtained alloy, in g, and m0 is the mass of the metallized pellets
before separation, in g.

Previous research showed that the addition of a reducing agent had a dominant
effect on the output of alloy with sufficient time and at an appropriate temperature [27,28].
As shown in Figure 4, the magnetic separation processes at different reduction temperatures
have almost the same alloy output yield. However, the output of alloy from the melting
separation process is significantly higher than that of the magnetic separation process.
Because the melting process was carried out in the graphite crucible, the residual iron
oxides and chromium oxides in the metallized pellets continued to be reduced by graphite
during melting separation, and more alloy could be obtained [29,30]. Other oxide crucibles,
such as alumina, magnesium oxide, zirconia, etc., would be rapidly eroded, and the slag
composition would change at a melting temperature of 1853 K.

Comparing the experimental results with different pre-reduction temperatures, it
should be noted that the alloy output yield at higher temperatures (1523 K) was relatively
lower, especially for the melting separation process, although the thermodynamic theo-
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retical analysis showed that the higher the temperature, the more iron oxide would be
reduced [31]. However, many previous studies have found that the low-melting-point
phases in the pellet will melt during pre-reduction, which decreases the permeability of the
pellets and hinders the reduction reaction. As a result, the metallization rate of the pellets
is relatively lower at higher temperatures [32]. According to the FeO–SiO2 phase diagram
in Figure 5, FeO and SiO2 in slag easily form low-melting-point composite oxides, with
a melting temperature of only 1451 K. As mentioned above, in Experiment NO. 2, SiO2
was added to reduce the slag melting point to achieve a better melting separation, so the
inhibition effect of a low-melting-point material on the reduction was more significant than
that in Experiment NO. 4. Noting this, the FeO–SiO2 phase diagram was calculated and
drawn by the thermodynamic software FactSage 7.2. During the phase diagram calculation,
the selected database was FToxide, and the operating pressure was 101,325 Pa.

 
Figure 4. Output yield of alloy with different pre-reduction temperatures and different separation processes.

Figure 5. FeO–SiO2 phase diagram for p = 1 atm, drawn with FactSage 7.2.
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3.2. Iron Recovery Rate

In order to further study the transfer behaviors of iron during the processes of pre-
reduction and melting/magnetic separation, the distribution of iron in the slag and alloy
was assessed. The distribution ratio of iron between the slag and alloy is defined as LFe.

LFe = (% Fe)s/(% Fe)a (2)

where (% Fe)s is the iron content in the slag after separation and (% Fe)a is the iron content
in the alloy after separation, both measured as wt.%.

Figure 6 shows the distribution ratios of iron (LFe) obtained by all four group exper-
iments. Firstly, no matter whether melting separation or magnetic separation was used,
the distribution ratio of iron at higher pre-reduction temperatures was larger. Specifically,
for the melting separation process, when the pre-reduction temperature increased from
1373 K to 1523 K, the average distribution ratio of iron between the slag and alloy increased
from 0.21 to 0.33. For the magnetic separation process, when the pre-reduction temperature
increased from 1373 K to 1523 K, the average distribution ratio of iron increased from 0.14
to 0.25. The main reason for the above phenomenon is the formation of a low-melting-point
phase. Generally, the iron oxide is mainly reduced by CO in the pellets [33,34] and the
melting of the low-melting-point phase will deteriorate the permeability of the pellets,
thereby hindering the reduction of iron oxides, and thus more iron remains in the slag.

L F
e

Figure 6. The distribution ratio of iron with different pre-reduction temperatures and different separation processes.

Another major concern is that, when the pre-reduction temperature is the same, the
distribution ratio of iron after melting separation is significantly higher than that after
magnetic separation. The reduction of chromium at melting temperature can explain
these results. The reduction of chromium mainly occurs in the melting separation process,
while the reduction of iron mainly occurs in the pre-reduction process. Compared with
the magnetic separation process, much more metallic chromium is reduced into the alloy
during melting separation, leading to the decrease in iron content in the alloy, and the
increase in the iron distribution ratio between the slag and alloy.

Besides the distribution ratio, the recovery rate of iron is also an important indicator.
The recovery rate of iron is defined as RFe in this paper.

RFe =
ma·(% Fe)a
m0·(% Fe)0

× 100% (3)
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where ma is the mass of obtained alloy, in g; (% Fe)a is the iron content of obtained alloy, in
wt.%; m0 is the mass of metallized pellets before separation, in g; and (% Fe)0 is the iron
content of the metallized pellets before separation, in wt.%.

Figure 7 shows the recovery rates of iron (RFe) obtained by all four group experiments.
The recovery rate of iron after melting separation is higher than that after magnetic separa-
tion. The results validate that the reduction of iron oxide is continuously occurring in the
melting stage, leading to more iron being recovered from the slag compared to the alloy
and higher recovery rate of iron. In addition, it can be seen from Figure 7 that the recovery
rate of iron is relatively low at higher temperatures; the reason for this is also the melting
of the low-melting-point phase, as mentioned above.

Figure 7. Recovery rate for iron with different pre-reduction temperatures and different separation processes.

3.3. Chromium Recovery Rate

The distribution ratio of chromium between the slag and alloy is defined as LCr, which
is similar to the definition of the iron distribution ratio.

LCr = (% Cr)s/(% Cr)a (4)

where (% Cr)s is the chromium content in the tail slag after separation and (% Cr)a is the
chromium content in the alloy after separation, both measured as wt.%.

Because the purpose of this research was to enrich chromium in slag, the recovery
rate of chromium was defined as the ratio of the mass of chromium in the tail slag to the
mass of chromium in the metallized pellets, which is different from the definition of the
iron recovery rate.

RCr=
ms·(% Cr)s
m0·(% Cr)0

× 100% (5)

where RCr is the recovery rate of chromium, in %; ms is the mass of the tail slag after
separation, in g; (% Cr)s is the chromium content of the tail slag after separation, in wt.%;
m0 is the mass of the metallized pellets before separation, in g; and (% Cr)0 is the chromium
content of the metallized pellets before separation, in wt.%.

As shown in Figures 8 and 9, the distribution ratio of chromium between the slag
and alloy (LCr) after the melting separation process was far lower than that after the
magnetic separation process, while the recovery rate of chromium was also significantly
lower than that after the magnetic separation process, which is different from iron. In the
process of magnetic separation, only strong magnetic materials, such as metallic iron and
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magnetite, can be retained in the magnetic field in the magnetic separation tube, while other
diamagnetic or paramagnetic materials, such as slag and residual carbon, will remain with
the tail slag in the flowing water [35]. According to previously published research [36–38],
chromium cannot be significantly reduced into metal at a temperature of 1373–1573 K, and
the products obtained from magnetic separation contain almost no chromium; that is, (%
Cr)a is very low and (% Cr)s is high, making LCr in the magnetic separation process higher.
As shown in Figure 9, the chromium recovery rates in Experiment NO. 3 and Experiment
NO. 4 were close to 100%, indicating that chromium rarely enters the alloy, and almost all
remains in the tail slag.

Figure 8. Distribution ratio of chromium with different pre-reduction temperatures and different separation processes.

Figure 9. Recovery rate of chromium with different pre-reduction temperatures and different separation processes.

According to Figures 8 and 9, the pre-reduction temperature has little effect on the
chromium distribution ratio and the chromium recovery rate in the case of melting separa-
tion. The reason for this is that reduction of chromium occurs mainly during the melting
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separation stage, rather than during pre-reduction. However, in the case of magnetic sepa-
ration, the effect of the pre-reduction temperature is different. Although the pre-reduction
temperature has little effect on the chromium recovery rate, it has an obvious effect on the
chromium distribution ratio. The phenomenon can be explained by the experimental data
from Table 4. For Experiment NO. 3, the average mass of alloy ma obtained by magnetic
separation was 3.70 g, and the average chromium content in the alloy (% Cr)a was 1.27%.
For Experiment NO. 4, the average mass of alloy ma was 3.63 g, and the average chromium
content in the alloy (% Cr)a was 2.74%. Both the mass of the alloy and the chromium
content in the alloy were very small, indicating that little chromium was reduced from
the slag to the alloy; most of the chromium remained in the tail slag, so the recovery rate
of chromium was very high and the difference was not obvious. The distribution ratio of
chromium LCr is the ratio between the chromium content in the slag (% Cr)s and chromium
content in the alloy (% Cr)a. Since (% Cr)s was basically unchanged, the (% Cr)a increased
from 1.27% to 2.74%, leading the chromium distribution ratio LCr to decrease obviously, as
shown in Figure 8. This also illustrates that, as the pre-reduction temperature increases,
the reduction of chromium increases slightly in the case of magnetic separation.

3.4. Chromium–Iron Ratio in the Tail Slag (Cr/Fe)

As mentioned above, utilization of chromium slag requires that the chromium–iron
ratio (Cr/Fe) in the tail slag is higher than 2.0. The main purpose of this research was to
understand the process to achieve that ratio. The Cr/Fe ratio of the metallized pellets after
pre-reduction was almost 1.2, as shown in Figure 10, which is the same as the initial raw
material, according to Table 2. The Cr/Fe ratio in the alloy obtained by melting separation
was obviously higher than that from magnetic separation, which is mainly due to the large
amount of chromium reduced by carbon during the melting stage at 1853 K. However, the
Cr/Fe ratio in the tail slag obtained by melting separation was lower than that obtained by
magnetic separation. According to Table 4, Figures 8 and 9, chromium mainly exists in the
tail slag, and the chromium content in the tail slag changes little, although the iron content
in the tail slag changes significantly.

 
Figure 10. Chromium–iron ratio (Cr/Fe) in pellets, alloy, and tail slag.

The experimental results showed that both the melting separation and magnetic
separation processes can improve the Cr/Fe ratio in tail slag. The Cr/Fe ratio in the
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final tail slag after the pre-reduction and separation processes decreased in the order of
Experiment NO. 3, NO. 4, NO. 1, and NO. 2. Importantly, the chromium–iron ratio in the
tail slag obtained by Experiment NO. 3 achieved the goal of chromium enrichment. The
average Cr/Fe ratio of 2.88 was significantly higher than the critical value of 2.0.

4. Conclusions

In order to increase the chromium–iron ratio in the chromium slag generated by
the chromite lime-free roasting process, carbothermal reduction, followed by the melt-
ing/magnetic separation process, was adopted and studied in this research. Experiments
with different pre-reduction temperatures and different separation methods were carried
out to investigate the specific distribution behaviors of iron and chromium between the
metallic alloy and tail slag. The main conclusions are as follows:

(1) No matter whether melting separation or magnetic separation was selected, when
the pre-reduction temperature increased from 1373 K to 1523 K, both the output yield
of the alloy and the recovery rate of iron decreased. The analysis indicated that the
melting of the low-melting-point phase decreased the permeability of the pellets and
slowed down the reduction reaction. With the increase in the pre-reduction tempera-
ture, the amount of the molten phase increased and the reduction rate decreased.

(2) During the melting separation stage, because the processing temperature was higher
than the reduction temperature of the iron oxides and chromium oxide, the reduction
of iron further occurred and the chromium started to gradually reduce in the alloy.
As a result, when the melting separation method was adopted, the output yield of the
alloy, the chromium content in the alloy, and the iron recovery rate were all higher
than when using magnetic separation. The melting separation process aggravated the
transfer of chromium from the slag to alloy.

(3) The main purpose of this research was to increase the chromium–iron ratio in slag to
more than 2.0 through a proper pre-reduction and separation process. Among the four
experiments carried out, pre-reduction at 1373 K followed by magnetic separation
obtained the highest chromium–iron ratio of 2.88 in the final tail slag. Simultaneously,
the average recovery rate of chromium was as high as 99.55%, which met our require-
ments. The results indicated that a relatively low pre-reduction temperature and the
magnetic separation method are beneficial for chromium enrichment in final tail slag.
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Abstract: This paper presents the use of ashes from brown coal combustion (BCA) as fillers in rubber
mixtures, to reduce the emission of volatile organic compounds. Two types of ash, BCA1 and BCA2,
were selected as fillers for styrene–butadiene rubber (SBR). The ashes were produced during the
treatment of brown coal at the Bełchatów Power Plant in the years 2017 and 2018. The morphology
and chemical composition of the ash were tested. Morphology studies using scanning microscopy
showed differences in the grain sizes of the ashes, and EDS analysis showed a difference in their
chemical compositions. Vulcanizates with different weight proportions of the individual ashes were
produced. Mixtures were made with the addition of 10–30 pts. wt. ashes per 100 g of SBR. The
addition of BCA1 ash at 10 and 30 pts. wt. reduced the emission of volatile organic compounds
(VOC) while maintaining the good strength properties of the mixtures.

Keywords: ash after lignite combustion; filler; rubber mixtures; volatile organic compounds (VOC)

1. Introduction

During the process of coal combustion, significant amounts of by-products are formed,
including fly ash, furnace slag, and harmful chemical compounds in the form of gases
(including CO2, NOx, and sulfur compounds) [1–7]. A large proportion of this furnace
waste (ash and slag) is stored. The storage of ashes is not ideal due to the significant
risk of atmospheric factors leading to the release of dust particles into the air. Some uses
for ashes have been found. An interesting application of ashes is in the production of
electrodes in lithium-ion batteries [8]. Energy waste is also used in mining (as flooring
components, to strengthen the rock mass) [9], agriculture (for the production of fertilizers,
soil deacidification), civil engineering (for soil stabilization, construction of embankments,
flood sealing), and in environmental protection, where energy waste is used to neutralize
sewage and purify exhaust gases [10].

Ashes can also be used in construction, as additives in cement and concrete [11–14].
However, not all ashes can be exploited in this way, because their chemical composition is
not in line with the relevant standards. For example, A. Michalik et al. [15] developed a
method of improving the properties of fly ash as an additive for cements. However, some
of the ash remains and is treated as waste. Limestone ash, after the separation of the carbon
fractions and silica ash, is also used in the construction industry as a concrete mass.

The possibilities of using all of an ash are quite limited, due to the problematic phase
and chemical compositions of ashes, as well as their physicochemical properties. Finding
a way to recycle ash could significantly reduce the amount of landfilled waste. The scale
of the problem can be seen in the case of the Bełchatów Power Plant (Poland), which is
the largest thermal power plant in Europe. This power plant alone produces and stores
approximately three million tons of ash and slag annually [14]. The ashes produced as a
result of various methods of coal combustion show significant differences in terms of their
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phase and chemical compositions, degrees of dispersion, and particle morphologies. The
use of ashes in this form is difficult, requiring research to determine their specific properties
and identify suitable applications [6].

An innovative idea may be to use ashes from brown coal combustion as fillers in elas-
tomeric blends. Plastics are widely used in many industries, including in the automotive
industry as car cabin accessories, everyday objects, interior fittings, etc., [16]. However,
plastics are a potential source of volatile organic compounds (VOCs), which are released
in the processes of degassing materials [17]. Volatile organic compounds are known to
adversely affect human health; they constitute about 73% of carcinogenic compounds on
the list of toxic compounds [18]. The highest concentrations of VOCs are recorded indoors.
It is estimated that adults spend about 80% of their time indoors, which puts them in
prolonged contact with these toxic compounds. Therefore, manufacturers should strive to
minimize VOC emissions both during the production process and from plastic products.

Styrene–butadiene rubber (SBR) is a type of polymeric compound based on rubber
that is commonly used in the tire industry [19]. SBR rubber is also used as a waste material
for the growth of carbon nanomaterials, such as nanofibers or nanotubes. Small granules
of rubber are subjected to pyrolysis at a temperature of 1000 ◦C. The pyrolysates are
mixed with gases containing burned SBR and oxygen. Combustion products are used
to synthesize carbon nanomaterials (CNMs) in the presence of catalysts. CNMs have a
characteristic structure of approximately 30–100 microns in diameter and 10 microns in
length. Due to their unique mechanical, electrical, and thermal properties, CNMs have a
number of potential added value applications [20].

In a study by X. Ren and E. Sancaktar [21], by-products from the energy industry in the
form of ashes were used as a fly reinforcement, replacing typical fillers such as carbon black
and silica in rubbers. The partial addition of up to 10 pts. wt. of fly ash in combination
of 54 and 4 pts. wt. of carbon black and silica fillers, respectively, resulted in increased
elongation at break, better adhesion to the steel reinforcement cord, and improved wet grip.
Lower rolling resistance was also observed, which was attributed to the more effective
reinforcing effect of the silica contained in the fly ash.

Here, we present a new method of using ashes as fillers for rubber mixtures. The
ashes were produced during combustion of lignite at the Bełchatów Power Plant in 2017
(BCA1] and 2018 (BCA2]. An additional aim was to reduce the emission of VOCs from the
mixtures produced during the vulcanization process.

2. Materials and Methods

2.1. Materials
2.1.1. Rubber and Other Ingredients

The rubber mixtures were made using SBR butadiene–styrene rubber (KER 1500,
Synthos S.A. Oświęcim, Poland) as the matrix for each mixture. The cross-linking unit
included sulfur, as the cross-linking substance (S8 orthorhombic; density 2.07 g/cm3,
Siarkopol Tarnobrzeg Sp. z o.o., Tarnobrzeg, Poland), zinc oxide as the activator (zinc
white, ZnO, Huta Będzin, Poland), and CBS (Bestgum Polska Sp.z o.o., Rogowiec, Poland)
as the accelerator.

2.1.2. Ash after Burning Brown Coal (BCA)

Technical carbon black N330 (75 × 103 m2/kg, Fermintrade, Konin, Poland) and ash
from Elektrownia Bełchatów (PGE Górnictwo i Energetyka Konwencjonalna SA, Elek-
trownia Bełchatów, Poland) produced in 2017 (BCA1) and 2018 (BCA2) were used as the
fillers. The mixtures also included technical stearin (Torimex-Chemicals Ltd. Sp.z o.o.,
Konstantynów Łódzki, Poland).

2.2. Preparation of Composites

After the preparation step (see Section 2.1.2), the BCA filler was introduced at different
pts. wt. into the SBR. The rubber mixtures were prepared using a mixing mill (Bridge
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mill, London, UK) with a roller temperature of 27–37 ◦C and a friction/friction of 1.1. The
rolling mill parameters were as follows: roll length L = 450 mm; roll diameter D = 200 mm;
rotational speed of the front roller Vp = 20 (rpm); width of the gap between rollers 1.5–3 mm.
The mixtures were prepared for 6 min and then wrapped in foil and stored at 2–6 ◦C. Table 1
compares the tested rubber mixtures. The mixtures were made with carbon black N330 or
a mixture of carbon black with 10, 20, and 30 pts. wt. ashes. Tests were carried out at room
temperature under normal pressure conditions.

Table 1. Compositions of the elastomer blends.

Symbol SBR SBR1 (10) SBR1 (20) SBR1 (30) SBR2 (10) SBR2 (20) SBR2 (30)

SBR [phr] 100
BCA1 [phr] 0 10 20 30 0 0 0
BCA2 [phr] 0 0 0 0 10 20 30
N330 [phr] 50 40 30 20 40 30 20

Stearin [phr] 1
ZnO [phr] 3
CBS [phr] 1

Sulphur [phr] 2

3. Research Techniques

3.1. Researching Ashes

To determine the structure of the ashes, microscopic pictures were taken using a
Keyence VHX 1000 optical microscope (Keyence International, Mechelen, Belgium). To
determine the share of particles of a given size in the tested ashes, a sieve analysis was
performed. For this purpose, an AS200Control device (Retsch GMBH, Haan, Germany)
with EasySieve software (Retsch GMBH, Haan, Germany) was used, consisting of eight
sieves with decreasing mesh sizes: 4.00 mm; 2.00 mm; 1.00 mm; 0.50 mm; 0.25 mm;
0.125 mm; 0.063 mm; 0.045 mm. The measurements lasted 3 min, during which the
computer program processed the results from the testing device.

3.2. Making Mixtures

The ingredients were mixed together in the following order: rubber → ZnO → stearin
→ soot → CBS → sulfur. A rolling mill (Bridge type milling machine, London, UK) was
used with a roll length of 150–300 mm, temperature 30 ◦C, rotational speed 15–13 rpm.
The cross-linking kinetics of the SBR compounds were tested using an ALPHA MDR 200
rheometer with a moving nozzle (MonTech MDR 300, Buchen, Germany) at a temperature
of 160 ◦C for 30 min, in accordance with PN-ISO 3417:1994. Hardening (τ90) was performed
in a standard electrically heated hydraulic press (PH-2PW90, ZUP Nysa Sp. z o.o. Nysa,
Poska) at a temperature of 160 ◦C, pressure 32 MPa, dimensions of heating plates 400 mm
× 400 mm. After vulcanization, the samples were prepared for strength tests in accordance
with the PN-EN ISO 3167:2014-09 standard. Paddle-shaped samples were cut out using a
ZCP020 press (Zwick/Roell GmbH & Co. KG., Ulm, Germany).

The mechanical properties of the prepared composites were tested on a universal
testing machine Zwick model 1435 (Zwick/Roell, Radeberg, Germany), in accordance with
the PN-ISO 37:2007 standard. Paddle-shaped samples were subjected to stretching at room
temperature at a constant speed of 500 mm/min and with a preforce of 0.3 N. The tensile
strength (TSb) and the percentage elongation at break (Eb) were determined. A hardness
test (H, ◦Sh) was performed using an electronic Shore A hardness tester (Zwick/Roell,
Herefordshire, UK) with a pressing force of 12.5 Nz, in accordance with PN-80C-04238 [22].

The polymer–solvent interaction parameter was determined by the equilibrium
swelling method according to PN ISO 1817:2001/ap1:2002 [23] (0.378 for SBR rubber in a
toluene solvent). Samples were then allowed to evaporate in air for 72 h and reweighed.

Cross-link density was calculated as the volume fraction of rubber in the swollen mate-
rial, and vs. = 106.3 mol/cm3 for the molar volume of the solvent (toluene) solvent [24,25].
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Cross-link density (υ), was calculated on the basis of the Flory–Rehner equation:

v =
ln(1 − Vr) + Vr + μV3

r

V0

(
V

1
3

r − Vr
2

) (1)

where μ is the Huggins parameter for the uncrosslinked polymer–solvent system and Vr is
the molar volume of the swelling solvent.

Rheological tests were performed using a rotational rheometer (ARES-G2 TA Instru-
ments, New Castle, DE, USA). Stress measurements were performed regardless of the
applied shear deformation, with a torque range from 0.05 μNm to 200 mNm, force range
of 0.001–20 N, temperature range from −150 ◦C to +600 ◦C, cooling with liquid nitrogen,
DETA module for dielectric measurements.

To test the effect of elevated temperature, the samples were placed in a thermal
chamber (Binder GmbH, Tuttlingen, Germany) at 70 ◦C for 7 days. Three mixtures were
selected and subjected to 30-day biological aging in soil. The soil samples were placed
in a MEMMERT climate chamber (HPP 108 Memmert GmbH, Schwabach, Germany)
for 14 days at 30 ◦C and 80% air humidity. The aged samples were then subjected to
strength tests. The results were compared with those for samples that had not been aged.
Examination of the surface morphology of the rubber mixtures was carried out using a Zeiss
Ultra Plus scanning electron microscope (ZEISS, Carl Zeiss AG, Oberkochen Germany).
A Nicolet 6700 FTIR spectroscope (Thermo Scientific, Waltham, MA, USA) with Fourier
transform was used to analyze the chemical bonds present in the ashes and the obtained
vulcanizates, using the total internal reflection method with the attenuated total reflection
(ATR) attachment. Measurements were carried out in the range of 400–4000 cm−1 for the
ashes and three selected vulcanizates.

The VOCs were studied using ion mobility spectroscopy with gas chromatography,
during vulcanization in a tightly closed reactor. The heating time of the mixture at 160 ◦C
was 2 × t90 (two times optimum cure time) in order to be sure that the vulcanization
occured. The collected gases were diluted and sent to an MCC-IMS instrument (G.A.S.
Gesellschaft für Analytische Sensorsysteme GmbH, Dortmund, Germany). Tests were
carried out for a mixture without the addition of ash and for two mixtures with CBS1 ash
(addition of 10 or 30 pts. wt. ash). Thermal analysis by differential scanning calorimetry
(DSC) was carried out in order to determine the glass transition temperature (Tg) of
the selected vulcanizates. The tests were carried out using a DSC1 analyzer (Mettler
Toledo, Netzsch, Switzerland) calibrated with standards (indium, zinc) at a heating rate
of 10 ◦C/min. The SBR samples were heated from −150 ◦C to 350 ◦C under nitrogen
atmosphere.

4. Results and Discussion

4.1. Characterization of BCA

It is known that the shape, particle size, and specific surface of a filler have a decisive
influence on the strength of rubber–filler connections. Ash morphology was assessed
on the basis of photographs taken with an optical microscope, shown in Figure 1. The
ash agglomerates are visible as irregularly structured spherical particles, with a wide
size distribution from several hundred nanometers to several micrometers. The grains in
the BCA2 ash are much finer. The older ash contained larger particles with greater size
variation.
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Figure 1. Images of BCA magnification ×1.00: (a) ash BCA1 and (b) ash BCA2.

Table 2 shows that the largest share of BCA1 ash (74.7%) was between 63–250 μm,
whereas BCA2 ash contained mostly fractions below 45–250 μm (76.9%).

Table 2. Ash sieve analysis BCA1 and BCA2.

BCA1 BCA2

Size Class
[μm]

Δp [%] q3 %[μm] Δm [g] Δp [%] q3 %[μm] Δm [g]

<45 8.1 0–18 4.30 23.6 0.52 11.79
45–63 9.2 0.51 4.59 26.1 1.45 13–05

63–125 38.2 0.62 119.00 27.2 0.44 13.63
125–250 36.5 0.29 18.18 17.3 0.14 8.68
250–500 5.8 0.02 2.91 4.3 0.02 2.15

500–1000 1.4 0.00 0.72 0.8 0.00 0.40
1000–2000 0.5 0.00 0.26 0.4 0.00 0.18
2000–4000 0.0 0.00 0.01 0.3 0.00 0.16

>4000 0.1 0.00 0.05 0.0 0.00 0.00

Legend: Δp—percentage distribution of the fraction share (%); q3%—density of the grain class distribution (μm);
Δm—particle mass distribution (g).

4.2. Characterization of SBR/BCA Composites
4.2.1. Vulcanization Kinetics

Rheometric measurements were used to determine the vulcanization time and the
increase in the torsional moment ΔM. The results are presented in Table 3. The BCA fillers
clearly influenced the cross-linking properties of the SBR blends. The kinetic parameters of
the BCA-containing compounds were different from those of the blank compound. The
addition of ash to the SBR compound resulted in lower viscosity and stiffness, which
is reflected in the torque value (ML). The increase in torque decreases as the weight
fraction of ash increases, leading to a visible deterioration of the mechanical parameters of
vulcanizates. The unfilled sample showed a longer cure time than the filled composites.

Table 3. Influence of BCA on the rheometric properties of SBR compounds.

Symbol ML [dNm] ΔM [dNm] τ90 [min]

SBR 2.22 18.12 11.35
SBR1 (10) 1.90 17.11 9.67
SBR1 (20) 1.25 12.82 10.84
SBR1 (30) 1.37 12.68 12.99
SBR2 (10) 1.53 13.40 11.08
SBR2 (20) 1.52 13.03 11.36
SBR2 (30) 1.48 12.72 12.06

LL—minimum torque moment (dNm); ΔL—the decrease of torque moment (dNm) (ΔL = LHR—LL); τ02—scorch
time (min); τ90—time of vulcanization (min).
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The vulcanization times increased with increasing BCA1 concentrations, reaching
the highest value at 30 phr (τ90 = 12.99). Subsequent studies clearly showed that the
ash belongs to the group of inactive fillers, with lower increases of turbulent moments
for the composition with the same content compared to the noninvasive composite. As a
consequence, it leads to a visible deterioration of the mechanical parameters of vulcanizates.

4.2.2. Rheological Analysis

Rheological analysis is applicable to all materials with visco-elastic properties and
describes the relationship between forces and deformation as a function of time. Figure 2
shows the dependence of changes in stress viscosity on the shear rate for individual SBR
elastomer composites filled with ash. The dynamic viscosity values changed as a result of
introducing ash fillers into the SBR rubber matrix. Irrespective of the type of ash used, the
shear modulus decreased as the proportion of the introduced filler was increased from 10
to 20 pts. wt. This correlates with the rheometric properties (Section 4.2.1).

The use of the ash as a filler changed the viscosity of the composites. The dynamic
viscosity of the mixtures was almost half that of the pure SBR sample, which may suggest
the formation of connections between the mineral filler and the SBR matrix, creating a
secondary structure containing mineral particles associated with the remaining components
of the mixtures. As reported in [26], this may be caused by changes in deformation caused
by the material microstructure, i.e., increased susceptibility to cracking and thus reduced
hardness, as well as the formation of weak physical interactions connecting adjacent filler
clusters.
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Figure 2. Dependence of viscosity and stress on the shear rate of the composites: (a) SBR; (b) SBR1
(10); (c) SBR2 (10); (d) SBR1 (20); (e) SBR2 (20). Sapphire curve —complex viscosity η* (kPa’s) at
80 ◦C (processing temperature) for SBR mixtures; green curve—storage shear modulus G′ (kPa)
of uncured rubber mixtures SBR at 80 ◦C as a function of angular frequency ω (rad’s − 1) (linear
viscoelastic region); red curve—mechanical loss tan δ (−) as a function of angular frequency ω

(rad’s − 1) (oscillation strain 100%).
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4.2.3. Cross-Linking Density

The cross-linking densities of the prepared mixtures are presented in Table 4. The
reference sample had the highest cross-linking density. The samples doped with BCA1
ash did not show any particular tendency, while the cross-link densities of the polymers
filled with BCA2 ash increased with higher ash contents. The cross-linked density of the
SBR1 (20) and SBR2 (10) samples was 53% lower than the cross-link density of the reference
sample.

Table 4. The cross-linking densities of the prepared mixtures.

Symbol SBR SBR1 (10) SBR1 (20) SBR1 (30) SBR2 (10) SBR2 (20) SBR2 (30)

Total network density α

[mol/cm3] 2.00 × 10−4 1.94 × 10−4 9.35 × 10−5 1.39 × 10−4 9.35 × 10−5 1.51 × 10−5 1.64 × 10−4

4.2.4. FTIR

The composites were subjected to FTIR analysis to characterize the bonds present in
the ash samples and in the vulcanizates. Figure 3 shows a comparison of BCA1 and BCA2
ashes, while Figures 4 and 5 show examples of spectra for SBR, SBR1 (10), and SBR1 (30)
containing different amounts of ash.

Figure 3. FTIR spectra for ashes BCA1 and BCA2.

The spectra presented in Figure 3 show valence vibrations of the bands coming from
the side chains and hydroxyl (–OH) groups in the region from 3200 to 3500 cm−1. At
1706 cm−1, a vibration band appears (C=O). The effect of silica on interactions with other
components of the BCA powder, and thus on other interactions, was manifested by shifting
of the absorption bands, reducing their intensity, etc. The characteristic absorption band at
1140 cm−1 can be attributed to the possible interaction of Si with the protein-like system
–Si–O. There is also a characteristic broad absorption band for BCA2 C-O powder at about
843 cm−1. The bands between 780 and 650 cm–1 indicate the presence of Si–O–Si bonds.
A small band was observed in the range from 3600 to 3550 cm−1, which is related to the
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vibration of the –OH group in the BCA1 sample. The Al-O compound appears in the range
of 920–910 cm−1 for both types of ashes.

Figure 4. FTIR spectra of SBR, SBR1 (10), and SBR1 (30) composites.

Figure 5. FTIR spectra for SBR, SBR1 (10), and SBR1 (30) after thermo-oxidative aging.

As shown in Figure 4, at 2885.07 cm−1 visible vibrations of the C–H groups are present
in the structure of the SBR aromatic styrene ring [27]. At 2100 cm−1 there is a C=C bond
derived from rubber butadiene. The intensity of the BCA bands changes with the amount
of ash, although these changes are not as significant. Small changes are visible in the
dactyloscopic area related to a slight increase in the intensity of the bands in the range
of 1500–1400 cm−1 and 500 cm−1. The first are characterized by stretching vibrations of
the –C=C– aliphatic grouping and bending vibrations = C–H. However, the second is also
the confirmation of the occurrence of stretching vibrations of the aromatic ring v (C=C),
which come from styrene. Compared to the spectrum of BCA alone (Figures 4 and 5), the
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intense band at 773 cm−1 derived from silicates significantly reduces in intensity, which
may indicate possible interaction with Si–O–C groups in the SBR aromatic rubber ring.

The band at 953 cm−1 is related to the absorption of stretching vibrations from the
C=C groups in the aromatic ring, which become much more intense as the amount of BCA
increases. This may indicate some interaction between the filler and the elastomer matrix.
The prominent peak at about 901 cm−1 indicates the presence of Al–O groups.

In the spectra of the mixtures after temperature aging (Figure 5), a change in the
intensity of certain peaks can be observed. In the case of the signal from the C=C groups,
as the share of ash in the mixture increased a decrease in the band intensity was observed
at the wavenumber of 2113 cm−1 and around 974 cm−1. This was probably related to the
breaking of double bonds during aging.

4.2.5. Mechanical and Hardness Tests

The influence of BCA on the mechanical properties of the SBR vulcanizates is presented
in Table 5. A hardness test was performed to determine the effect of the amount of added
filler on the hardness of the rubber mixtures. The samples with the addition of ash showed
a decrease in hardness in the range of 8.7–14.8%. The smallest decrease was observed for
the SBR2 sample (20), and the largest decrease for the SBR2 sample (30). There was no
downward trend in hardness as a function of sample composition (addition of ash). This
parameter is related to the cross-linking density of composites and confirms the results of
the swelling measurements and rheometric tests.

Table 5. Influence of BCA filler on the mechanical properties of the SBR composites.

Symbol SBR SBR1 (10) SBR1 (20) SBR1 (30) SBR2 (10) SBR2 (20) SBR2 (30)

H [ºSh] 60.85 ± 1.69 55.29 ± 2.63 55.39 ± 1.55 52.71 ± 1.08 54.43 ± 0.62 55.54 ± 1.12 51.83 ± 1.35

SE100 [MPa] 3.37 ± 0.20 2.63 ± 0.23 1.53 ± 0.06 1.49 ± 0.06 1.79 ± 0.03 1.86 ± 0.05 1.51 ± 0.06

SE200 [MPa] 8.47 ± 0.44 5.78 ± 0.52 2.44 ± 0.13 2.22 ± 0.13 3.48 ± 0.09 3.31 ± 0.17 2.21 ± 0.10

SE300 [MPa] 15.57 ± 0.75 10.66 ± 0.96 3.98 ± 0.30 3.39 ± 0.26 6.51 ± 0.18 5.98 ± 0.37 3.36 ± 0.18

TS [MPa] 27.37 ± 0.32 18.5 ± 0.20 13.38 ± 0.66 11.86 ± 0.40 19.00 ± 0.35 15.95 ± 0.98 11.94 ± 0.54

Eb [%] 476 ± 24 441 ± 24 591 ± 25 619 ± 28 576 ± 15 535 ± 33 614 ± 14

Influence of theromoxidative and biological aging on the properties of SBR composites.

Symbol SBR SBR1 (10) SBR1 (20) SBR1 (30) SBR2 (10) SBR2 (20) SBR2 (30)

TS [MPa] 23.16 ± 1.65 12.87 ± 1.46 10.28 ± 0.98 9.34 ± 0.54 16.98 ± 1.65 14.24 ± 0.40 6.89 ± 1.75

Eb [%] 282 ± 23 287 ± 18 370 ± 25 400 ± 16 423 ± 23 368 ± 17 422 ± 4

Legend: SE100 (MPa)—stress modulus with elongation at 100%; SE200 (MPa)—stress modulus with elongation at 200%; SE300 (MPa)—stress
modulus with elongation at 300%; TS (MPa)—tensile strength; Eb (%)—elongation at break.

The results of the tensile strength tests show a decrease in breaking strength as a result
of doping the rubber mixtures with ash. The SBR control sample, without the addition of
ash fillers, had the highest tensile strength. The addition of ashes caused a decrease in the
tensile strength of the mixtures. The smallest decrease was observed for the SBR1 sample
(10). Elongation at break increased by between 12.6% and 30% following the addition
of ash fillers. The highest elongation was achieved by the SBR1 sample (30), with an
increase of 30% compared to the control (without filler). The only decrease in elongation in
comparison to the SBR control sample occurred in the case of SBR1 (10). The values for
this sample decreased with further additions of filler. This may be related to the lack of
the formation of permanent molecular interactions in the form of permanent bonds, for
example covalent or ionic bonds, although FTIR analysis indicated there may be weak
range metallic intermolecular interactions.

A strength test was carried out on the samples after thermo-oxidative aging. In the
case of thermo-oxidative treatment, the general trend remained unchanged. The highest
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stresses were recorded for the SBR samples, and the lowest stresses for SBR1 (30). The
decreases in the elongation at break values were comparable for each of the samples. The
stress at break value for the reference sample decreased by 15% compared to the sample not
subjected to thermo-oxidative aging. The average reduction in tensile strength for samples
filled with ash was 23%. The elongation at break value for the reference sample decreased
by 41% after temperature aging. The mean decrease in elongation at break values for the
samples filled with ash was 33%. The lifetime of elastomers, including styrene–butadiene
rubber, is largely dependent on the aging processes. Physical and chemical properties
change, depending on the rubber content, the type of components used for the elastomer
mixture and the resulting internal network structure. In the presented cases (SBR2 (10),
SBR2 (20), SBR2 (30)) the decrease in tensile strength (TS) in relation to the samples not
subjected to aging, and thus the observed increase in the relative elongation Eb, may be
caused by changes in the viscoelastic properties caused by the introduction of the filler in
the form of ash BAC. The ash is characterized by a diverse mix of micro and macro elements
that influence the oxidation processes of the composite structure. In addition to elevated
temperature and humidity, oxygen, ozone, and light contribute to the aging processes.
During the aging processes, the cross-links are degraded, causing the relaxation of the tight
and more packed elastomeric structure, which, by changing the viscoelastic interactions,
leads to an increase in the elongation parameters at the moment of breaking Eb.

4.2.6. Carbonyl Index

The Carbonyl index (CI), based on changes in the carbonyl (C=O) band, is used for to
predict the lifespan and development of stabilizing additives [28–31]. The CI is used specif-
ically to monitor the absorption band of carbonyl species formed during photooxidation or
thermo-oxidation processes in the range from 1850 to 1650 cm−1 by measuring the ratio of
the carbonyl peak to the reference peak. The carbonyl index is the ratio of the band height
of the carbonyl groups to the band height of the C–H groups. An increase in CI indicates
more advanced degradation. One of the most common analytical techniques for monitoring
oxidation reactions, including CI, is Fourier transform infrared (FTIR) spectroscopy. FTIR
analysis is also able to monitor other chemical changes that occur over the lifespan of the
material, by detecting functional groups present in different bands.

The CI for the tested composites was calculated after temperature aging (Table 6).
The addition of ash lowered the CI, so it can be concluded that chemical reactions took
place in the vulcanizate structure, leading to the remodeling of individual bonds under
the influence of temperature. Increasing the amount of filler in the matrix thus caused the
matrix to degrade faster during processing. The lowest value (0.05) was recorded for the
SBR1 sample (10).

Table 6. Carbonyl index for samples after thermo-oxidative aging.

Symbol
Wavenumber [cm−1]

Carbonyl Index (CI)
~1700 ~2800

SBR 0.92 6.30 0.15
SBR1 (10) 0.38 7.64 0.05
SBR1 (30) 0.91 8.80 0.10

4.2.7. SEM Analysis

The morphology of the selected samples was assessed based on SEM photos taken at
the breakthroughs of individual materials (Figure 6). Photographs at 250 times magnifica-
tion revealed the diverse morphologies of the materials. In the case of the SBR reference
sample, a small number of fine agglomerates can be observed, which may represent, e.g.,
the grains of the crosslinker. On the other hand, in the case of samples with the addition of
ash, we can see an analogous increase in light agglomerates: the higher the addition of ash,
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the greater the proportion of particles with a regular structure, isolated from each other,
with a wide size distribution.

Figure 6. SEM photographs of composites (a,b)—SBR; (c,d)—SBR1 (10); (e,f)—SBR1 (20); left: photographs with ×250
magnification, right: photographs with ×5000 magnification.
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4.2.8. EDS Analysis

EDS analysis enabled qualitative and quantitative determination of the chemical
compositions of the studied composites. However, it should be remembered that EDS
provides only an approximate measure of individual minerals. The results are presented in
Table 7. Aluminum and calcium were not observed in the SBR mix but appeared in the
mixes with ash. This may indicate that these components were contained in the BCA1. The
reference mixture also had a very low silicon content, whereas in SBR1 (10) and SBR1 (20)
there was a significant increase in silicon content, which again leads us to the conclusion
that silicon was a component of the ash.

Table 7. Compositions of analyzed elastomer blends obtained by EDS analysis.

Chemical Elements, %
Designations of Mixtures

SBR SBR1 (10) SBR1 (20)

Oxygen 5.82 9.40 10.41
Sulfur 1.46 1.65 2.03
Zinc 1.27 0.58 1.74
Silicon 0.008 0.96 1.51
Aluminum - 0.78 0.96
Calcium - 1.54 1.59
Iron - - 1.28

4.2.9. DSC & TGA Analysis

The results of thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC) of selected SBR and SBR1 (10) composites are shown in Table 8, as well as in
Figures 7 and 8.

The addition of BCA filler did not significantly affect the temperature of thermal
decomposition of SBR. As seen from the standard deviation, the maximum decomposition
temperatures of all composites were the same. The total weight loss of the elastomers
tested during degradation was 97% for the reference sample and 91% for the BCA-filled
composites.

Figure 7. Thermogravimetric analysis (TGA) curves of SBR composites: reference sample SBR (black curve), SBR1 (10)
sample (red curve).

324



Materials 2021, 14, 4986

Figure 8. Comparative analysis of DSC results: unfilled SBR (black curve) and SBR10 (10 phr of BCA,
red curve).

Table 8. Thermal characteristics of SBR and SBR1 (10).

Symbol
T5%

(◦C)
T peak 1 (DTG)

(◦C)
T peak 2 (DTG)

(◦C)
Δm total

(%)
Tg

(◦C)

SBR 337 465 697 97.51 −46.23

SBR1 (10) 337 466.33 681 91.55 −46.92
T5%—decomposition temperature at 5% mass loss; Tp(DTG)—temperature of maximum conversion rate on the
DTG curve; Δm total—total mass loss during thermal decomposition; Tg—glass transition temperature (standard
deviations: T5, Tp (DTG) ± 2 ◦C; Δm total ± 0.6%; Tg ± 2 ◦C).

The glass transition temperature Tg of pure SBR is reported in the literature as
48/65 ◦C [32]. DSC showed that the glass transition temperature Tg starts at the beginning
for the SBR composite, that is, at −46.23 ◦C, while for SBR1 (10) Tg starts at −46.92 ◦C
(Figure 8). This suggests that the BCA filler acts as a plasticizer in SBR compounds. This
effect is caused by certain amounts of macro- and microelements in the ashes obtained
from brown coal combustion. These undoubtedly include calcium and magnesium, as
well as silicon compounds. These elements, in combination with the components of the
elastomer mixture, such as stearin or oxide activators, vulcanization accelerators, can
impart plasticizing properties to rubber composites during cross-linking processes. The
heat capacity of the SBR composite was 0.402 Jg−1K−1, whereas for SBR1 (10) the heat
capacity decreased to 0.299 Jg−1K−1

4.2.10. Testing Emission of VOCs from Vulcanizates

Ashes can adsorb different types of VOC’s, as well as gases or liquids in general.
Ashes, depending on their physicochemical properties, can effectively adsorb various
substances due to their high porosity, large surface area, suitable pore size and, for example,
unburned carbon [33]. The larger surface area and carbon content with a large micropore
volume results in higher adsorption capacity and longer penetration times. Additionally,
the adsorption effect is related not only to the physicochemical properties of the adsorbent
itself, but also to the physicochemical properties of the adsorbate, such as pore structure
and surface functional groups [34].

The use of MCC-IMS allowed us to observe the effect of the ash on the release of
chemical compounds from the mixture during the vulcanization process. The addition
of a small amount of ash was found to reduce the amount of VOCs released during
vulcanization, by approximately 48% on average (Table 9 and Figure 9). Ash as a highly
porous and high-surface-area filler, can successfully trap released VOCs from rubber. The
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observed effect can be reduced by the polymer matrix which surround the filler particles
“taking” their active groups on the surface, but also it can penetrate into the micro pores
of the filler, reducing its number of free voids. With higher proportions of ash, decreases
in emissions were also observed, but they were less significant. The reason for the higher
VOCs emissions of the SBR1 sample (30) compared to the SBR1 sample (10) may be the
amount of ash they contained.

Table 9. Comparison of the intensity of VOC signals released during the vulcanization process from
the tested rubber mixtures.

Benzothiazoles Benzothiazole Dimer Aniline X1 X2

SBR 1129 399 532 973 466

SBR1(10) 961 171 178 608 264

SBR1(30) 1102 192 423 888 371

Figure 9. Graphical representation of VOCs released during the vulcanization process.

Increasing the proportion of filler in the mixture causes agglomeration, which reduces
the active surface area and, as a consequence, the adsorbing properties of the filler. In
addition, agglomeration of the filler reduces its degree of dispersion, which may have a
direct negative impact on the amount of VOCs released.

Two VOCs that were identified in this analysis are known as decomposition by-
products of accelerators: benzothiazole and aniline. There was a reduction in the emission
of two other unknown chemicals, based on comparison with the reference blend.

5. Conclusions

In this study, we used ash produced during the combustion of lignite at the Bełchatów
Power Plant (Poland) in 2017 and 2018 as additives in SBR mixtures. The additives reduced
the emission of volatile organic compounds (VOCs) from the rubber mixtures during
vulcanization. Their use to fill elastomeric mixtures could reduce production costs, while
also contributing to waste management of the ash.

The incorporation of ash into the structures of the prepared mixtures was confirmed
by SEM, EDS, and FTIR spectroscopy. Differences in the morphology and chemical compo-
sition of the two analyzed ashes were also noted. These differences may result from the
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origin of the ash, the conditions of its formation, the combustion processes used and the
place of sampling.

A decrease in the mechanical properties of the vulcanizates was observed following
the addition of the ashes, which proves that they are inactive fillers. The addition of a small
amount of BCA1 ash (10 pts. wt.) maintained the good mechanical properties of the SBR,
while also reducing VOC emissions during vulcanization. The presented solution opens
the way for doping with waste ash waste from the energy and mining industries, among
others. The produced vucanizates can be used in the automotive industry, among others,
for example in the production of rubber products used in closed spaces, e.g., car floor mats
or other elements of car cabin equipment.
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brunatnego. Pr. Inst. Ceram. i Mater. Bud. 2017, 10, 7–21.
8. Esomba, S. The Book: Twenty-First Century’s Fuel Sufficiency Roadmap, Lulu. pp. 600–606. Available online: https://www.lulu.

com/shop/steve-esomba-dr/shop/steve-esomba-dr/twenty-first-centurys-fuel-sufficiency-roadmap/paperback/product-19
zzd294.html?page=1&pageSize=4 (accessed on 16 July 2021).

9. Tkaczewska, E.; Mróz, R.; Łój, G. Coal-biomass fly ashes for cement production of CEM II/A-V 42.5R. Constr. Build. Mater 2012, 1,
633–639. [CrossRef]

10. Formela, M.; Stryczek, S. Popioły fluidalne ze spalania węgla brunatnego jako dodatek do zaczynów uszczelniających wyko-
rzystywanych podczas prac wypełniania pustek w górotworze. Zesz. Nauk. Inst. Gospod. Surowcami Miner. i Energią PAN 2017, 97,
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Cristea, O.D. Using Statistical

Modeling for Assessing Lettuce Crops

Contaminated with Zn, Correlating

Plants Growth Characteristics with the

Soil Contamination Levels. Appl. Sci.

2021, 11, 8261. https://doi.org/

10.3390/app11178261

Academic Editor:

Avelino Núñez-Delgado

Received: 3 August 2021

Accepted: 3 September 2021

Published: 6 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affili-

ations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 National Institute of Research—Development for Machines and Installations Designed for Agriculture and
Food Industry—INMA Bucharest, 013811 Bucharest, Romania; cardei@inma.ro (P.C.);
pruteanu@inma.ro (M.A.P.); vladut@inma.ro (V.V.); cujbescu@inma.ro (D.C.); iulia.gageanu@inma.ro (I.G.);
ocristea@inma.ro (O.D.C.)

2 Department of Biotechnical Systems, University Politehnica of Bucharest, 006042 Bucharest, Romania
* Correspondence: florin.nenciu@inma.ro (F.N.); nicoleta.ungureanu@upb.ro (N.U.)

Abstract: The aim of the study was to identify new mathematical models and strategies that can
characterize the behavior of pollutants accumulating in the soil over time, considering the special
characteristics of these chemicals that cannot be degraded or destroyed easily. The paper proposes
a statistical model for assessing the accumulation of Zn in the lettuce (Lactuca sativa L.), based on
three indicators that characterize the development of lettuce plants over time. The experimental
data can be used to obtain interpolated variations of the mass increase functions and to determine
several functions that express the time dependence of heavy metal accumulation in the plant. The
resulting interpolation functions have multiple applications, being useful in generating predictions
for plant growth parameters when they are grown in contaminated environments, determining
whether pollutant concentrations may be hazardous for human health, and may be used to verify
and validate dynamic mathematical contamination models.

Keywords: heavy metals; soil contamination; zinc accumulation

1. Introduction

Zinc (Zn) reaches the agricultural soil through anthropogenic activities such as the
application of fertilizers and pesticides, manures, sewage sludges, or various industrial
activities, in many cases causing phytotoxic concentrations or contaminating agricultural
products [1]. High concentrations of heavy metals in agricultural soil could generate
toxic effects on human health, and their negative effect is aggravated by the property of
metals to accumulate in time, producing chronic intoxication [1]. Although zinc is an
important nutrient, its excessive ingestion reduces the immune functions and the level of
high-density lipoproteins. Food consumption is the main pathway for human exposure to
heavy metals [2], and zinc has one of the greatest accumulation potentials in plants [3]. A
study [4] showed that the potential of heavy metals to be absorbed in plant parts is higher
in roots, followed by stems and leaves.

Given the high-risk potential caused by the presence of heavy metals in the soil,
both from the perspective of ensuring food security and human health, the accumulation
of various hazardous substances in the mass of plants has been an intensely studied
topic. Recent progress in the research of toxic metals and their interactions with essential
elements has increased our understanding of the mechanism of toxicity at the biochemical
level. Boskovic-Rakocevic studied the total Cd levels and the accumulation process in
lettuce in order to evaluate the human health impact [5], determining that the uptake
and accumulation of cadmium is mostly affected by soil pH, followed by Cd availability.
A study [6] evaluated the biochemical effect and the physiological response of several
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contaminating agents in peppers raised in laboratory conditions, while other research [7]
evaluated Zn phytotoxicity considering the complex biochemical reactions, and plant
tolerance to Zn with regard to phytoremediation processes.

In a paper [8], the natural Cu, Cr, Zn, and Mn phytoaccumulation potential was
screened for three widespread species, in the Constanta coastal area, Romania: Brassica
rapa, Crambe maritima, and Lepidium draba. Samples of aboveground organs and soil
were taken for each species and analyzed for heavy metal concentration values. Regarding
the statistical analysis of the content of heavy metals in the soil, studies [9] evaluated the
accumulation of cadmium and lead in vegetables that are grown in contaminated soils. The
comparative analysis concluded that cadmium accumulation by plants grown on sewage
sludge amended soils is lower than that for the inorganically contaminated soils. An
extensive study on a total of 118 agricultural soil types and 43 vegetable samples have been
developed in [10], assessing the spatial distribution, sources, accumulation characteristics,
and potential risk of heavy metals in the agricultural soils and vegetables, by three different
approaches. Contamination with heavy metals can also come from the water used to
irrigate crops, as shown in a study [11] that considered the effect of wastewater irrigation
on vegetables, in relation to the bioaccumulation of heavy metals and biochemical changes.
The results showed a decrease in total chlorophyll and total amino acid levels in plants
and an increase in the amounts of soluble sugars, total protein, and ascorbic acid in plants
grown on soils irrigated with contaminated wastewater.

The statistical analysis is widely used in modern research, being the best approach for
primary processing of data resulting from the investigation of phenomena. Statistical mod-
elling is not only a way to obtain conclusive results, but also an intermediate step towards
analytical, deterministic, or probabilistic models, with a greater degree of generality. In
terms of plant evolution, and the bioaccumulation of contaminants in plants, a complex
multivariate analysis on the presence of heavy metal contamination in agricultural soils
is analyzed in a study [12]. The experimental results can be presented in statistical terms,
even in terms of simple statistical models, such as the linear regressions [13]. Linear and
quadratic regressions are often used in investigations envisaging the interaction of heavy
metals with plants [14].

A study [15] showed a detailed analysis of the mathematical models generally used in
ecology, classifying them into deterministic and statistical models. The bioaccumulation
assessment uses both types of models for prediction or optimization, or for deepening
various aspects. Despite the development direction that emphasizes the need to know the
causality of the processes underlying the bioaccumulation processes, the use of statistical
models for prediction is an extremely valuable asset [15].

To compare different types of components or the effects produced by different tech-
niques or technologies, statistical research frequently uses the analysis of variance, or
ANOVA [16–20].

Superior statistical techniques are currently employed to predict the heavy metal
concentration in soil, plants, or other environments, in the frame of complex computational
tools such as the neural networks [21–23].

This paper presents one-dimensional interpolations, regarding both the variation over
time of the mass of lettuce plants grown on soil contaminated with zinc, and the variation
of heavy metal concentration in plants. It also includes two-dimensional interpolations
regarding the variation of the mass of plants (lettuce) that are grown on soil contaminated
with zinc, depending on time and the amounts of zinc in the soil.

The experimental studies aimed to create a framework for a better understanding of
the mechanisms of Zn toxicity in plants and to identify novel assessment perspectives based
on a statistical analysis. The physiology of Zn phytotoxicity is complicated, considering
Zn interference in chlorophyll biosynthesis, and other complex biochemical reactions [7].
There are different tolerances to zinc toxicity, depending on plant genotypes, with lettuce
being one of the plants with higher tolerances.
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The aim of this paper was to identify new tools to describe how zinc pollution affects
lettuce crops, analyzing three growth characteristics: plant mass, plant height, and plant
diameter. Using the least squares method on the experimental data has determined the 1 to
4 grades mathematical regression functions that describe the three growth characteristics
in time. The three plant growth characteristics (mass, height, and diameter) have been
correlated with the three zinc concentrations in the soil, in order to draw conclusions about
the effect associated to each concentration on the lettuce experimental culture.

2. Materials and Methods

This research study has three components: the physical component, the experimental
component, and the numerical component, consisting of the results of the descriptive
statistical analysis of the experimental data. The research has been performed in two
phases: the experimental phase and the processing of statistical data, followed by the
interpretation of the results. Statistical processing led us to the elementary statistical
models of the process of zinc bioaccumulation in the bio-plant bio system.

The experimental design started from the scientific problem of determining the effect
that different zinc concentrations may have on lettuce plants and implicitly on human
health, using statistical techniques. The evaluation method was to determine the interpola-
tion functions, that can be used for making forecasts on the evolution over time of plant
development, in soils contaminated with zinc.

The experimental unit was the plant isolated in individual pots. A single treatment was
applied to the soil, followed by the monitoring of the evolution of the plant development
in time. The factor has been considered that the zinc solution has three different levels
(three different concentrations of zinc applied to the soil).

The response (the outcome being measured) was the plant development in the 10
weeks of monitoring. The period of 10 weeks was chosen, because it was considered the
maximum until harvest should be done for human consumption. Three observational units
were analyzed, namely the height of the plant, its mass, and plant thickness. The treatment
stage did not change after applying the three concentrations of zinc on the soil, and the
growing conditions remained the same. The resulting design considered comparisons
between samples.

A completely randomized design was used, randomly assigning treatments to the
experimental units in a pre-specified number, with the same number of units receiving
each treatment.

The experimental method involved the use of 30 lettuce plants in individual pots,
forming three groups of 10 pots. Each group was initially infested in a controlled manner
with a certain level of contamination (initial concentration of zinc). Lettuce seedlings
were planted on clean soil, and then contaminated with three solutions containing the
following zinc concentrations: 1.5%, 3.0%, and 4.5%. Contamination was carried out by
adding Zn sulphate solutions (250 mL solution, for each zinc concentration) on clean soil
(1 kg/pot of fertile soil). The physicochemical properties of the control sample (i.e., of the
uncontaminated soil used for the growth of all plants, which was then infested with Zn
solution in each of the three groups of 10 pots) were as follows: the pH varied between
6.0–7.0; total nitrogen 1.9%; total phosphorus 0.5%; potassium 0.9%; electrical conductivity
1.2; maximum 5% soil particles over 20 mm; humidity 14.7%.

At each harvest, three plants were sacrificed, one from each group of 10 pots with
different initial concentrations of Zn. For each plant harvested, the mass, height, diameter,
and zinc concentration of the plants were measured for each of the three samples. At each
harvest, the parameters were measured: zinc concentration in the soil, soil moisture, water
content of the plant, and pH. Ten harvests were made from October to December at one-
week intervals. The culture was located in a greenhouse with controlled air temperature
and humidity (temperature 20 ◦C and humidity 65%). Four experimental parameters were
measured at each harvest and introduced in the statistical analysis (mass, height, crown
diameter, and zinc concentration).

331



Appl. Sci. 2021, 11, 8261

The soil–plant biological system is simplified in this empirical-statistical model by
the elementary dependence of the output parameters, on a single input parameter (zinc
concentration in the soil in which lettuce grows), and time:

x = f (t, c) (1)

where: x is one of the output parameters (plant mass, crown diameter, plant height, zinc
concentration in the plant, the water content of the plant, or soil moisture, soil pH, and
the amount of zinc in the soil), c is the zinc concentration from the soil in which the plant
grows, and t is the time.

The physicochemical characteristics (pH, soil moisture, and plant water content) of
the soil varied in relatively narrow ranges, as it can be seen in Figure 1.

   

(a) (b) (c) 

Figure 1. Box plot representations of the distribution of pH (a), soil moisture (b), and plant water content (c), during the
experiment, for the three cases of soil contaminated with a solution of 1.5%, 3.0%, and 4.5% zinc concentration.

Plant and soil sampling and analysis were performed daily, up to 68 days after planting
(Figure 2). The mass of the samples was determined by weighing the probes with the
KERN electronic balance (0.001 g precision), and plant height from the root levels to the
top of the plant was measured with a ruler.

   
Harvest 1 Harvest 3 Harvest 5 

   
Harvest 7 Harvest 9 Harvest 10 

Figure 2. Plants with different contamination concentrations, harvested at different time periods after cultivation.

Soil moisture and water content, both in the plants and soil, were determined by
drying in the oven at 105 ◦C, in order to evaporate water both from the soil and from
the plant.

Soil pH was determined using a pH determination kit. A soil sample of 20 g was dried
in the oven and then placed in a bowl with 100 mL of distilled water, stirred for 30 min and
then filtered and controlled with pH paper.

An overview of the evolution of the mass, height, and diameter for the last 10 harvests
of lettuce grown in the three soil types (each being contaminated by adding, in the soil,
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three solutions having 1.5%, 3.0%, and 4.5% zinc concentrations), is given by a box plot
representation in Figure 3.

   

(a) (b) (c) 

Figure 3. Box plot diagrams for mass (a), height (b), and diameter (c) distributions for the three cases of soil contamination
with a solution of 1.5%, 3.0%, and 4.5% zinc concentration.

The determination of zinc in the contaminated soil and the lettuce plant body (root
and leaves) was performed by the spectrophotometric method (flame atomic absorption),
according to the procedure developed in a previous study [24].

Figure 4 shows a representation of experimental data obtained by normalized standard
deviation, depending on the Zn concentration in the soil. It can be observed that the
“tightest” results around the average, in terms of mass, height, and diameter of the plant,
are obtained at the highest concentration of zinc in the soil.

Figure 4. Variation of eight parameters of the plant after contaminating the soil, using the normalized
standard deviation, in consideration of Zn accumulation (where humid.pl.: plant water content;
soil moist.: soil moisture; soil h.m.c.: soil heavy metal concentration; plant h.m.c.: plant heavy
metal concentration).

3. Results

3.1. Statistical Models (Polynomials Time Regression)

The statistical methods used to obtain the models are based on linear regressions (first-
degree polynomials), quadratic regressions (second-degree polynomials), cubic regressions
(third-degree polynomials), and the polynomials regression by fourth-degree poly.

Polynomial regressions, and non-polynomial regressions, are obtained by applying
the least squares method. In the cases of the polynomial regressions, the sought coefficients
are obtained by solving linear equations systems, coming from the calculation of the
critical points. The calculations of the coefficients from the interpolation polynomials were
made using the interpolation function of the MathCAD 15 program, whose algorithm is
described in study [25]. In addition to the regression polynomial coefficients, the polyfitc
function of the MathCAD 15 program also provides other important statistical features:
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the standard error for the regression coefficient, the lower and upper boundary for the
confidence interval of the regression coefficient, the variance inflation factor—the measure
of the inflation of the regression coefficient due to multicollinearity, Student’s t-test statistic
if the term is significant, and p-value—probability of rejecting the term based on its t-
statistic, when in fact it is significant. The terms used in statistical analysis are presented
schematically in Table 1.

Table 1. Presentation of the main terms used in statistical analysis.

Term Labels for Each Term Reported Upon

Coefficient Regression coefficient for each term

Std Error Standard error for the regression coefficient

95% CI low Lower boundary for the confidence interval of the
regression coefficient

95% CI High Upper boundary for the confidence interval of the
regression coefficient

VIF Variance inflation factor: measure of the inflation of the
regression coefficient due to multicollinearity

T Student’s t test statistic to test if the term is significant

P p-value: probability of rejecting the term based on its
t-statistic when in fact it is significant

As an example, Table 2 shows the final and intermediate results of the interpolation
for the evolution of the mass of plants grown in soil with a zinc concentration of 4.5%. The
significance and calculation algorithms of these characteristics were calculated according
to [25] and the PTC MathCAD prime linear regression, (2018).

Table 2. Results of statistical analysis, for the interpolation (using first-degree polynomial) of lettuce
mass variation over time, grown in soil with 4.5% zinc concentration.

Term Coefficient Std Error 95% CI Low 95% CI High VIF T P

t0 2.25 0.874 0.272 4.228 NaN 2.573 0.025
T 0.117 0.021 0.069 0.166 1 5.517 0.0002401

According to Tables 2–5, the equation that gives the time dependence of the plant mass
of lettuces grown in soil with a concentration of 4.5%, through the polynomial function,
are the following:

m14.5(t) = 2.25 + 0.117t

m24.5(t) = 1.656 + 0.175t − 0.0008428t2

m34.5(t) = 0.59 + 0.424t − 0.01t2 + 0.00009331t3

m44.5(t) = 0.142 + 0.657t − 0.028t2 + 0.0005041t3 − 0.000003033t4

(2)

where: t is the time (in days).

Table 3. Results of statistical analysis, for the interpolation (using second-degree polynomial) of
lettuce diameter crowns variation over time, grown in soil with 4.5% zinc concentration.

Term Coefficient Std Error 95% CI Low 95% CI High VIF T P

t0 1.656 1.218 −1.153 4.466 NaN 1.359 0.152
t 0.175 0.083 −0.017 0.368 14.5 2.106 0.053
t2 −0.0008428 0.001168 −0.003536 0.00185 14.5 −0.722 0.291
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Table 4. Results of statistical analysis, for the interpolation (using third-degree polynomial) of lettuce
diameter crowns variation over time, grown in soil with 4.5% zinc concentration.

Term Coefficient Std Error 95% CI Low 95% CI High VIF T P

t0 0.59 1.309 −2.506 3.685 NaN 0.45 0.343
t 0.424 0.176 0.008801 0.839 76.185 2.415 0.034
t2 −0.01 0.006169 −0.025 0.004191 478.927 −1.685 0.099
t3 0.00009331 0.00005934 −0.000047 0.0002336 200.478 1.573 0.115

Table 5. Results of statistical analysis, for the interpolation (using fourth-degree polynomial) of
lettuce diameter crowns variation over time, grown in soil with 4.5% zinc concentration.

Term Coefficient Std Error 95% CI Low 95% CI High VIF T P

t0 0.142 1.427 −3.35 3.634 NaN 0.099 0.381
t 0.657 0.321 −0.129 1.444 246.875 2.044 0.06
t2 −0.028 0.021 −0.079 0.023 5281 −1.331 0.155
t3 0.0005041 0.0004744 −0.0006568 0.001665 12380 1.063 0.209
t4 −0.000003033 0.000003474 −0.00001153 0.000005468 2948 −0.873 0.252

The interpolation curves corresponding to the polynomial Equation (2) are shown in
Figure 5.

Figure 5. Time dependence of the mass of lettuces grown in soil contaminated with 4.5% zinc
concentration, for 1 to 4degree polynomial interpolations.

Similarly, the polynomial regression expressions of time dependence were obtained
for the other two soil contaminations, for the plant mass and their height, in accordance
with the way lettuces have grown in the three types of soil. The graphical representations
from Figure 6 demonstrate the regressions obtained.

The three characteristics represented graphically have a generally monotonous ten-
dency (within the entire 68-day monitoring period). Polynomial curves of a higher degree
show that there are some points of local extreme, which could deviate from reality, which
should be further researched from a biological or physical perspective. It can be observed
that the linear interpolation confirms the inverse proportionality between the intensity of
soil contamination and the increase of the plant’s mass. The second-degree interpolation
curves show that towards the end of the monitoring period, the three characteristics (mass,
Zn concentration, and height) cease increasing or even have decreasing tendencies. This be-
havior is most likely generated by the polynomial function of the second degree. However,
in the case of plant mass, both the third- and fourth-degree interpolation functions indicate
decreasing tendencies at the end of the monitoring period, but only for the lowest soil
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contamination concentration (1.5%). In the other cases, the tendency is increasing, more or
less convincingly, until the end of the monitoring period.

Figure 6. Graphical representation of Zn concentration, mass, and plant height over time, obtained by polynomial
interpolation (1–4 degree ordered top to bottom of graph) and experimental data.

It is observed that the premises drawn for the linear interpolation case are also valid in
this case (the monotony of the mass increasing and the inverse order reported to the level of
Zn contamination of the soil). The parabolas depicted in Figure 6 present a maximum point
(they all have the coefficient of the second-degree term negative). Theoretically, this means
that there would be a time when the mass begins to fall. Since this maximum, for each of
the parabolas, is outside the interpolation interval, this last statement remains subject to
the validation of the extrapolation.

Starting with the interpolation by third-degree polynomials (Figure 6), the accuracy
increases, the interpolation curves model increasingly better to the experimental data
oscillations. In this context, this increases the challenge of explaining the origin or causes of
the oscillations reported to a monotonic average curve or, relatively, to the linear regression
curve (the straight line).

For example, in the case of the third- and fourth-degree interpolations (Figure 6), the
maximum from the penultimate harvest, provided by the experimental data, increases
in clarity.

3.2. The Variation Obtained for the Concentration of Heavy Metals in Plants

With the same interpolation tools, similar results can be obtained regarding the in-
crease of Zn concentration in plants. In Figure 6, the graphs of linear interpolation of the
increase of heavy metal concentration in plants are also given, at three degrees of soil
contamination. The experimental data are also represented in the graph. It is observed
that in the more intensely contaminated soils, the accumulation of heavy metal in plants
is more intense and occurs faster (the inclination of the corresponding straight lines is
more pronounced).
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Figure 6 also shows the variations of Zn concentrations in lettuce grown in the soils’
different Zn concentrations, in the interpolated form of grade II polynomials together
with the experimental data. It can be easily observed that the same order of heavy metal
concentrations is in the plants of the three categories of soil contamination, as in the case
of the linear interpolation. Zinc accumulation in the plant is more intense, as the initial
concentration of zinc in the soil was higher.

The order of the variation curves of heavy metal concentrations and their monotony
increase in the plants is constant for the third-degree polynomial, as well as the separation
of the curves (there are no intersections between the three curves). The third-degree
polynomial interpolation curves, for the concentration increase in plants, are represented
in Figure 6.

In general, the order and monotony of the interpolation curves of the variations of
heavy metal concentration in plants are respected by the fourth-degree polynomial curves
(Figure 6). With very few exceptions (the curve corresponding to soil contamination with
3.0% solution easily reaches the curve corresponding to 4.5% concentration and is very
close, towards the end of the observation period, to the curve corresponding to plants
grown on soil contaminated with 1.5% concentration solution), the separation of the curves
is well respected.

3.3. Measurement of Plant Height at Harvest

Plant height, measured from the soil, at the time of harvest, is a significant growth
parameter, and has been recorded for each plant at each stage of harvesting.

The linear interpolation leads to the regression curves in Figure 6. Plant height is a
positive characteristic of evolution and, as expected, the behavior is similar to that of plant
mass: the more intensely contaminated the soil is, the smaller the plant height at harvest.

3.4. Statistical Models (Polynomials Time and Zinc Concentration in Plant Regression)

Polynomial interpolations over time can be extended to the polynomial interpolations
of two variables, where the second variable is the initial zinc concentration in the soil. The
calculation method is similar to that used for polynomials that interpolate the temporal
evolution of lettuce culture characteristics. Given the multitude of experimental data,
interpolation by polynomials of two variables could be performed up to the third degree.
This paper gives an example of the calculation of the interpolation polynomials of two
variables of degree 1–3, for the plant mass. Similar interpolations are made for the evolution
of plant height and diameter. They can also be made for any of the other characteristics
measured during the experiments.

The result of the statistical interpolation calculation for the polynomials of two vari-
ables is given similarly to that for the polynomials of one variable, in Tables 6–8. The
discussions made for this statistical calculation method are the same as those made for the
polynomial interpolation with a single variable.

Table 6. Statistical characteristics of the linear regression by two variables for the mass of lettuces.

Term Coefficient Std Error 95% CI Low 95% CI High VIF T P

t0, cZn
0 4.402 2.889 −1.498 10.301 NaN 1.524 0.125

t 0.197 0.035 0.126 0.268 1.227 5.648 0.000005.271
cZn −0.007352 0.009.692 −0.027 0.012 1.227 −0.759 0.295

The variation of plant biomass (lettuce) grown in zinc-contaminated soil is given
in analytical form by Equation (3), for 1- 3-degree polynomials. Using Equation (3) and
the experimental data, graphical representations of the time dependence of plant mass
and the initial concentration in the soil were plotted. It is represented as portions of
surfaces in three-dimensional space, the function of plant mass variation with time and the
concentration of zinc, linear (Figure 7), square (Figure 8), and cubic (Figure 9), respectively.
In each graph, the experimental data are represented by isolated symbols.
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Table 7. Statistical characteristics of the cubic regression by two variables for the mass of the lettuces.

Term Coefficient Std Error 95% CI Low 95% CI High VIF T P

t0, cZn
0 3.221 11.917 −21.231 27.673 NaN 0.27 0.381

t 0.442 0.164 0.105 0.779 26.769 2.694 0.014
cZn −0.021 0.073 −0.171 0.128 68.351 −0.293 0.378

t·cZn −0.0004303 0.000523 −0.001503 0.0006.428 44.753 −0.823 0.279
t2 −0.00138 0.002.089 −0.005666 0.002905 22.054 −0.661 0.316

cZn
2 0.00004.2 0.0001039 −0.0001713 0.0002553 59.502 0.404 0.363

Table 8. Statistical characteristics of the quadratic regression by two variables for the mass of the lettuces.

Term Coefficient Std Error 95% CI Low 95% CI High VIF T P

t0, cZn
0 −35.198 71.732 −183.586 113.191 NaN −0.491 0.348

t 1.07 1.294 −1.606 3.746 1470 0.827 0.278
cZn 0.317 0.772 −1.281 1.914 6780 0.41 0.362

t·cZn
n −0.00343 0.00589 −0.016 0.00876 5010 −0.582 0.331

t2 −0.0748 0.014 −0.037 0.022 896.299 −0.528 0.342
cZn

2 −0.000914 0.00261 −6.31 × 10−3 0.00448 33100 −0.351 0.37
t2·cZn 0.000000617 0.0000654 −1.35 × 10−4 0.000136 3020 0.009.44 0.395
t·cZn

2 0.00000469 0.00000645 −8.66 × 10−6 0.000018 1040 0.727 0.3
t3 0.0000542 0.000170 −2.97 × 10−4 0.0004.06 582.308 0.319 0.374

cZn
3 0.000000853 0.00000268 −0.00000468 0.00000639 9500 0.319 0.374

 
Figure 7. Variation of lettuce mass with time and the concentration of Zn in the soil, as a three-
dimensional surface, corresponding to linear interpolation.
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Figure 8. Variation of lettuce mass with time and the concentration of Zn in the soil, as a three-
dimensional surface, corresponding to a second-degree polynomial interpolation.

Figure 9. Variation of lettuce mass with time and the concentration of Zn in the soil, as a three-
dimensional surface, corresponding to a third-degree polynomial interpolation.

The analytical expression of the three interpolation polynomials is obtained using
Tables 6–8:
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m(t, cZn) = 4.402 + 0.197 · t − 0.007352 · cZn,

m(t, cZn) = 3.221 + 0.442 · t − 0.021 · cZn − 0.0004303 · t · cZn − 0.00138 · t2 + 0.000042 · c2
Zn,

m(t, cZn) = −35.198 + 1.07 · t + 0.317 · cZn − 0.003427t · cZn − 0.007482 · t2 − 0.0009143 · c2
Zn+

0.000000617 · t2 · cZn + 0.000004691 · t · c2
Zn + 0.00005423 · t3 + 0.0000008533 · c3

Zn

(3)

4. Discussion

The three areas of the surfaces drawn in Figures 7–9 show that the plant’s mass
increases over time; however, it tends to decrease when the initial concentration of zinc in
the soil increases. This property is difficult to highlight, because:

• Zinc is also an important nutrient in plant development so at an early stage of devel-
opment its rapid accumulation could promote biological growth;

• Some oscillations, which appeared in the evolution of the mass, height, or diameter of
the plants, may appear due to some parameters that were not considered in the model
(even if the crop was hosted in the greenhouse, lighting and temperature were greatly
influenced by atmospheric conditions);

• There is a high possibility that at certain values of the accumulation of heavy metals,
the plants at some point may adopt a mechanism of rejection of those elements, similar
to a defense mechanism (this is a hypothesis resulting from the study and applicable
and testable in deterministic models that can be built).

The variation over time of the mass increase of lettuces grown on soil contaminated by
zinc (Figure 6) confirms the results of the theoretical prediction made in another study [26].
All the interpolations perform a mediation of the experimental data using the method of
least squares. It can be noticed that the increase of the interpolation polynomial degree
leads to a better approximation of the experimental data; however, we have no reasons of a
phenomenological nature to increase the degree of polynomial interpolation over the third
degree. Another reason why we are not tempted to increase the interpolation degree is that
the functions found in this way are very particular and useful only in the experimental
range reached for the working parameters, the extrapolation being contraindicated. For
these reasons, the statistical model can be used to validate the theoretical (dynamic) model,
which is generalizable not only in terms of climatic conditions, but also depends on the
types of plants used.

A number of recent studies [14,27–29] are in agreement with the results we obtained
and presented in this paper.

The results of the experimental data processing show that lettuces grown in soils
with a higher Zn concentration have lower heights. This phenomenon is observed in
many plants, for example, the authors in study [14] evaluated the presence of cadmium
and zinc in sunflower and in the soil. This result is synthetically visible in the results
shown in Figure 6, on the third column of the graph. It is observed that the regression
curves corresponding to the plants grown in the soil with the highest concentration of
Zn, are located below the regression curves corresponding to the plants grown in the soil
with average zinc concentration. The regression curves corresponding to plants grown in
medium contaminated soil are below the curves that represent the increase in height of the
plants grown in low soil contamination.

Similar remarks on the development of the Brassica junceea are presented in study [27].
The influence of zinc, however, is manifested starting from a higher concentration threshold
in the soil (500 ppm), that can be classified as very high. Table 4 shows the influence of
increasing the concentration of zinc in the soil, that leads to a decrease in the height of the
plants and a decrease in the mass. The decrease in lettuce mass caused by the increase in
zinc concentration in the soil is synthetically represented in Figure 6, in the first column of
the graph. The growth curve of the lettuce mass cultivated in the soil with the highest zinc
concentration is located below the curve corresponding to the plants cultivated in the soil
with medium zinc concentration, and is placed under the growth curve of the plant mass
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grown in the soil with the lowest concentration of zinc. Similar behavior to the height and
mass assessment could be seen on the diameter of the crown of the plant.

The effects we noticed following the experiments performed on the lettuce are also
confirmed by study [29] which mentions the effects of zinc concentration in the soil:
reduction in height and biomass for cluster bean (Cyamopsis tetragonoloba), and development
slowdown for pea (Pisum sativum) and rye grass (Lolium perenne). Another study [30,31] also
concluded that the toxicity of zinc in plants is visible through the effect of the inhibition of
growth and diminishes in biomass generation, while the high toxicity may be fatal. Table 9
validates the result obtained by statistical analysis study with other papers identified in
the literature.

Table 9. Table summarizing key findings for the development of Brassica junceea in similar studies.

The Main Conclusion of the Analyzed Papers
Papers That Confirm the

Conclusions of the
Present Research

The mass of all plants increases over time, (with several small
variations). It has not been determined what are the effects
produced by high concentrations of heavy metal, with the
emphasis on the doses at which the germination of the plant or its
death could emerge

[14,27,29–31]

The mass of the plants at each stage of harvesting is inversely
proportional to the initial concentration of zinc in the soil [27,29–31]

The height of the plants harvested at the same time is inversely
proportional to the initial concentration of zinc in the soil [14,27,29–31]

The diameter of the plants harvested at the same time is inversely
proportional to the initial concentration of zinc in the soil [27,29–31]

All the interpolations made within the statistical models that appear in the present
paper make mediation of the experimental data. It can be noticed that the increase of
the interpolation polynomial degree leads to a better approximation of the experimental
data; however, we have no reasons of a phenomenological nature to increase the degree
of the interpolation polynomial over the value of three. Another reason why we are not
tempted to increase the interpolation degree is that the functions found in this way are very
particular and useful only in the experimental range reached for the working parameters,
with the extrapolation not being indicated. For these reasons, the statistical model can be
used to validate the theoretical (dynamic) model, which is generalizable not only in terms
of climatic conditions but also for other types of plants.

The variation over time of the increase of lettuce mass grown on soils contaminated
with zinc confirms the result of the theoretical prediction. More precisely, the increase of
the pollutant concentration in the soil leads to a slower increase, and to the development of
plant specimens with a smaller mass (also smaller height and diameter) than the plants
from the same lot, grown on soil not contaminated with zinc. The plants are being studied
in interaction with the soil and the growing conditions, throughout their lifetime (if we
can define the lifespan, i.e., to specify the time of death of a plant). There are many more
parameters that influence the development process of plants affected by excessive heavy
metal content. Atmospheric parameters that play an important role in plant development
(temperature, moisture, lighting, etc.), and parameters of soil structure and composition
(compactness, density, porosity, nutrient content, and chemical composition in general),
must be considered in experiments. Due to a large number of influential parameters, the
number of experiences will increase in consequence. For this reason, wide international
collaborations are recommended to carry out such experiments on portions distributed to
various laboratories, under centralized monitoring.
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5. Conclusions

Correlating plants’ growth characteristics with the soil contamination levels using
statistical modeling can obtain interpolated variations of the mass increase functions to
determine several functions that express the time dependence of the heavy metal con-
centration in the lettuce plants. Starting from these interpolation relations, one can calcu-
late other characteristics of the evolution process for various plants that are growing on
contaminated soils.

We identified a research tool that describes how different levels of zinc contamination
affects lettuce crops, analyzing three growth characteristics: plant mass, plant height, and
plant diameter. We used the least squares method on the experimental data, in order to
determine the 1–4 grades mathematical regression functions that describe the three growth
characteristics in time. The three plant growth characteristics (mass, height, and diameter)
have been correlated with the three zinc concentrations in the soil in order to draw conclu-
sions about the effect associated to each concentration on the lettuce experimental culture.

The main conclusion of the statistical model, that was validated by experimental
determinations, is the appearance of the dwarfism effect. Therefore, as the concentration of
zinc in the soil increases, lettuce plants tend to have a smaller size and mass. The functions
that describe the mass, height, and diameter, and variation over time, have been extended
for two variables: time and zinc concentration. In this way, a better prediction was obtained
regarding the plant development, under the influence of zinc concentration in the soil. All
these functions can then be used for forecasting, using extrapolation.

The techniques that have been used are not necessarily new; however, they are very
useful for forecasting and for studying the biodynamics of plant development.

The results obtained by the interpolation of the experimental data and their interpre-
tation are likely to give very important indications for the following experimental step:
the prolongation of the experiments over at least two to three generations of plants, which
will allow drawing some conclusions on the transmission of heavy metals between genera-
tions of plants, or, probably depending on other influential parameters of the process, the
decrease of the heavy metal concentration in the plants of the following generations.

Another important observation is the dependence of the contamination level on the
type of soil used. Zinc contamination tests should target several soil types, given the
different way in which soil structure can affect the time behavior of pollutants.

The paper addressed a specific situation where the contamination was achieved by
applying a fixed dose of zinc, while the synergistic effects with other substances were
not evaluated. It should be noted that the contamination process found in nature may
be different: the contamination might be either continuous for long periods of time, or
intermittent with maximum and minimum values.

Our experiments will continue the study with the evaluation of plant development
for several other soil types, with the analysis of the synergistic effects between pollutants,
and with the variation of the concentrations used for soil contamination.
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Abstract: The growth of the construction industry has led to the greater consumption of natural
resources, which has a direct or indirect negative impact on the environment. To mitigate this, recycled
or waste materials are being used as a partial substitute in the manufacture of concrete. Among these
waste materials is cement kiln dust (CKD), which is produced during cement production. This study
investigated the potential benefits of replacing part of the cement with CKD in two construction
applications, i.e., plain concrete and cement blocks. This reflects positively on cost, energy, and the
environment, since putting CKD in a landfill damages agricultural soil and plant respiration. In
this study, an experimental program was carried out to study how replacing various percentages of
ordinary portland cement (OPC) with CKD affected the compressive strengths, the tensile strengths,
and the air contents of concrete and cement blocks. Although the results showed that the compressive
and tensile strengths decreased as the amount of CKD increased, the air content of the concrete
increased, which showed that 5% CKD was suitable for such applications. The results were used
to propose two equations that approximate the concrete and cement block compressive strengths
according to the CKD replacement percentage.

Keywords: cement kiln dust; compressive strength; tensile strength; concrete air content;
cement blocks

1. Introduction

Over the past few decades, the demand for construction materials has increased
due to the worldwide growth of construction projects. Unfortunately, this demand is
fulfilled by the overconsumption of natural resources endangering the environment [1].
Accordingly, researchers are motivated to reduce the impact of construction materials on
the environment and enhance the mechanical properties of construction materials. This
has led to the use of waste materials (recycled aggregate and rubber) and cement kiln
dust (CKD) in the manufacture of concrete and studies on how these materials affect its
behavior [2–7].

Małek et al. [2] investigated the use of ferronickel slag waste aggregate (FNSWA) in
place of granite aggregate and found an increase in compressive and flexural strength of
31% and 66%, respectively. Padmini et al. [3] studied the influence of parent concrete on
the properties of recycled aggregate concrete. This study showed that achieving a desired
compressive strength using recycled aggregate concrete requires using a lower water–
cement ratio and a higher cement content than for concrete with fresh granite aggregate.

Experimentally, Chalangaran et al. [4] improved environmental noise absorption after
replacing sand aggregate with recycled rubber crumbs. Fifteen percentages of fine- and
coarse-grained crumbs substitutions improved sound transmission losses by 190% and
228%, respectively. They also reported [7] that the ultimate compressive strength, the
tensile strength, and the modulus of elasticity of the concrete with rubber crumbs are
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reduced. The negative impact of the rubber crumbs was reduced by using an optimum
percentage of nanosilica and metakaolin additives.

One of waste materials that researchers have used in concrete is CKD, a fine powdery
material resulting from cement manufacture. Studies showed that the greatest health
danger in cement production comes from dust, and several studies have been conducted
by references [8–11] to assess the influence of cement dust in the workplace and how it
stimulates abiotic stress responses in plants.

The environmental concerns related to portland cement (PC) production and emission
and the disposal of CKD are becoming progressively significant, because 80% of CKD ends
up in landfills. The extreme contamination of the surrounding environment highlights the
need to find more environmentally friendly ways of disposal.

Using CKD as a partial replacement in PC is currently fraught with difficulties, and
many of its applications continue to be investigated, for example, as a component in
cement, an agricultural fertilizer, a soil and wastewater stabilizer, a partial replacement of
soda in glass production, an antistripping agent in asphalt, and a subgrade for highway
construction as stated by Shervan [12].

Maslehuddin et al. [13,14] studied properties of blended cement concretes (CKD). The
mechanical properties of CKD concrete specimens were assessed using drying shrinkage
and compressive strength, while the durability was assessed using electrical resistivity and
chloride permeability. The compressive strength and the drying shrinkage strain of the
concrete samples decreased, as the quantity of CKD increased. The chloride permeability
improved, and the electrical resistance decreased when CKD was added. Finally, it is
recommended that the amount of CKD in concrete be limited to 5%.

Ravindrarajah et al. [15] studied CKD as a partial replacement for cement in concrete
and found that it is a cementitious substance that delays the cement setting, increases water
consumption to achieve consistency and reduces the concrete strength. El-Sayed et al. [16]
and Batis et al. [17] examined the impact of CKD on the cement paste compressive strength
and the embedded reinforcement corrosion behavior and found that up to 5% CKD re-
placement by weight has no negative impact on the cement paste strength or reinforcing
passivity. In addition, Batis et al. [17] reported that adding CKD and blast furnace slag
(BFS) in a correct amount increases the compressive strength and the corrosion resistance
of PC.

Abo-El-Nien et al. [18] studied the partial replacement of BFS cement with CKD and
the effects of kiln meal and CKD on the PC paste strength. Compared to free cement,
the findings revealed a high degree of hydration and a reduced compressive strength.
Shoaib et al. [19] studied the effect of replacing ordinary PC and BFS cement with CKD
on the splitting tensile strength of concrete mixes at various ages (1, 3, and 6 months)
and concluded that it dropped as the proportion of CKD increases and it was minimal at
10% CKD.

Al-Harthy et al. [20] investigated the effect of CKD on the toughness and flexure
strength of concrete mixes 3, 7, and 28 days after casting. They discovered that the mixes
containing less than 5% CKD had similar toughness and flexural strength values to the
control mix, especially at the water-to-binder ratio of 0.50. Mosleh et al. [21] investigated
the strong growth of PC pastes with the addition of kiln meal and kiln dust, finding a higher
degree of hydration and a lower compressive strength than when free cement was added.

Heikal et al. [22] studied PC clinker, BFS, and CKD composites. Three mixtures of slag
cement were prepared, each mixed with 2.5%, 5.0%, 7.50%, and 10.0% CKD. The authors
found that the partial replacement of BFS with CKD improves PC clinker’s setting periods,
electrical conductivity, and fluidity. Udoeyo and Ridnap [23] studied the characteristics
of hollow sandcrete blocks with added CKD as a substitute for ordinary portland cement
(OPC) and concluded that when CKD is used to replace cement, the compressive strength
and density of the blocks fall as the proportion of CKD replacement rises, but the percentage
of water absorption of the blocks increases.
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2. Research Goal and Methodology

This research effort was designed to open new industrial areas for recycled CKD. Two
main construction applications were studied in this experimental work program. The
first was the effect of CKD replacement on plain concrete strength and air content. In this
application, three different groups were investigated. The first group consisted of concrete
samples tested for concrete compressive strength after being prepared with 0%, 2%, 5%, 8%,
10%, 15%, and 20% CKD replacements. The second group consisted of concrete samples
prepared with 0% and 5% CKD replacements and tested for tensile strength. To test the
effect on air content, the third group included concrete samples prepared with 0%, 5%,
10%, 15%, and 20% CKD replacements.

The second construction application was related to hollow cement blocks. Cement
block specimens were prepared with 0%, 10%, 15%, 20%, and 25% CKD replacements and
tested to study their effect on compressive strength and water absorption. The values are
represented in the database to form equations that reflect the impact of the CKD% on the
compressive strength.

3. Experimental Work

An experimental program was conducted to study the influence of replacing a per-
centage of OPC with CKD in 120 specimens divided into two groups: the specimens of the
first group were used to measure the most important parameters of concrete, and those of
the second group were used to scale the effect on cement blocks. The amount of CKD in
the mix was expressed as a percentage of the total weight of cement in the mix. The types
of test and specimen numbers and details are listed in Table 1. This experimental program
conducted five different tests: three for plain concrete and two for the cement blocks.

Table 1. List of tests and specimens conducted.

No. Test Specimen Dimension No. of Specimens

1 Chemical analysis Cement kiln dust (CKD) 1

2 Concrete compressive strength Cube (150 mm × 150 mm × 150 mm) 42

3 Concrete tensile strength Cylinder (15 mm in diameter; 30 mm in height) 12

4 Concrete air content Gilson container 15

5 Blocks compressive strength Hollow cement blocks (200 mm × 200 mm × 400 mm) 30

6 Block absorption Hollow cement blocks (200 mm × 200 mm × 400 mm) 20

CKD Materials

The materials used in this research were untreated raw CKD collected from electro-
static precipitators and OPC products from a Madina cement factory (Madina, KSA). A
comparison between the chemical compositions of CKD produced from the Madina cement
factory with the CKD limits standard in the UK is illustrated in Table 2.

The percentage of sulfate, as well as alkalinity, chloride, and silica concentrations,
was within acceptable limits, according to this analysis. On the other hand, the chemical
composition of cement varied based on raw materials and the manufacturing processes
used. The quantity of decarburization of the calcium carbonate in the clinker-making raw
materials was reflected in the level and variability of the loss on igniting the CKD.
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Table 2. Typical chemical compositions of CKD and ordinary portland cement (OPC) in the UK
and KSA.

Chemical Composition (%)
CKD (UK)

[14]
CKD AL Madina Cement Factory

(AL Madina KSA)
OPC

SiO2 11–16 18.20 22

Al2O3 3–6 4.52 5

Fe2O3 1–4 2.92 3

CaO 38–50 49.40 64

MgO 0–2 1.21 1

SO3 4–18 5.66 3

K2O 3–13 2.38 <1

Na2O 0–2 3.84 <1

Cl 0–5 5.90 <0.10

Loss on ignition 5–25 17.10 1

Free Cao 1–10 4.24 2

4. Procedures and Result Discussion

4.1. Concrete

The concrete mixture can be designed in a number of ways, but the British Standard
(BS) mix was used in this study since it is concerned with cube compressive strength. Using
the coefficient of variation and the lowest strength as a percentage of the mean strength, the
BS technique defined the characteristic strength. This approach also took into account the
influence of the fine aggregate on the determination of the fine-to-total aggregate content
in the mix by ensuring that the aggregate grading followed the grading zones.

The approach, suitable for OPC (type I), uses a hypothetical concrete mix with a
moderate cement content (a water/cement (w/c) ratio of 0.5) that is thoroughly compacted,
correctly cured and cast with various types of cement and coarse aggregate and tested at
various ages. The specified quantities are sufficient just for plain concrete.

The fine and coarse aggregates used in the mix were graded using sieve analysis in
accordance with BS 882:1983. The coarse aggregate size varied from 20 to 5 mm sieve
size, while the fine aggregate size ranged from 5 to 0.61 mm. The w/c ratio (0.48), the
cementitious material content (250 kg/m3), and the fine/total aggregate ratio (0.33) were all
components. The relative density and the bulk density of the aggregate were measured and
found to be 2.65 and 1645 kg/m3 for coarse and 2.70 and 1750 kg/m3 for fine aggregate.

4.1.1. Effect of CKD on Concrete Compressive Strength

The design, treatment, and control conditions of the concrete mixes, with and without
CKD, were the same according to BS 1881-108 [24]. To ensure uniformity, the ingredients
were combined in a dry condition for roughly one minute. Water was progressively added
to the mixture, which was then blended with workability admixtures. For an additional
two minutes, the materials were mechanically combined.

A traditional slump test was used to determine the consistency of fresh concrete
and the temperature. Specimens of a 150 mm cube were prepared from each concrete
mix to be tested in compression after 28 days. During the concrete placement, a vi-
brating table was used to verify that the concrete was fully compacted. After 24 h, the
cube specimens were demolded and submerged in water, until they were examined.
Six cubes (150 mm × 150 mm × 150 mm) were cast from each mix and cured in clean
water for 28 days. Compression tests were performed on standard cubes according to
BS 1881-116 [25].

The crushing load was measured using a Universal Hydraulic Testing Machine with a
capacity of 2000 kN to evaluate the compressive strength of a concrete sample as illustrated
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in Figure 1. In this part of the study, 42 cubes were tested to examine the replacement effect
of CKD on the concrete compressive strength. The proportion of cement replacement by
CKD was the most important component in this experiment. Seven samples were prepared
and tested with 0% (control), 2%, 5%, 8%, 10%, 15%, and 20% CKD.

Figure 1. Concrete cubes after curing and during the test: (a) UTM (Universal Testing Machine)
calibration test; (b) cube compressive strength test.

The compressive strength results found experimentally for the 42 cubes were averaged
and are listed in Table 3. The relationship between the average compressive strength and
the replacement percentage of CKD is shown in Figure 2. A nonlinear regression analysis
was used as recommended by [26]. A fourth-degree formula was fitted and created using a
numerical database, as proposed in Equation (1). The curve plotted in Figure 2 reflected
the effect of CKD on the concrete compressive strength after 28 days. Equation (1) was
proposed to predict the compressive strength of a concrete mix that uses CKD as a partial
replacement for cement:

fcu = −1 × E−4 × K4 + 0.003 × K3 − 0.0313 × K2 − 0.0903 × K + Fcu, (1)

where K is the percentage of CKD; Fcu is the designed concrete compressive strength with
0% CKD; and fcu is the anticipated concrete compressive strength after using K percentage
of CKD.

Table 3. Concrete sample compressive strength results.

No.
Cube Compressive Strength after 28 Days (MPa)

% of CKD 0% 2% 5% 8% 10% 15% 20%

1

From cement portion
in concrete mixes

29 28.2 28 27.6 27 24.5 19.2

2 29.3 29 27.5 27.3 26.3 25 18.5

3 28.45 28.1 27.6 26.5 26.5 23.8 18.2

4 28.41 28.3 28 27 26.8 23.7 19

5 28.66 28 27.5 26.4 26.2 24.2 18.4

6 28.5 28.1 28.2 27.2 26.2 24 18.3

Average (MPa) 28.724 28.45 27.8 27 26.5 24.2 18.6
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Figure 2. Compressive strength versus percentage of CKD.

The CKD describes fine-grained, extremely alkaline particulate material mostly made
of oxidized, anhydrous, micron-sized particles. The bulk of prior research has found that
fine CKD particles have greater sulfate and alkali concentrations and less lime content [27].
As a result, references [28] and [29] concluded that the high alkali content is responsible for
the loss of compressive strength.

4.1.2. Effect of CKD on Concrete Tensile Strength

This study was performed to investigate the influence of replacing cement with CKD
up to 5% on concrete tensile strength. Concrete mixes with and without CKD were mixed,
treated and controlled under the same conditions. The components were combined in a
dry condition for about a minute. For a further two minutes, all of the ingredients were
mechanically combined to guarantee the homogeneity of the mix.

The conventional slump test measured the consistency of fresh concrete. Standard
cylinders with a diameter of 150 mm and a height of 300 mm were prepared from each
concrete mix according to ASTM C31 [30], as shown in Figure 3a. The ASTM C496 [31] test
for splitting the tensile strength of cylindrical concrete specimens standard was used to
conduct the splitting tensile test on the prepared standard cylinders.

Figure 3. Cylinder specimen after curing and testing: (a) concrete specimens before testing;
(b) concrete Brazilian test.
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All the molds were placed on a vibrating table while placing the concrete to ensure
full compaction, and 6 cylinders were cast from each mix. After 48 h, all cylinder specimens
were demolded and immediately submerged in potable water for 28 days. As shown in
Figure 3b, all specimens were crushed in a testing machine. During the test, the load was
monitored to determine the samples’ tensile strengths.

In this study, a total of 12 cylinders were tested to investigate their tensile strengths
after replacing cement with CKD. The main factor considered in this study was the per-
centage of CKD replacement (0% and 5%). The results are listed in Table 4 and showed no
significant difference in strength (approximately 3%).

Table 4. Concrete tensile strength results.

No % of CKD
Tensile Strength (MPa)

Average (MPa)
1 2 3 4 5 6

1 0% 2.97 3.11 2.83 2.90 3.00 2.95 2.95

2 5% 2.81 2.86 2.68 2.74 2.85 2.87 2.80

4.1.3. Effect of CKD on Air Content

The gross air contents of 15 concrete specimens were determined using the same mix
that was previously used to determine compressive and tensile strength. The tests were
performed using the pressurized technique according to ASTM C231 [32] for five different
percentages of CKD (0% (control), 5%, 10%, 15%, and 20%). Figure 4 shows the Gilson
equipment that was used to measure air content.

Figure 4. Air content testing apparatus.

The results are recorded in Table 5 and plotted in Figure 5.
Table 5 presents five groups of samples, each having three specimens as listed in

column 1. Column 2 shows the percentage of CKD for each group, column 3 shows
the recoded air content for each specimen, and column 4 shows the average results for
each group.

These data showed that up to 5% CKD replacement can be ignored. When it was
increased to 10%, the air content increased by 24%. In the last two cases, i.e., 15% and 20%
CKD replacements, the air content rose by 33% and 43%, respectively, compared to the
control mix.
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Table 5. Concrete air content results.

No.
(1)

% CKD
(2)

% Air Content
(3)

% Air Content Average
(4)

1

0

1.05

1.052 1.05

3 1.00

1

5

1.05

1.052 1.05

3 1.10

1

10

1.30

1.302 1.35

3 1.25

1

15

1.35

1.402 1.45

3 1.35

1

20

1.45

1.502 1.60

3 1.50

Figure 5. Relation between air content and CKD percentage.

4.1.4. Water Cement Ratio and CKD Replacement Effects

The results of this investigation for the concrete compressive strength effect were in
accordance with the results of a previous study [15,33]. According to reference [15], for
the control and the modified concrete, the relationship between compressive strength (f)
at 28 days and the ratio of the total volume of the cementitious material to the volume of
water (R) was given by F = 125.6R − 39 (R unit: N/mm2). The expression for R is also
given by R = (Vc + kVd)/Vw, where Vc, Vd, and Vw are the volumes of cement, kiln dust,
and water, respectively, and k is the cementing efficiency factor and written as:

k =
CRQ

DQ

[ (w
c
)

N(w
c
)

DM
− 1

]
,
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where CRQ is the weight of cement (kg/m3); DQ is the weight of CKD (kg/m3);
(w

c
)

N is
the water/cement ratio determined from the plotted curve between strength and w/c; and(w

c
)

DM is the water/cement ratio in a design mix with 0% CKD.
To obtain k,

(w
c
)

N was calculated for different concrete strengths of the control mixtures
with different w/c ratios, and the strengths after 28 days were plotted to derive the strength
and w/c relationship curve [33]. The resulting curve can be used to obtain the effective w/c
ratios for mixtures with different CKD percentages.

4.2. Hollow Cement Blocks
4.2.1. Effect of CKD on Cement Block Compressive Strength

The study was conducted according to ASTM C140 [34]. Twelve hollow cement blocks
(200 mm × 200 mm × 400 mm) were manufactured using mix components 1 cement:
1.66 sand and 3.5 coarse aggregate. The quantities required to produce one block were 32 N
cement: 53.5 N sand: 113 N coarse aggregate. To reach a uniform mixture, the ingredients
were mixed in a dry state for about three minutes, after which water was gradually added.
The blocks were mixed and formed mechanically as shown in Figure 6a–c.

Figure 6. Hollow blocks, and stages of manufacture and under testing: (a) mixing components of
cement blocks; (b) mechanical manufacture machine; (c) cement blocks after production; (d) cement
block during testing.

In this part of the investigation, four different percentages of CKD were used: 10%,
15%, 20%, and 25%. The blocks with and without CKD were treated, controlled and cured
under the same conditions until compression testing after 28 days, as shown in Figure 6d.

The results of the compression test are listed in Table 6. In each case, six blocks were
tested, and the average compressive strength was determined. The gross and net areas
were 74,600 and 44,225 mm2, respectively.
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Table 6. Hollow block compressive strength results.

% of CKD
Crushing
Load (kN)

Strength (MPa) Net Area Strength (MPa) Gross Area

Per Specimen Average Per Specimen Average

0

55.5 12.31

11.89

7.30

7.05

56.00 12.42 7.36

52.30 11.60 6.88

50.50 11.20 6.64

52.75 11.70 6.94

54.56 12.10 7.18

10

48.25 10.70

10.50

6.34

6.22

47.80 10.60 6.29

45.70 10.14 6.01

47.50 10.54 6.25

48.00 10.65 6.32

46.64 10.35 6.14

15

37.82 8.39

9.50

4.97

5.62

46.7 10.36 6.14

42.2 9.36 5.55

44.3 9.83 5.83

43.17 9.58 5.68

42.59 9.45 5.60

20

35.11 7.79

7.80

4.62

4.63

35.98 7.98 4.73

34.24 7.6 4.50

35.41 7.85 4.66

35.27 7.82 4.64

35.00 7.76 4.61

25

27.34 6.06

6.15

3.60

3.65

28.2 6.26 3.71

27.56 6.11 3.62

27.82 6.17 3.66

27.73 6.15 3.65

27.59 6.12 3.63

Figure 7 shows the relation between the compressive strengths corresponding to gross
area and CKD percentages.

By applying the regression analysis reported by reference [26] to the experimentally
obtained numerical database, a nonlinear regression model based on a second-degree
formula was fitted for this curve. Equation (2) was proposed to predict the compressive
strength of blocks for the partial CKD replacement:

fcu−b = −0.0038 × K2 − 0.0428 × K + Fcu−b, (2)

where K is the CKD percentage in the cement mix; Fcu−b is the block compressive strength
with 0% CKD; and fcu−b is the anticipated block compressive strength after K percentage
of CKD.
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Figure 7. Relation between the block compressive strength and the CKD percentage.

4.2.2. Effect of CKD on Cement Block Absorption

The present study was concerned with an analysis of the percentage of water ab-
sorption of hollow cement blocks (200 mm × 200 mm × 400 mm) with and without CKD
conducted with respect to ASTM C140 [34].

The sequence of block formation was performed using the same procedure described
in the previous section. The blocks were kept in an electronic oven under 100 ◦C for 24 h,
weighed, subjected to the same drying conditions in the oven for half an hour and then
reweighed to ensure that the weight did not change. The blocks were immersed in water
for 24 h and then weighed at the end of that time.

The results from both stages are shown in Table 7, which showed the average weight
at the end of the dry stage and the absorbed water. The percentage of water absorption in
the control specimen was 4.27%, and this percentage increased to 16%, 25%, 44%, and 47%
for 10%, 15%, 20%, and 25% CKD replacement, respectively.

Table 7. Hollow blocks absorption results.

% CKD
Weight (N) Average Weight (N)

% Absorption
After Oven After Submerged Water Absorbed Dry Weight Water

0

196.35 204.20 7.85

191.64 8.18 4.27
189.70 198.15 8.45

191.00 198.90 7.90

189.50 198.00 8.50

10

196.80 205.90 9.10

190.13 9.48 4.98
186.20 196.10 9.90

186.50 196.40 9.90

191.00 200.00 9.00

15

185.75 195.95 10.20

185.61 9.913 5.34
185.40 195.15 9.75

185.20 195.00 9.80

186.10 196.00 9.90
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Table 7. Cont.

% CKD
Weight (N) Average Weight (N)

% Absorption
After Oven After Submerged Water Absorbed Dry Weight Water

20

186.75 197.95 11.20

187.01 11.53 6.16
187.60 199.40 11.80

186.60 198.20 11.60

187.10 198.60 11.50

25

182.45 194.20 11.75

186.04 11.74 6.31
188.00 199.80 11.80

188.30 200.00 11.70

185.40 197.10 11.70

5. Assessment of the Application Tests

Table 8 shows the statistical results of the various tests: mean values for the ratio
of each parameter (concrete compression and tensile strength, air content, and block
compressive strength) and the CKD percentage along with the standard deviation and the
minimum and maximum values.

Table 8. Assessment of various test specimens.

Test Type % CKD Mean Standard Deviation Min. Max

Concrete compressive
strength

2 0.985 0.009 0.972 0.996

5 0.968 0.019 0.939 0.989

8 0.940 0.014 0.921 0.954

10 0.923 0.016 0.898 0.943

15 0.843 0.007 0.834 0.853

20 0.648 0.014 0.631 0.669

Concrete tensile 5 0.950 0.017 0.920 0.973

Concrete air content

5 1.033 0.058 1.000 1.100

10 1.258 0.025 1.238 1.286

15 1.339 0.049 1.286 1.381

20 1.468 0.077 1.381 1.524

Block compressive
strength

10 0.884 0.019 0.862 0.905

15 0.798 0.028 0.749 0.834

20 0.657 0.017 0.638 0.679

25 0.517 0.016 0.501 0.541

It can be seen that having more than 5% CKD had a significant impact on the sample
properties. Therefore, it is recommended that a replacement of 10% CKD can be used with
an acceptable reduction in concrete and block strength.

6. Summary and Conclusions

The effects of CKD in plain concrete on compressive strength, tensile strength, and air
content were studied, while the effects of CKD in cement blocks on compressive strength
and water absorption were investigated. The experiments revealed the following:

• CKD has a detrimental impact on compressive strength, as evidenced by the fact that
as the amount increased, the compressive strength of the concrete and cement block

356



Materials 2021, 14, 5647

specimens decreased. An equation corresponding to each was presented to anticipate
this reduction.

• Regarding the concrete tensile strength, there was no significant difference between
0% and 5% CKD, which was only approximately 3%.

• In the concrete mix, the percentage of air content from 0% to 5% CKD replacements
made no difference; however, when CKD was increased to 10%, 15%, and 20%, it
increased by 24%, 33%, and 43%, respectively.

• The percentage of water absorption due to partial replacement by CKD in cement
blocks can be increased up to 25% within the allowed limits.

• This research demonstrates that CKD can be used as a primary component in concrete
(e.g., plain concrete, curbs, and cement tiles) and cement block products.
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Abstract: In the present study, Chryseobacterium geocarposphaerae DD3 isolated from textile industry
dye effluent in West Bengal, India, displayed significant tolerance to sulfonated di-azo dye Congo red
(CR), up to 500 ppm. The optimum decolourisation revealed that C. geocarposphaerae DD3 was capable
of 96.52% decolourisation of 0.2 g L−1 CR within 12 h of treatment in the presence of 5 g L−1 glucose
as supplementary carbon source. Biodegradation analysis of decolourised CR containing water was
investigated by FTIR, MS and 1H NMR, which confirmed the absence of azo bond as well as the toxic
aromatic amines. Further, phytotoxicity analysis was performed to assess the toxicity of CR before
and after bacterial treatment. Growth indexes of Vigna radiata L. seed confirmed that the biodegraded
water was non-phytotoxic in comparison to the control CR solution. Multivariate analyses confirmed
the same, showing significant differences between measured plant health indicators for CR solutions,
whereas no significant differences were found between distilled and treated water. This study is
novel as it is the first report of dye degradation by C. geocarposphaerae and may lead to a sustainable
way of treating dye-contaminated water in the near future.

Keywords: wastewater; textile dye; Congo red; Chryseobacterium; water treatment; decolourisation;
biodegradation; phytotoxicity

1. Introduction

In today’s world, water pollution is an increasingly critical health issue in the context
of rising industrialisation and climate change. Access to potable water is becoming rarer
and more expensive worldwide. Among the plentiful causes of pollution, a major threat
is the textile industry, as it often releases dye-containing effluents into natural water
bodies [1]. From an economic viewpoint, although the textile industry plays an important
role in any country, it is still an environmental polluter, causing more than 20% of global
water pollution alone [2]. As stated by the World Health Organization (WHO), coloured
effluents released after dying treatment by textile industries cause 17–20% of total water
pollution worldwide. It has been found in a case study that 1.65 mg L−1 azo dye released
into the Cristais River, São Paulo, Brazil caused a mutagenic effect in humans [3]. It has
also been estimated that roughly 10–15% of the total in azo dyes used globally in textile
production are lost through effluent, as they do not bind to textile fibre [4,5]. Approximately
200 billion litres of coloured wastewater are generated every year throughout the world [6].
Environmental legislation mandates that textile factories treat effluents before discharge
into receiving water bodies [7]. However, synthetic textile azo dyes are unmanageable and
carcinogenic [8] in nature due to the presence of −N=N− bonds [9], making them resistant
to the impact of detergents, sunshine, temperatures, or other types of degradation [10].
Mainly, electron deficiency is the foremost reason why textile dyes become less susceptible
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to the conventional decolourisation process [11]. Nearly 2 years are required to degrade
dye-derived aromatic amines in river and sea sediments [1,12]. Over 10,000 highly water
soluble, commercial dye compounds are regularly used in the textile industry to dye
fibres [13], causing general environmental concern.

Generally, the dye-containing effluents are intensively coloured and alkaline in
pH (8.0–11.0) [14,15]. These types of effluents are also reported to be high in biochem-
ical oxygen demand (BOD), chemical oxygen demand (COD), total suspended solids
(TSS) [16], metal contamination [17] due to the presence of dye and additives (like sodium
carbonate, caustic soda and other salts) [7] and temperature [18]. In this context of heavy
water pollution, recycling wastewater produced by the textile industry is timely and im-
portant. Classical remediation approaches based on physical and chemical reactions are
expensive and generate secondary pollutants containing amine residues, which are highly
carcinogenic and show long-term effects on human as well as aquatic life. Further, chemical
degradation processes are so expensive that industries often prefer not to bear that much
of the cost [19]. Microbiological treatment is not that over-priced; moreover, it is an envi-
ronment friendly, sustainable and efficient procedure [20]. Among different biological dye
degradation processes [19], microbe-mediated azo dye degradation started back in the 1970
with the isolation of three bacterial strains, namely, Bacillus subtilis, Aeromonas hydrophila
and Bacillus cereus [21,22]. Since then, many other bacterial strains have been reported in
the field of dye bioremediation. In comparison to conventional processes, bacterial dye
degradation is one of the best options for treatment of dye-containing textile effluent. While
traditional processes are limited in their chemical and physical processes, environmental
bacteria have the capability of rapidly adapting under adverse conditions [23], facilitating
growth followed by degradation of dyes in a dye-contaminated environment. Enzymatic
networks of bacteria are so well built that they are able to break down the complex chemical
structures of synthetic azo dyes to use as essential nutrient sources (carbon and nitrogen
sources) for their growth and development [19].

Congo red (CR) has been reported to persist in the environment for a long time—
the reason why it is considered as one of the recalcitrant azo dyes. Furthermore, CR is
also carcinogenic due to the presence of aromatic amine groups and is used in textile
manufacturing. Hence, CR is considered as a model complex pollutant [24]. A few
studies have reported on CR biodegradation using different bacteria, including Bacillus sp.
ACT1 mediated degradation (0.05% CR) in ~30 h [25], Pseudomonas luteola mediated 95%
degradation efficiency against 0.02% CR after 12 h [26] and Shewanella xiamenensis mediated
87.5% CR biodegradation in 16 h [27].

This study sought to investigate the biodegradation and detoxification of CR using
a newly isolated thermotolerant bacterium Chryseobacterium geocarposphaerae DD3 that
has not been reported earlier. The mechanism of CR biodegradation and the associated
metabolites/by-products were systematically evaluated with FTIR, MS and 1H NMR
techniques. C. geocarposphaerae has been reported on earlier for its plant growth promoting
activity [28], but this study elaborates a new approach to bioresource utilization in terms of
azo dye bioremediation to find potential applications in textile wastewater remediation.
To our knowledge, the present study is the first to report on C. geocarposphaerae mediated
azo dye biodegradation and detoxification, and is novel in this respect. As this bacterium
was isolated from contaminated textile effluent, it was hypothesized to confer elevated
tolerance to synthetic azo dyes.

2. Materials and Methods

2.1. Wastewater Collection and Characteristics

Coloured effluent was collected in sterilized polythene bottle from the dye house
outlet of a textile industry operation situated in West Bengal, India (latitude and longitude:
22.73718◦ N and 88.31861◦ E, respectively). QGIS 3.1 was used to prepare the map of
the study area (Figure 1). Immediately after collection, some physical parameters of
the wastewater, e.g., pH, temperature, colour, and smell, were recorded. Within 48 h of
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collection, the water sample was characterized for total suspended solids (TSS) and total
dissolved solids (TDS) using a HORIBA multi-parameter meter (U-50), as well as chemical
oxygen demand (COD), biological oxygen demand (BOD), and oil and grease following
the standards of APHA (APHA 1999) [29].

Figure 1. QGIS mapping of study site (Inset: sample collection site).

2.2. Polyphasic Characterization of the Bacterial Isolate
2.2.1. Bacteriological Analysis

Serially diluted collected coloured water sample was inoculated in modified nutrient
agar (NA) medium (without yeast extract, pH 7.0) at 37 ◦C overnight. Fast growing colonies
were isolated to examine their dye tolerance capacity in the modified NA medium supple-
mented with minimum dye concentration (0.1 g L−1 each of Congo red, Malachite green,
Brilliant yellow, and Methyl red). Among different bacterial isolates, DD3 demonstrated
growth against all the studied azo dyes (best against Congo red) other than Malachite
green; thus, DD3 was chosen for further study. The isolate DD3 was primarily classified
by Gram staining. Biochemical categorization of DD3 was performed on activity of extra-
cellular enzymes (protease, amylase, catalase, and urease), substrate hydrolysis (cellulose,
tributyrin, and olive oil), salt tolerance, pH, citrate and lysine utilization, motility, thermal
death point, and antibiotic sensitivity tested using standard protocols [30].

For primary size and shape analysis of DD3, bacterial smear was fixed on a cover
glass by 2.5% glutaraldehyde solution for 30 min and was dehydrated by passing it
through 50–90% of alcohol for 5 min in each step. The bacteria on the cover glass were
platinum-coated using JEOL JFC 1600 Auto fine coater (Tokyo, Japan) and observed under
scanning electron microscope (JEOL JSM-6390, Tokyo, Japan) with 20 KV accelerating
voltage. Further detailed morphometric analysis was performed by fixing freshly prepared
overnight grown DD3 culture on carbon-coated grid followed by staining with 0.2% uranyl
acetate. Then, the grid was observed under transmission electron microscope (JEM-1011
100 KV TEM, Peabody, MA, USA).

2.2.2. Molecular Characterization by 16S rRNA Amplification and Phylogenetic Analysis

Genomic DNA of DD3 was isolated using Zymo Research Fungal/Bacterial DNA
MiniPrep (D6005). An approximately 1.5 kb size 16S rRNA fragment was amplified using
high fidelity PCR polymerase. The PCR product was sequenced using the universal for-
ward primer (8f) and reverse primer (1492r) with the Sanger sequencing method (Applied
Biosystems 3130xl Genetic Analyzer, Foster City, CA, USA). EzTaxon platform was used for
identification of the 16S rRNA sequence (http://www.ezbiocloud.net/identify, accessed on
23 May 2020). Evolutionary distances between the sequences were calculated and the phy-
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logenetic tree was prepared by the maximum likelihood method using MEGA (version 7.0).
The obtained sequence was deposited at GenBank (accession number MG905828.1).

2.3. Congo Red Decolourisation Study

Dye tolerance capacity of DD3 isolate was determined in terms of maximum tolerable
concentration (MTC). In this context, mineral salts medium (MSM) was supplemented
with 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 g L−1 of CR (BDH laboratory chemical, UAE) and
incubated at 37 ◦C for up to 24 h. To analyse the effect of static and agitated conditions
(120 rpm) on the decolourisation efficiency of DD3, the bacterial isolate was incubated
up to 48 h in conical flask containing sterile mineral salt media (MSM) with maximum
tolerable CR concentration (0.2 g L−1). Similarly, the optimum temperature for DD3
mediated CR decolourisation was evaluated at 25, 30, 35, 37, 40, and 45 ◦C, respectively.
Likewise, the effects of varying nutrient sources (1 g L−1) (glucose and peptone as carbon
source; yeast extract and beef extract as nitrogen source) were also investigated in 0.02%
CR supplemented MSM. The effects of different concentrations of glucose (1–5 g L−1)
on DD3 mediated dye decolourisation were studied, too. For the decolourisation and
biodegradation study, 0.2 mL freshly cultured inoculum (1.2 × 105 cfu/mL) was used for
100 mL media: i.e., inoculum: solution (v/v) = 1:500. For all the decolourisation experiments,
bacteria cultured without the presence of dye and CR containing MSM incubated without
bacterial inoculum were considered as biotic and abiotic controls, respectively. Cell-free
supernatant was collected by centrifugation (10,000 rpm for 15 min), and absorbance of the
supernatant was measured at predetermined absorbance maxima (λmax), 498 nm for CR
using UV-visible spectrometer (Microprocessor Visible spectrophotometer, Model: LI-721).
Percentage of decolourisation was calculated from the difference between initial (before
incubation) and final (after growth) absorbance values. The best optimized condition for
the decolourisation was considered for the further experiments.

To calculate decolourisation percentage the following equations was considered:

% of decolourisation :
Initial OD − Final OD

Initial OD
× 100 (1)

The statistical analysis was performed using the SAS University Edition software.
One-way non-parametric analysis of variance (Kruskal-Wallis test) was used to find the
significance of the treatments in the final % of decolourisation of the solutions. The
comparisons among treatment levels were made with Tukey’s multiple comparison test.
Chi-square statistic was used to test the hypothesis.

2.4. Analysis of Biodegradation Using Different Spectroscopic Methods

For Fourier transform infrared (FTIR) spectroscopic analysis, overnight-incubated
DD3 culture was centrifuged (10,000 rpm for 15 min), and cell free supernatant was
collected separately for the further experiments. FTIR was performed for the control
(0.02% aqueous CR solution) and sample (metabolites/by-products produced after bacterial
decolourisation). The scan was performed in the mid-IR region of 400–4000 cm−1 with
two scan repeats using Perkin Elmer, UATR Two Series spectrophotometer. Peaks were
analysed through OriginPro8 software. For sample extraction to perform proton nuclear
magnetic resonance (1H NMR) spectroscopy, centrifuged (15 min at 10,000 rpm at 4 ◦C) cell-
free supernatant was vortexed thoroughly with an equal volume of ethyl acetate (v/v, 1:1).
The organic layer was parted and further collected by separating funnel and air-dried at
room temperature (35 ◦C). The collected 5–7 mg of metabolite powder was mixed with
0.5 mL deuterated solvent and analysed by 1H NMR-300 MHZ (Bruker, Billerica, MA,
USA). For mass spectrometric (MS) analysis, a millimolar concentration of the powdered
by-product mixed with spectroscopic grade methanol was used.
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2.5. Phytotoxicity Study

This experiment was performed by following the method described before by Rana
et al. [31] with little modification. Seeds of Vigna radiata (L.) R. Wilkzek (mung bean) were
obtained from Indian Agricultural Research Institute, PUSA, New Delhi. After washing,
the healthy and uniform seeds were washed with distilled water thoroughly. Then, surface
sterilisation of those seeds was performed using 0.1% HgCl2 treatment, followed by rinsing
6 times with distilled water. For pre-germination treatment, seeds were soaked in 3 different
conditions (3 experimental sets) for 6 h at 30 ◦C; set 1: Control (autoclaved, double distilled
water), set 2: CR solution (0.02% aqueous CR) and set 3: DD3 treated wastewater (bacteria
decolourised water). Ten seeds were placed on soaked filter paper in Petri plates. For
germination purposes, the seeds were irrigated with equal volumes of autoclaved doubled
distilled water. Initially, after 48 h, the number of germinated seedlings from each plate
was counted and divided by the total number of seeds (10) to calculate the germination
rate. At the end of the experiment (7 days), other seed growth parameters such as length of
root and shoot and number, length, and width of leaves were recorded. For the assessment
of phytotoxicity, the following equations were considered:

Relative germination =
number of gemination in test

number of gemination in control
× 100 (2)

% of toxicity =

[{(radicle length of control − radicle length of test)}
radicle length of control

]
× 100 (3)

Tolerance index =
Mean length of longest root in tratment
Mean length of longest root in control

(4)

Vigour index = {(mean root length + mean shoot length)}
× % of germination

(5)

This experiment was performed in triplicate for each experimental set. Permutational
multivariate analysis of variance (PERMANOVA) test with 10,000 permutations was per-
formed using Primer6 (PrimerE) software to determine differences between the treatments.
Principal component analysis (PCA) was conducted on 3 kinds of treatments (distilled
water, 0.2% CR, and bacteria mediated biodegraded CR). Varimax rotation was applied as
orthogonal rotation minimizes the number of variables with high loading on each com-
ponent to facilitate interpretation of the results. Statistical significance was defined as
p < 0.05.

3. Results

3.1. Wastewater Collection and Characteristics

The waste effluent was dark greyish blue in colour with temperature of 55 ◦C and
pH of 8.91. The high COD (4337.34 mgO2 L−1), BOD (607 ppm), TSS (223 ppm), TDS
(332 ppm) and oil-grease (6.32 mg L−1) were recorded for the collected effluent sample (see
Supplementary Materials, Table S1).

3.2. Polyphasic Characterisation and Identification of Chryseobacterium geocarposphaerae DD3

Based on the considerable initial tolerance of CR among the other studied dyes to
DD3, this isolate was chosen for further CR decolourisation study. The DD3 isolate was
Gram-negative, non-endospore forming, high-temperature tolerant (up to 95 ◦C), slightly
halophilic (up to 3% salt/NaCl tolerant), alkaliphilic (growth until pH 12.0), aerobic, and
motile in nature (see Supplementary Materials, Table S2). It was catalase-positive and was
able to hydrolyse different substrates such as tributyrin and casein. Other than this, it also
used lysine as an important substrate for growth. It was able to ferment citrate, D-fructose,
and D-glucose, as carbon sources for growth. The bacterial isolate showed susceptibility
against all the studied antibiotics (polymyxin-B, streptomycin, norfloxacin, penicillin-G,
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amoxicillin, chloramphenicol, ampicillin, cefotamine, ceftriaxone, mezlocillin) except the
antifungal fluconazole.

16S rRNA sequencing analysis using an EZ-Taxon server revealed that isolated DD3
had 99.36% nucleotide identity with Chryseobacterium geocarposphaerae 91A-561. Other than
this, six different Chryseobacterium species also exhibited more than 97% similarity with
DD3 (Figure 2). Thus, based on the results of 16S rRNA analysis, DD3 was identified as
Chryseobacterium geocarposphaerae. The electron micrographs confirmed that the bacteria
C. geocarposphaerae DD3 are coccobacilli in shape (Figure 2). In transmission electron
micrographs, the presence of outer membrane confirmed the Gram-negative nature of
the bacterium.

Figure 2. Phylogenetic tree of Chryseobacterium geocarposphaerae DD3 (Inset: scanning electron micrograph and transmission
electron micrograph of C. geocarposphaerae DD3 representing its shape and structural characteristics).

3.3. Congo Red Decolourisation Study

Upon treating C. geocarposphaerae DD3 with increasing concentrations of CR, the bac-
teria showed MTC at the concentration of 0.5 g L−1. Therefore, the bacterium showed
tolerance up to 500 ppm CR concentration. The initial rate of dye decolourisation was more
than 90% at 12 h of incubation, irrespective of various concentrations of CR used for the
study (Figure 3A). C. geocarposphaerae DD3 mediated optimum decolourisation was 97.58%
in the presence of 0.02% CR after 12 h. Beyond this concentration, % of decolourisation
was found to be decreased with increasing initial dye concentration. Decolourisation by
C. geocarposphaerae DD3 was studied under both static and agitated conditions (120 rpm)
with 0.02% dye concentration. Maximal decolourisation was observed at 97% in the pres-
ence of agitation after 48 h of incubation. Therefore, agitation was adapted for further
studies. Among a range of studied temperatures (30–45 ◦C), the highest percentage (96.5%)
of decolourisation was found at 37 ◦C for C. geocarposphaerae DD3 mediated CR decolourisa-
tion (Figure 3B). Figure 3C shows that C. geocarposphaerae DD3 mediated CR decolourisation
was influenced by all the studied nitrogen and carbon sources to an extent, whereas yeast
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extract (nitrogen source) and glucose (carbon source) elevated (70.09% for yeast extract and
96.34% for glucose) the decolourisation response. On varying the concentration of glucose
as additional carbon source, the % of decolourisation increased with increasing glucose
concentration, and the highest decolourisation (97.96%) was observed in the presence of
5 g L−1 glucose for CR supplemented (0.02%) media at 12 h. Statistical analysis showed
significance for both the factors medium used for reaction and reaction time with a p-value
0.0041 and 0.0417, respectively (see Supplementary Materials, Figure S1). Hence, based on
the paired tests between the conditions, the statistically significant experimental condition
was further used for the biodegradation analysis and toxicity assessment study.

Figure 3. Study of CR decolourisation by C. geocarposphaerae DD3: (A) Effect of different percentages of CR dye; (B) effect of
temperature (◦C); (C) effect of different nutrient sources (nitrogen source and carbon source) on % of decolourisation.

3.4. Analysis of Biodegradation Using Different Spectroscopic Methods

Incubation with C. geocarposphaerae DD3 successfully resulted in decolourisation of
CR. The bio-transformed metabolites related to the decolourisation were characterised by
FTIR, MS, and 1H NMR. The result of FTIR analysis of the CR sample and decolourised
water showed differences in various peaks, indicating the change/presence of various
functional groups. The result of FTIR analysis of the control CR sample showed peaks
in the regions of 645 cm−1 (C-C bending vibration of aromatic rings), 1446 cm−1 (aro-
matic C=C stretching vibration), 1520.63 cm−1 (C=C stretching vibration in benzene ring),
1584 cm−1 (–N=N– azo bond stretching vibration), 1740 cm−1 (-C=O stretching vibration),
and 1450–1200 cm−1 (phenolic C–O stretch vibration). In the FTIR spectrum of metabolites
obtained after decolourisation of CR by C. geocarposphaerae DD3, the disappearance of
the peak at 1584 cm−1 for –N=N- stretching vibration hinted at the reductive cleavage of
azo bond of CR; the disappearance of functional groups at 1450–1200 cm−1 for phenol
C–O stretching vibration indicated biodegradation of CR; and absence of vibrated stretch
within 645–831cm−1 indicated absence of carcinogenic aromatic amine in the treated wa-
ter sample (Figure 4A). The MS analysis of the studied sample indicated similar results
(Figure 4B). By analysing the m/z spectra, a few intermediates, namely, sodium 4-amino-3-
(phenyldiazenyl) naphthalene-2-sulfonate (m/z 324.2721), sodium 3,4-diaminonapthalene-
2-sulfonate (m/z 260), and aniline (m/z 99.08) followed by toluene (m/z 92.00) were
identified. 1H NMR peaks of the treated water sample appeared at δ-1.5 ppm (-R3CH),
indicating conversion of the aromatic component to an aliphatic one [32]. The absence
of 1H NMR peaks at δ-7.5 (Ar-H) (Figure 5) in our study clearly indicated the absence
of the carcinogenic aromatic amine in bacteria-treated aqueous CR solution [33]. Peaks
in δ-6.6-8.0 are reported to be attributable to the presence of aromatic protons [32]. The
absence of this stretch in this study indicated the degradation of CR without forming any
carcinogenic amine as by-product (Figure 5). The peak in δ-2.3 ppm indicated the presence
of the relatively non-toxic end-product toluene in the treated water.
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Figure 4. C. geocarposphaerae DD3 mediated biodegradation analysis: (A) FTIR of untreated and treated dye containing
water sample represents the breakdown of chemical structure of CR; (B) mass spectrometry of bacteria treated water sample
to identify the m/z ratios of intermediates produced after the treatment.

Figure 5. 1H NMR spectroscopy of C. geocarposphaerae DD3 treated water sample.

By analysing 1H NMR spectra and m/z values from MS spectrometry, probable
intermediates formed after CR biodegradation were identified, and the biodegradation
pathway was predicted by means of chemistry (Figure 6).

3.5. Phytotoxicity Study

The phytotoxicity of CR before and after C. geocarposphaerae DD3 mediated biodegra-
dation was studied. Figure 7A,B shows germinated seedlings pre-treated with DD3-treated
water and CR solution, respectively. Figure 7C shows a comparison of seedling growth (in
CR solution, C. geocarposphaerae DD3 treated water, and control, i.e., distilled water).
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Figure 6. Prediction of CR biodegradation pathway during treatment with C. geocarposphaerae DD3.

 
Figure 7. Phytotoxicity assessment of CR on Vigna radiata (L.) R. Wilkzek (mung bean) by germination
of seeds pre-treated with (A) DD3 treated water (bacteria decolourised water) and (B) CR solution
(0.02%CR aqueous CR); (C) Comparison of growth of seedlings (control, DD3 treated water, and
CR solution).
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Out of all the parameters measured in relation to the phytotoxicity assessment, three
parameters, namely, the germination rate, % toxicity, and vigour index, showed significant
differences in the treatment with CR solution compared to DD3-treated water and control
(Table 1). The detailed plant growth indexes measured to assess the phytotoxicity of CR
are listed in Table 1.

Table 1. Phytotoxicity assessment of CR solution and C. geocarposphaerae treated water sample in
comparison to the control.

Characteristics Control DD3 Treated Water CR Solution

Plumule length 3 cm 1.9 cm -
Radicle length 5.6 cm 5.4 cm -

Root length 2.4 cm 3.4 cm 1.1 cm
Number of roots 9 11 2

Shoot length 6.0 cm 4.4 cm 1.3 cm
Number of leaves 2 2 -

Length of leaf 1.9 cm 1.5 cm -
Width of leaf 0.8 cm 0.8 cm -

Germination rate 90% 80% 50%
Relative germination 100% 88.89% 55.56%

% toxicity 0% 3.57% 100%
Tolerance index - 1.41 0.45

Vigour index 756 624 120
“-” signifies no growth, control denotes autoclaved double dist. water; DD3 treated water denotes bacteria
decolourised water and CR solution denotes 0.02% aqueous CR solution.

From individual variable analysis, based on correlations, four groups of variables
(group 1: tolerance index and root length; group 2: % toxicity, number of leaves, radicle
length, and width of leaves; group 3: vigour index and shoot length; group 4: relative
germination and germination rate) showed strong correlations (98%) with each other
(Figure 8A). The selection was made based on correlation analysis. Multivariate analysis
with PERMANOVA test was performed with the variables germination rate, plumule
length, root length, number of roots, shoot length, and number and length of leaves. Sig-
nificant differences were found between the different treatments (p < 0.0033). A principal
components analysis (PCA) was performed (Figure 8B), showing 96% of total data vari-
ance explained by two principal components (PC) (PC1 was 90.9% and PC2 was 6.5%).
Figure 8B shows loading of PC1 versus PC2. The relationship of CR contamination to seed
germination was clearly observed as discussed before by You et al. (2019) [34]. Highest
positive loading of PC1 was on 0.02% CR solution, indicating their variations may follow
similar trends along with negative loading of number and length of root, which is a key
index for CR contamination on seed germination. All plant germination indexes were
focused on second and third quadrants, reflecting contamination with different sensitivi-
ties. The samples corresponding to the control (distilled water) and treated water showed
non-significant difference, i.e., samples treated with CR showed nearly the same growth
indexes as the control.

368



Sustainability 2021, 13, 10850

Figure 8. Multivariate analysis. (A) Variable Pearson correlations where red circles indicate groups of over 98% correlation,
with significant differences between the different treatments (p < 0.0033); (B) Principal component analysis results, loading
plot PC1 vs. PC2 showing 96% total data variance.

4. Discussion

The dye CR seemed to be toxic to the bacterium C. geocarposphaerae DD3 above a certain
concentration, as no growth was recorded after the maximum tolerable concentration. A
similar study of di-azo dye (Navitan Fast Blue) was performed previously by Nachiyar
and Rajkumar [35] for Pseudomonas aeruginosa, which could degrade (90%) 100 mg L−1

Navitan Fast Blue S54, in 24 h with an MTC of 1200 mg L−1; however, concentrations above
this level caused acute toxicity. Better decolourisation was observed under controlled
agitation, as agitation probably dominates bacterial respiration [10] and helps to utilise
NADH as a cofactor to decolourise the azo dyes [36]. A similar experiment performed with
P. aeruginosa showed better dye degradation (0.01% dye concentration) under continuous
agitation (90% degradation in 48 h) than static incubation (80% in 48 h), thus supporting our
findings [35]. The optimum decolourisation was found at 37 ◦C, but DD3 also demonstrated
decolourisation capacity at 45 ◦C, which demonstrates the thermotolerant nature of the
bacterium. A similar observation was previously reported by Kolekar et al. [36] on the
effect of temperature (20–45 ◦C) for Bacillus fusiformis mediated disperse blue 79 and acid
orange 10 degradation. Another study reported the effect of temperature (10–60 ◦C, in
10 ◦C increments) on CR decolourisation (94.52% of 0.01% CR at 32 ± 2 ◦C) [37]. According
to several earlier reports [38–40], the addition of carbon and nitrogen sources increases
decolourisation efficiency. As observed from this study, yeast extract (nitrogen source)
and glucose (carbon source) positively influenced C. geocarposphaerae DD3 mediated CR
decolourisation. Yeast extract as nitrogen source is probably essential for the regeneration
of NADH, an electron donor that helps the microorganism to reduce the azo bond in
the chemical structure of azo dye [40]. On the other hand, at the initial stage of growth,
the presence of a ready carbon source (glucose) helps to produce secondary metabolites,
extracellular enzymes, which in turn may influence the azo dye decolourisation [38].
According to a report by Singh et al. [41] on the effect of external nitrogen and carbon
sources, Staphylococcus hominis RMLRT03 showed elevated decolourisation (89.81% and
93.24%, respectively) in the presence of glucose and yeast extract. On the contrary, in
our study, C. geocarposphaerae DD3 showed better decolourisation only in the presence of
glucose as a carbon source. It was clearly observed that DD3 can decolourise 0.02% CR
with more proficiency (96.52% in 12 h for the media supplemented with 5 g L−1 glucose at
37 ◦C) and an adsorption efficiency of 66.63 mg/g bacterial cell. Sari et al. [42] previously
described the adsorption efficiency determination. Overall, C. geocarposphaerae DD3 had
better decolourisation efficiency than previously reported in CR decolourisation studies for
Shewanella xiamenensis BC01 (87.5% decolourisation of 0.02% dye in 16 h) [27], Bacillus sp.
(0.01% dye after 50 h) [25,27], or Bacillus cohnni RKS9 (99% degradation in 12 h for 0.01%
dye) [43]. Mutant Bacillus sp. ACT1 (using UV and Ethidium bromide) showed 0.05%
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degradation ability after a long time interval of ~30 h [25], whereas our isolate of interest
took much less time, only 12 h without any strain mutation.

Bacteria isolated from dye-contaminated sites can process the bioremediation of azo
dye, which is a clear indication of environmental adaptation to toxic synthetic dye [36].
In the present study, CR biodegradation was confirmed by FTIR, MS (Figure 4), and 1H
NMR analysis (Figure 5). Previously, the CR biodegradation pathway was studied mostly
using mixed bacterial cultures [32] or fungal cultures [44], whereas comparatively little
study had been pursued on monoculture-based CR degradation [45]. In this study, mainly
1H NMR spectra and m/z values of intermediates (received from MS study in Figure 4B)
were analysed to hypothesise a CR degradation pathway supported by FTIR. In our study,
according to the FTIR data, the disappearance of functional groups at 1584 cm−1 for –N=N–
stretching vibrations and at 1450–1200 cm−1 for phenolic C–O stretching vibrations in
the bacteria-treated water sample indicated biodegradation of CR by reductive cleavage
of azo bonds (Figure 4A), as previously studied [8,10]. Ng et al. [27] reported a similar
study on CR degradation by S. xiamenensis BC01, but the absence of aromatic stretch was
not demonstrated clearly in the treated sample. However, in this study, the absence of
645–831cm−1 stretching vibration for aromatic amine in the treated water sample proved
the degradation of CR without forming harmful secondary pollutants. Biodegradable
intermediates were analysed from MS and 1HNMR. Further comparing this analytical
result in a chemically integrative way allowed us to propose a CR biodegradation pathway
(Figure 6). Possibly the first intermediate sodium 4-amino-3-(phenyldiazenyl) naphthalene-
2-sulfonate was formed from symmetrical cleavage on the chemical structure of CR, making
the molecule accessible to the active site of the enzymes for further degradation reaction.
Then, sodium 3,4-diaminonapthalene-2-sulfonate was formed by reductive cleavage of
azo bond. The significant disappearance of azo peaks from the FTIR spectrum of the
decolourised sample also supported this reaction step. As no significant 1H NMR peak of
product with larger molecular weight was been found in this study, it may be hypothesised
that the intermediates of the biodegraded CR are probably mineralised immediately after
formation and utilised by the bacterium though the TCA cycle in their central metabolism
as carbon or nitrogen sources. This could be supported by the previous work of D’Souza
et al. [45] on CR biodegradation by Alcaligenes sp., where similar intermediates such as
the intermediates 2a and 3a from our study were also formed. It was previously found by
Lade et al. [10] that azo reductase is responsible for reductive cleavage of the azo bond.
The intermediate is presumed to be further cleaved to form low molecular weight aniline
followed by toluene (Figure 6). From a similar study previously performed by Balapure
et al. [32] on reactive black 1 using a mixed bacterial consortium of Lysinibacillus, Raoultella,
Enterococcus, and Citrobacter species, it can be said that the degradation of CR probably goes
through a complete mineralization mechanism. Perhaps bacteria growing in wastewater
containing azo dye use complex dyes as their carbon or nitrogen sources [46] by breaking
them down with the help of a complex oxido-reductive enzymatic system. In this study,
probably at the time of acclimatization in the CR-containing medium, that enzymatic
system helped the bacterium to degrade the dye. The azo bond of CR might be reductively
cleaved to form enough carbon and nitrogen compounds for the bacterium to consume as
nutrient sources.

Untreated textile wastewater presents hazards when discharged into environmental
sinks (water bodies) utilised for irrigation purpose [47], making it essential to discuss the
risks associated with the treated water with high ecological consequences. In a previous
report, Ponceau 4R showed acute toxicity to Triticum aestivum L. (69% germination rate
on treatment with decolourised sample) and Sorghum vulgare L. [47]. Shoot growth was
earlier reported to be inhibited in Methyl orange contamination [48]. In comparison, our
results show that plants grown in CR aqueous solution probably faced a direct impact
from azo dye molecules in terms of germination inhibition, seedling health, and affected
shoot-root elongation, whereas toxicity of the dye was substantially reduced after bacterial
biodegradation (Table 1). In a previous study by Telke et al. [49], phytotoxicity assessment
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revealed that textile effluent had a detrimental effect on seed germination of Vigna radiata
(20%) compared to the treated sample (60%) and distilled water (70%). Therefore, similar
observations in our study confirmed that biodegraded products of CR (bacteria-degraded
water) were non-toxic and showed no negative influence on seed germination or seedling
growth. In a recent study by Kishor et al. [43], similar effects were observed on seed
germination and seedling growth parameters of Phaseolus mungo L., showing significant
reduction in the toxicity of treated textile wastewater. The bacteria-degraded intermediates
might be used as a source of water or plant growth nutrients for vegetation in the near
future. Findings of the statistical study, i.e., principal component analysis (Figure 8) on
plant germination indexes, clearly demonstrated a distant relationship between the effects
of the CR solution and those of the control and bacteria-degraded water samples. This
clearly indicates that C. geocarposphaerae DD3 is not only able to decolourise CR but also
able to completely detoxify it, resulting in almost zero or insignificant phytotoxicity.

5. Conclusions

Textile dye effluent origin thermotolerant bacterium C. geocarposphaerae DD3 was
studied for its ability to decolourise CR, followed by degradation and detoxification of
CR by the bacterium. With an MTC of 0.5 g L−1 CR, C. geocarposphaerae DD3 showed the
highest decolourisation efficiency of 96.52% in the presence of glucose as co-substrate within
only 12 h of treatment. Based upon biodegradation analysis of CR, the process seemed
to involve a complete biodegradation without forming aromatic amines as secondary
pollutants. Intermediates formed after biodegradation of CR exhibited no phytotoxicity
toward the germination and growth of mung bean. This biodegradation and detoxification
of azo dye by C. geocarposphaerae DD3 is a novel approach that could lead to a sustainable
bioremediation method for dye-containing wastewater treatment in the near future. In
conclusion, dye effluent origin, thermotolerant C. geocarposphaerae DD3 degraded and
detoxified recalcitrant CR in a cost-effective manner, and the recycled water could be
used in the future for agricultural/irrigation purposes. This study focused on efficient
bioresource utilization and future opportunities for the circular bioeconomy.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/su131910850/s1, Figure S1: Box plot representing the decolourisation percentage by statistically
significant variables for DD3 mediated Congo red decolourisation. Table S1: Physico-chemical
parameters of the textile effluent from collection site. Table S2: Physio-chemical characterization of
bacterial isolates.
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Abstract: With the objective of suppressing dioxins and furans (PCDD/Fs) emission in municipal
solid waste incineration plants (MSWI), different chemical inhibitors have been tested. Among
these inhibitors, nitrogen and sulphur compounds can significantly suppress PCDD/Fs formation
via de novo synthesis, which gives very interesting results with very little capital investment. In
recent years, the possibility of using waste rich in nitrogen and/or sulphur as a source of inhibitor
compounds has been considered, and thus has reduced the emissions of pollutants while the waste
is treated. The effect of adding sludge from urban sewage treatment plants in three variants has
been specially studied: directly mixing the waste, using the decomposition gas of the previously
dried sludge, and using the decomposition gas of the sludge together with other inhibitors such as
thiourea. Reduction of emissions in laboratory tests using model samples indicated the efficiency to
be higher than 99%, using sewage sludge (SS) as an inhibitor whereas, in actual MSWI plants, the
efficiency can be as high as 90%.

Keywords: PCDD/Fs; inhibition; POPs; combustion; wastes; co-combustion; co-incineration; dioxins

1. Introduction

It is a reality that the production of solid urban waste, although it has been decreas-
ing in recent years, continues to be a problem, with a production in Europe in 2019 of
502 kg/person/year [1]. The culture of recycling of many kinds of wastes is growing more
and more in society; however, landfills are still receiving greater loads of municipal wastes,
even though community policy advocates a higher recycling rate and energy use of the
rest fraction (not recyclable) in incineration furnaces.

In many industrialized countries, resources contained in waste are recovered by energy
recovery as the main option. In this sense, it is necessary to make an effort to reuse or
compost municipal solid waste, implementing a final step of energy recovery from the
non-reusable and non-compostable matter.

The processes of thermal treatment of waste present a series of advantages over other
methods, such as the reduction of waste (70% by mass and 90% by volume, on average), the
inerting of waste (destruction of biological contamination and toxic organic compounds),
the recovery of the calorific value of the waste, and the substitution of fossil fuels for the
generation of Energy. However, the main problem of waste incineration is the possible
production of pollutants that can cause damage to the environment.

Among the possible emitted pollutants, polycyclic aromatic hydrocarbons (PAHs)
are a group of organic compounds, lipophilic in nature, solid at room temperature, and
formed because of incomplete combustion. PAHs can be found in fuel-derived products
such as oil, coal, and tar deposits and also as products of the use of fossil or biomass
fuels. PAHs are of concern since many of them cause a variety of conditions, including
cancer. PAHs have been classified into different groups, relating their toxic properties [2].
Martinez et al. [3] and Richter et al. [4], among others, conducted a review on the emission
and generation of PAHs in energy-generating combustion processes and in the formation
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of soot. Sánchez et al. [5] presented an analytical method to determine combustion PAHs
both in the gas phase and in the particles. These pollutants are present also in recycled
plastic items, and have been identified as causing possible negative effects on this type of
materials [6].

Other dangerous compounds are emitted during incineration, as those known as
persistent organic pollutants (POPs). POPs are different groups of compounds that remain
intact in nature for years once they have been released into the environment, due to a
combination of physical and chemical properties; also, by their nature, POPs accumulate in
the fatty tissue of living organisms.

Usually, POPs are divided into two groups (see Figure 1): “legacy” POPs, i.e., sub-
stances with the particular properties of POPs that are long-recognized as harmful and
controlled under international regulation since at least 2003, and “emerging” or “new”
POPs that are being considered for banning purposes nowadays [7].

Figure 1. Persistent Organic Pollutants (POPs) considered in the Stockholm Convention [7].

In “legacy” POPs, pesticides and dioxin-like compounds are distinguished. The
latter group, of particular importance given their toxicity, includes dioxins (PCDD), furans
(PCDF), and biphenyls (PCB). On the other hand, the compounds classified as “new” POPs
are also divided into two groups, consisting of a group of brominated compounds used as
flame retardants (BFR), and another more heterogeneous group with substances that are
pollutants by themselves or that can lead to very dangerous pollutants.

Among the POPs, the term ‘dioxins’ is applied to a set of aromatic substances, and
usually refers both to PCDDs and PCDFs [8]. There are 75 chemical congeners for PCDDs
and 135 congeners for PCDFs. Of all these compounds, there are 17 that develop toxic
effects, and they are those that have chlorine atoms in positions 2, 3, 7, and 8. The toxicity
of the 17 compounds is measured with an equivalent toxicity factor with respect to the
most toxic (2,3,7,8-TetraCloroDibenzoDioxin).

PCBs (Poly Chlorinated Biphenyls) are a family of 209 compounds, of which about 130
have been identified in commercial mixtures that were industrially manufactured under
different names (Aroclor, Clophen, Pyralene, etc.). Its commercialization and use have been
restricted in Europe since the 85/467/EC regulation came into force. Certain PCBs, the
so-called coplanar or mono-ortho congeners, are considered compounds closely related to
dioxins and furans as they present similar toxicities.
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There are several theories about the molecular mechanisms by which PCDDs and
PCDFs are formed and subsequently emitted from combustion sources [8]. These theories
are based on observations made in municipal solid waste incinerators and laboratory
studies. From the studies and reviews carried out, various pathways could be considered,
although the relative importance may be very different. Schematically (see Figure 2), it
can be said that it can occur that the dioxins that come out through the flue gas, the fly
ash, and the bottom ash come from the initial raw material, or are formed, either in the
catalytic homogeneous or heterogeneous gas phase. In the homogeneous phase, they
can be formed from organic compounds smaller than dioxins/furans, called precursors,
that will be chlorinated derivatives, or they can be chlorinated by the radical Cl·; in the
heterogeneous catalytic phase (chlorides of Cu, Zn, Fe, and others) chlorination is carried
out mainly by means of Cl2, from precursors or from carbonaceous structures (de novo
synthesis). Oxygen can be incorporated into the precursors, while, in de novo synthesis,
the carbonaceous structure must be oxidized [9–11].

Figure 2. Possible pathways for PCDD/Fs formation in combustion systems, indicating the necessary
conditions to be produced. De novo synthesis is usually the most important method, as it is the one
presenting faster kinetics in the usual conditions of incineration systems [12].

Different studies [12,13] have highlighted the importance of the nature of waste
(particularly, its content of Cu and Fe metals and chlorides) in the formation of dangerous
compounds in the treatment processes. Likewise, the key role of the presence of oxygen
in the production of PAHs, dioxins, and related compounds is highlighted, observing
maximum amounts of these pollutants at intermediate oxygen levels.

Another aspect that may be interesting to analyze about the formation of dioxins in
incinerators is the distribution of congeners, or what is also known as the fingerprint. By
the de novo synthesis process, a distribution is obtained where the ratio between furans
and dioxins is greater than unity. Fiedler et al. [10] observed that the distribution of
congeners emitted in municipal waste incinerators and hazardous waste incinerators are
indistinguishable. The most representative toxic congener in both cases is 23478-PeCDF,
which contributes more than 30% to the total equivalent toxicity (I-TEQ).

In the present work, a review of data found in the literature about inhibition with
chemicals in MSWI plants is done, with particular interest in the use of sewage sludge as a
material that provides sulfur and nitrogen, and investigating the mechanism of action of
these compounds.
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2. Inhibition in the Dioxins and Furans Formation by S- and
N-Containing Compounds

In various research, tests have been carried out showing the ability of various nitrogen
and sulfur compounds to prevent the formation of dioxins and furans (PCDD/Fs) in the
thermal destruction of waste. Already in 1998, Ruokojarvi et al. [14] studied the effect of
four gaseous inhibitors (sulfur dioxide, ammonia, dimethylamine, and methyl mercaptan)
on PCDD/PCDF formation in the combustion of liquid fuel. In a pilot plant scale, the
authors observed a high decrease (98%) in the concentrations of PCDD/Fs when inhibitors
were added, especially in the particle-phase PCDD/Fs concentrations.

In 2005, Pandelova et al. [15] studied the effect of the addition of more than 20 com-
pounds to the co-combustion of coal and waste, finding that the most effective inhibitors
for PCDD/F formation in flue gases were (NH4)2SO4 and (NH4)2S2O3, both containing N
and S. Table 1 shows a summary of the most important data noted in this Review.

Samaras et al. [16,17] mixed various sulfur and nitrogen compounds with RDF (refuse-
derived-fuel) in proportions of 10% by weight. They found that the elimination of PCDD/Fs
is higher than 98% using sulfur compounds, which combine with metals to form complexes
and avoid the formation of pollutants. On the other hand, removal was somewhat lower
using urea [16]; however, the way urea is added to the reaction medium does not affect its
ability to prevent PCDD/Fs formation [17].

Thiourea [(NH2)2CS], on the other hand, with a molar ratio of (S + N)/Cl only 0.47,
inhibits up to 97.3% of the PCDD/Fs content (99.8% in equivalent toxicity), although the
study has not been carried out on an industrial scale as in the previous case [18]. As
can be seen when comparing the results of ammonium sulfate with thiourea, the amino
functional group NH2

– tends to be more effective than NH4
+. This fact has been confirmed

by several authors, and it is attributed to the fact that the N≡C group appears in the
decomposition of thiourea at 250–500 ◦C (in addition to ammonia, carbodiimide and H2S),
which can poison the metallic catalyst by forming some thermally stable compounds (metal
complexes) [19]. The same is true of some sulfur compounds, which form sulfides or
sulfates with the catalyst.

Skodras et al. [20] studied the combustion and co-combustion of natural wood,
medium density fiberboard (MDF with nitrogenous additives), light poles (with a high
metal content), and lignite, observing that the lower PCDD/Fs emissions are achieved
using mixtures with MDF with nitrogenous additives.

Wu et al. [21] used (NH4)2SO4 and pyrite (FeS2) to suppress dioxin formation in a
commercial incinerator, showing that removal is only partial on a practical level. However,
Amand et al. [22] showed that the addition of ammonium sulfate effectively reduces the
emission in a fluidized bed incinerator. For their part, Fu et al. [18] used ammonium
thiosulfate, sulfamic acid (H3NSO3), and thiourea (CH4N2S) to reduce the emission of
PCDD/Fs, highlighting that the combination of sulfur and nitrogen compounds provide
better inhibition than separately. Thiourea has been considered by various authors, by
combining both atoms. Lin et al. [23] used this in a municipal incinerator with very
low doses (0.1%), showing a 91% reduction in the emission. Furthermore, these authors
indicated that a reduction of NOx-type compounds takes place simultaneously. Both factors
are explained by the poisoning of the catalyst metals in the presence of thiourea.

Comparing the inhibitory effect of 21 groups of substances, Pandelova et al. [15]
observed that adding compounds containing only sulfur or only nitrogen achieved a
relatively low inhibitory effect, while, when adding sulfur and nitrogen compounds to-
gether, the effect was much more important. For example, by adding 1% by weight of
sulfamic or sulfamidic acid (H2NSO3H), a PCDD/Fs inhibition efficiency of around 96%
was achieved [16]. Therefore, most recent studies focus on the use of compounds containing
nitrogen and sulfur, where, in addition to sulfamic acid, thiourea, sulfate, and ammonium
thiosulfate, among others, have been tested directly in commercial incinerators and with
good results [18,21,23].
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Table 1. Summary of data found in the literature.

Reference Main Fuel Inhibitor Used Main Finding (PCDD/Fs Inhibition Efficiency, %)

Amand et al. [22] SRF and wood
SS Important decrease in the gases emission, as well as in

the filter and cyclone ashesAmmonium sulphate

Chen et al. [24,25] Model samples SS drying gases >99%. for some congeners, especially for dioxins
versus furans

Chen et al. [25] Model fly ash SS 97.6% (similar to TUA)

Chen et al. [25] Model fly ash
SS 99% of inhibition in terms of toxicity (higher for dioxins

than for furans)

SO2 and NH3
SO2 was more effective than NH3 (61.9% and

38.6%, respectively)

Chen et al. [24] Model fly ash SS drying gases 97.6%, NH3 and SO2 are the most important
components of the SS drying gases

Chen et al. [26] Fly ash
from MSW SS >96%

Fu et al. [18] Model fly ash sulfur–amine/
ammonium compounds

The combination of sulfur and nitrogen compounds
provide better inhibition than separately

The amino functional group NH2
− tends to be more

effective than NH4
+.

TUA (99:8%) > ASA (92:4%) > ATS (85:4%)

Gandon-Ros et al.
[27] PVC

SS, low O2 presence Increased PCDD/Fs emissions, non-inhibition observed
due to the high percentage of metals in the SS

SS, higher O2 presence 89.2%, 71.4% and 98.8% for the inhibition ratios 0.25,
0.50 and 0.75, respectively

Hajizadeh et al. [28] Model fly ash SO2 and NH3

NH3 was more effective at the lower temperature, while
the behavior of SO2 was the opposite (reducing a higher

proportion of PCDDs than NH3 at the
higher temperature)

Lin et al. [23] MSW 0.1% thiourea 91%

Lin et al. [29]

SS
inorganic flocculants
(poly-ferric chloride,

poly-aluminum chloride)
Increased PCDD/Fs emission, 30% increase

SS organic flocculants
(polyacrylamide) 30–40% decrease

Lundin et al. [30] Biomass
and MSW ammonium sulfate

80% (PCDDs)
50% (PCDFs)
45% (PCBs)

Ma et al. [31] MSW CaO and S (sulphur) S (sulphur): HpCDD/Fs inhibition 88.1%
CaO: HxCDD/Fs inhibition 85.1%

Mi Yan et al. [32] Fly ash ammonium sulfate
and urea

both inhibitors had a higher inhibition efficiency at high
temperature (650 ◦C) than at low temperature (350 °C)

greater reduction in furan emissions (PDCFs)

Moreno et al. [33] PVC
containing waste PUF PCDD/Fs 85.7%

dl-PCBs 81.2%

Ogawa et al. [34] Wood with PVC Coal with S (sulphur) significant reduction in PCDD/Fs, being somewhat
more important for PCDFs

Pandelova et al. [15] 1% by weight of sulfamic
or sulfamidic acid 96%
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Table 1. Cont.

Reference Main Fuel Inhibitor Used Main Finding (PCDD/Fs Inhibition Efficiency, %)

Ruokojarvi et al. [14] Liquid fuel
sulfur dioxide, ammonia,

dimethylamine, and
methyl mercaptan

98%

Samaras et al. [16,17] RDF
Sulphur compounds >98%

Urea Slightly lower than 98%

Soler et al. [35] Model fly ash TUA, TSA, ASA
the presence of the inhibitors accelerated the

decomposition of the model fly ash
Reactivity: TSA ≈ TUA > ASA

Wang et al. [36] De novo runs Different nitrogen
containing compounds NH4H2PO4 > NH4HF2 > (NH4)2SO4 > NH4Br

Xiao et al. [37] Sawdust SS 62.9% for pellets with 10% SS
35.4% for pellets with 30% SS

Xiao et al. [37] Wood sawdust SS there is a predominance of furans (PCDFs) over dioxins
(PCDDs)

Zhang et al. [38] Coal SS
PCDD/F emissions increased from 7.00 to 32.72 pg
I-TEQ/Nm3 as the amount of SS increased from 5

to 20%

Zhan et al. [39] Model fly ash SS, high temperature (not
de-novo synthesis) >90%

Zhan et al. [40] MSW SS and TUA >90% both

Zhong et al. [41] MSW 5% SS 32%

Among these inhibition studies using nitrogen and sulfur compounds, research done
at the University of Umeå (Sweden) used ammonium sulfate [(NH4)2SO4] in the co-
combustion of biomass and waste from the paper industry, which had a high chlorine
content [30]. This compound was injected into the waste incineration plant after combus-
tion and just before the cyclones, when the temperature was 800 ◦C, then the outlet gas
was sampled at 130 ◦C. As a result, a reduction of over 80% was obtained in PCDDs, over
50% in PCDFs, and 45% in PCBs (although the latter were in a much lower proportion than
the former). The inhibition was similar for all congeners.

Lin et al. [29] detected an increase in the PCDD/Fs production when adding inorganic
flocculants to the incineration of SS, but an important decrease in the case of adding
organic flocculants with amino substituents, ascribing the effect to the presence of such
organic groups.

However, ammonia acts in a different way, since it reduces the concentration of hydro-
gen chloride, necessary for the formation of PCDD/Fs [42]; that is, it blocks chlorination
through the formation of ammonium chloride. Larger nitrogen and sulfur molecules ap-
pear to condense and adsorb more easily in the reaction system to deactivate the catalyst
than NH3 and SO2 [40]. In any case, as Fujimori et al. [43] found, the three inhibition
pathways for dioxin formation are: (i) catalyst poisoning by sulphuration of the catalyst
to form compounds of the type CuS, CuS2, and CuSO4; (ii) chlorination blocking, i.e.,
reaction of chlorine with nitrogen compounds that would prevent the chlorination of
carbon; (iii) changing the surface of the carbonaceous matrix by sulfur and nitrogen attack
to inhibit the formation of chlorinated aromatic compounds during de novo synthesis.
Figure 3 shows the schematic of these three ways. Temperature plays a fundamental role
in inhibition since, when using a higher temperature, thiourea tends to decompose into
nitrogen and sulfur compounds instead of reacting with the metal catalyst [19,43].
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Figure 3. Pathways of inhibition of PCDD/Fs formation from N- and S- (adapted from [43]).

Regarding the difference between nitrogen and sulfur in the results of inhibition of
the formation of PCDD/Fs, some authors have observed that nitrogen compounds are
somewhat more effective in inhibiting the formation of PCDDs, while sulfur compounds
act to a greater extent on the inhibition of PCDFs [15,28,34]. Hence, compounds containing
nitrogen and sulfur at the same time are preferred. Ogawa et al. [34] studied the effect
of adding SO2 and mixing coal with an important sulfur content in the combustion of
wood sawdust with PVC in a small fluidized bed incinerator, and observed a significant
reduction in PCDD/Fs, being somewhat more important for PCDFs. Hajizadeh et al. [28]
studied the effect of adding SO2 and NH3 on a laboratory scale model ash, at 225 and
375 ◦C (simulating the post-combustion zone), and observed, as did Zhan et al. [40], that
temperature plays a very important role in the behavior of inhibitors (in addition to the
concentration used and the point where they are added). NH3 was more effective at
the lower temperature, while the behavior of SO2 was the opposite (reducing a higher
proportion of PCDDs than NH3 at the higher temperature). In the resulting solid phase
(resulting fly ash), both had a greater effect than in the gas phase.

Mi Yan et al. [32] investigated the formation of PCDD/Fs produced from fly ash
and its inhibition by ammonium sulfate and urea at different temperatures. The authors
show that both inhibitors had a higher inhibition efficiency at high temperature (650 ◦C)
than at low temperature (350 ◦C). Thus, the production of PCDD/Fs at 650 ◦C was quite
small; a greater reduction in furan emissions (PDCFs) was observed, the most significant
reductions being that of Tetra-CDF at low temperature (350 ◦C) and Octa-CDF at 650 ◦C.
In a large-scale incinerator, chemical additives injected into the high-temperature section
could enter the low-temperature area and continue to inhibit dioxin formation; therefore,
more work is needed to evaluate different inhibitors for PCDD/Fs formation and determine
the optimum injection temperature.

Marie-Rose et al. [44] suggested that the presence of NH3 favors the formation of
coke while decreasing the formation of CO2. At a relatively low temperature (approx.
300 ◦C), NH3 has been found to adsorb at strong acid sites, thereby reducing the oxidation
of organic molecules to carbon dioxide. Furthermore, the formation of PCDD/Fs could
also be reduced due to the blocking of these strong acid sites.

In their work, Fu et al. [18] studied three distinct –S- and –NH2- or NH+
4-containing

compounds, including ammonium thiosulfate (ATS), amidosulfonic acid (ASA), and
thiourea (TUA). The results revealed that the inhibition competency of the combined
mixtures of S and N containing substances was strongly influenced by both the nature of
the functional group of nitrogen and the value of the molar ratio (S + N)/Cl. In this way,
the inhibition efficiency classifies as follows: TUA (99:8%) > ASA (92:4%) > ATS (85:4%),
with the same sequence as PCDD/Fs.

On the other hand, Ma et al. [31] studied the effect of the presence of calcium oxide
(CaO) and elemental sulfur (S) on the formation of PCDD/Fs during the municipal solid
waste combustion process in laboratory runs performed at 800 ◦C. They concluded that
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both substances could primarily consume chlorine sources or weaken chlorination in the
PCDD/F formation process to slow down PCDF formation, but the inhibition mechanisms
of sulphur and calcium oxide were different. Comparing the inhibitory effect of S with
that of CaO, the inhibitory effect of S on the formation of hepta-congeners (HpCDD/Fs)
was more remarkable, around 88.1%; on the other hand, CaO is especially active in the
inhibition of the formation of hexa-congeners of dioxins and furans more clearly than
sulfur, and the inhibition was 85.1%.

Wang et al. [36] studied the inhibitory effects of four amino compounds on the forma-
tion of chlorobenzenes (CBzs) in de-novo experiments, finding that the inhibitory effects
follow the order NH4H2PO4 > NH4HF2 > (NH4)2SO4 > NH4Br under air flow, and are
slightly different under nitrogen flow.

Soler et al. [35] also studied the mechanism implied in the thermal decomposition of
model fly ash modified by the presence of N- and S-containing compounds. Specifically, the
authors test the presence of thiourea (TUA), ammonium thiosulfate (TSA), and amidosul-
fonic acid (ASA) on the reactivity of fly ash air; however, the investigation was done using a
thermobalance at different heating rates (5, 10, and 20 K min−1) and analyzing the evolved
gases. Their first conclusion is that the presence of the inhibitors, surprisingly, accelerated
the decomposition of the model fly ash, i.e., the thermal decomposition took place at lower
temperature (approx. 80 to 100 ◦C less) in the presence of TUA, TSA, or ASA. These authors
assume that the increase in the decomposition rate is due to the existence of a reaction, not
well defined, between the compounds containing N and S and the carbonaceous material.

3. Use of Other Sulphur and Nitrogen Containing Wastes to Reduce Emissions

In recent years, the possibility of using waste rich in nitrogen and/or sulfur as a source
of inhibitor compounds has been considered, and thus the reduction of the emissions of
pollutants while the waste is treated. Various authors, such as Amand et al. [22], showed
the possibility of using waste mixtures to reduce pollutant emissions. The effects of
the addition of urban water treatment sludge have been especially studied, since they
generally have a high content of nitrogen compounds [45]. Chen et al. [24,25] used the
drying gas of these sludges as a reaction atmosphere in the thermal decomposition of
model samples, demonstrating that these gases are capable of suppressing the de novo
synthesis of PCDD/Fs with an efficiency greater than 99% for some congeners, especially
for dioxins versus furans.

Other nitrogenated wastes that have been used for inhibition are polyurethanes
(mainly from mattresses). Polyurethanes are polymers made from long chain polyethers
or polyesters covalently linked by a urethane bond (-NH-COO-). The manufacture of
these plastics involves the reaction between polyfunctional isocyanates and alcohols [46].
Flexible polyurethane foams (FPUF) are mainly used in the manufacturing of upholstered
furniture and mattresses.

Thermal degradation of different types of polyurethanes has been studied in the past.
Boettner et al. [47] analyzed the volatiles produced during the combustion of four types
of polyurethanes from car seats. They verified that the major products are CO and CO2,
hydrogen cyanide, acetaldehyde, and methanol, and they showed that, as the atmosphere
becomes more oxidative, the amount of methanol and HCN produced decreases. In
previous research, the pyrolysis and combustion of FPUF residues from mattresses was
carried out, showing that the presence of oxygen effectively reduces the emission of PAHs
and chlorobenzenes, as well as the NH3 emission [48]. This decrease in ammonia has been
attributed to the fact that the emission of PCDD/Fs simultaneously increases, due to the
inhibitory effect shown by ammonia in the formation of these compounds [14,48].

Moreno et al. [33] tested the influence of the presence of another N-containing waste,
as is polyurethane foam (PUF), in the formation of PCDD/Fs during the combustion of
a PVC-containing waste. The authors also compared the presence of PUF in the waste
itself with the effect of the presence of PUF pyrolysis gases in the decomposition of the
PVC-containing waste. They found that the first alternative reduces the formation of
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PCDD/Fs by 85.7% and dl-PCBs by 81.2% in WHO-TEQ toxicity, with the direct addition
of PUF waste being the simplest one.

Inhibition by Using Thermal Decomposition Products from Sewage Sludge

The effect of adding sludge from urban sewage treatment plants in three variants has
been especially studied: directly mixing the waste [22,37], using decomposition gas from
previously dried sludge [25,49], and using the decomposition gas of the sludge together
with other inhibitors such as thiourea [39].

Amand et al. [22] observed an important decrease in the emission of PCDD/Fs during
co-combustion of solid recovered fuel (SRF) with municipal sewage sludge compared
to when SRF was fired without SS as additional fuel. Also, the injection of ammonium
sulphate was effective in this reduction, and the authors corroborate the presence of an
‘alkali track’ relating the level of alkali chlorides in the gas phase, the chlorine content in
the deposits in the convection pass, and the PCDD/F formation.

Amand et al. [22] detected that direct mixing of waste can considerably reduce the
levels of PCDD/Fs that are emitted. For this, they used an SS with a low dioxin content in
a proportion of 8% together with 73% of wood and 19% of a waste of wood, textiles, paper,
and plastic (which had a dioxin content higher than that of sludge). Experiments were
carried out in a reactor on a scale close to the industrial one and under unique conditions,
around 870 ◦C and with a slight excess of air with respect to the stoichiometric. Although
the sludge contained transition metals that could favor the formation of dioxins, the dioxin
emission was reduced by 86.6%. Xiao et al. [37] also observed a decrease in dioxin levels
when mixing sewage sludge with sawdust during combustion; however, Zhang et al. [38]
observed the opposite effect when mixing sludge with coal in a thermal power plant, which
is why a more in-depth study is necessary. On the other hand, Chen et al. [49] verified that
the sludge drying gas (actually slight thermal decomposition at about 300 ◦C of sludge
previously dried at 105 ◦C in a different device) could inhibit the formation of dioxins in a
fly ash model equivalent to those obtained in incineration plants of municipal waste, with
an efficiency of up to 97.6% by weight, a result similar to that obtained with thiourea. The
main compounds of the sludge drying gas were NH3 and SO2, although there may be other
interesting nitrogen and sulfur compounds that also act as inhibitors and have not been
determined. The whole experiment was carried out at 300 ◦C, using three types of sludge
with nitrogen content around 4% and sulfur around 1%, except for one of the sludges that
presented a value of 4%, although no important differences were observed with different
contents in S. The doses used were 0.5–4 g of dry sludge for every 2 g of ash, and a flow
of 300 mL/min of a gas was passed through them that contained 12% of O2 in N2. In a
later work, Chen et al. [25] studied the effect of the dose of sludge, the temperature of the
previous treatment of this sludge (250–350 ◦C), and the oxygen content (0–12%). They
observed an efficiency greater than 99% of inhibition in terms of toxicity (higher for dioxins
than for furans), with 300 ◦C being the most suitable temperature, and with a very low
influence of the oxygen content. In different experiments, directly injecting SO2 and NH3,
they established that SO2 was more effective than NH3 (61.9% and 38.6%, respectively).
Zhan et al. [39], on the other hand, used the sludge decomposition gas obtained in a similar
way to Chen et al. [24] in model fly ash, but in this case at a high temperature (650–850 ◦C),
where the formation of PCDD/Fs could take place in the homogeneous gas phase by means
of phenoxy radicals with chlorine atoms, instead of by synthesis de novo. In this case, the
inhibition of dioxin formation was also observed with an efficiency of 90%. Zhan et al. [40]
obtained similar inhibition results in urban solid waste incineration experiments in a pilot
plant, where they added the decomposition gas of sewage sludge after combustion together
with a certain amount of thiourea.

It should be noted that the experiments of Chen et al. [24] were made starting from
sludge previously dried at 105 ◦C, which is how this residue is normally available in
incineration plants, since the high moisture content of the sludge from the WWTP does not
allow direct combustion.
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Gomez–Rico et al. [50] studied the drying of SS at temperatures between 80 and
120 ◦C. In all cases, thermal drying resulted in the formation of volatile organic compounds
(VOCs), including many PAHs, and prevent the need to control the emissions from the
drying plants. This also indicates that the gases from SS drying can already contain a great
amount of S and N gaseous compounds. In this context, Chen et al. [24] show the efficiency
of SS drying gases for the inhibition of PCDD/Fs formation, in runs performed over model
fly ashes, where they observed suppression of the 2,3,7,8-substitued PCDD/Fs formation.
The authors calculate an efficiency up to 97.6% in wt. units and 96% in I-TEQ. Statistical
treatment of the data showed that NH3 and SO2 are the most important components of the
SS drying gases.

The sulfur compounds detected by Liu et al. [51] in pyrolysis are H2S, SO2, COS,
CS2, and CH3SH (from aliphatic and aromatic organic sulfur compounds present in the
sludge). Other organic compounds in the sludge such as sulfonic acid and thiophene do
not influence too much, and inorganic compounds such as sulfates and sulfites also remain
stable at the mentioned temperatures. Regarding the nitrogen compounds also detected
during sludge pyrolysis by Tian et al. [52], NH3, HNCO, NO, and HCN were found, as well
as compounds with amino and nitrile groups, and other heterocyclic nitrogen compounds
(although these at somewhat higher temperatures). These compounds come mainly from
the decomposition of proteins, amines, pyridines, and pyrroles.

Zhong et al. [41] studied the PCDD/F levels and phase distributions in a full-scale
municipal solid waste incinerator with co-incinerating sewage sludge. The presence of a
selective reduction catalyst (SCR) was also investigated. Their primary findings are that
the presence of up to 5% of SS in the fuel did not increase the PCDD/Fs emission, and that
the emission in all phases decreased significantly, including the condensed water collected
during the sampling.

Chen et al. [25] also studied the inhibition of PCDD/Fs by SS decomposition gases.
These authors observed suppression on the formation of toxic TCDD/Fs when the decom-
position takes place in the presence of gases evolved from dried SS. The efficiency was
close to 100%, being slightly higher for PCDDs than for PCDFs. Chen et al. also found that
SO2 was more effective (61.9% suppression efficiency) than NH3 (38.6%) in suppressing
PCDD/Fs formation.

On the other hand, Liu et al. [51] investigated the emission of organic sulfur in the
gases during SS pyrolysis, showing that both aliphatic and aromatic sulfur compounds are
present and that the transformation of aliphatic sulfurs into H2S begins at a relatively low
temperature (250 ◦C). Also, aromatic sulfur transforms into H2S, but the phenomenon was
observed at higher temperature (350–450 ◦C).

Tian et al. [52] observed that the pyrolysis of SS is produced by the thermochemical
decomposition of pyridine-N and pyrrole-N, and that fewer amine-N compounds are
produced during pyrolysis. These authors also show that the heating rate of pyrolysis does
not change the composition of the gases produced, but does produce significant changes in
the species of liquid organic compounds produced.

Chen et al. [26] investigated the role of SS during the decomposition of fly ashes
coming from municipal solid wastes. They found that the presence of SS inhibited the
formation of PCDD/Fs by more than 96% and looked for the mechanisms of this inhibition.
Treating the PCDD/Fs congener profiles of the gas emissions, they found that the SS
suppressed formation through de-novo pathway, the suppression of the chlorophenol route
being less important. Also, these authors determined that the main mechanism for the
inhibition is the cleavage of the oxygen bridge in the molecules.

On the other hand, Zhang et al. [38] studied the emission of dioxins and furans in the
combustion of coal in power plants, comparing the effect of different proportions of SS (5 to
20 wt.%). Surprisingly, the authors indicate that the amount of PCDD/Fs increased as the
amount of SS increased in the fuel, when considering the whole mass balance. Nevertheless,
authors demonstrate that co-combustion of SS is a sink for PCDD/Fs, as mentioned also by
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Xiao et al. [37]. The main output current of these pollutants is fly ash, with a comparable
amount to the output by emitted gas.

Xiao et al. [37] show that there is a predominance of furans (PCDFs) over dioxins
(PCDDs) in all the output currents (stack gas, fly ash, slag) during the co-combustion of SS
and wood sawdust.

Recently, a study was performed on the emissions of pollutants from the thermal
decomposition of PVC and sewage sludges in different experimental conditions [27]. In
this work, the materials were mixed in different proportions (ionic ratios “Ri” of (N + S)
to chlorine equal to 0.25, 0.50 and 0.75) in addition to the combustion of the materials
separately, and were reacted with oxygen at 850 ◦C. Oxygen was also present in different
proportions, to study the effect of the presence of this element. Partial combustion reactions
were performed with values of λ (excess oxygen) equal to 0.15 and 0.50. PAHs and
PCDD/Fs were evaluated. Figure 4 shows the inhibitory effect of the presence of SS in the
emission of PAHs, in all runs performed. This inhibitory effect is calculated comparing the
emissions to that of the materials decomposed separately.

 

Figure 4. Inhibition efficiency (%) in PAH formation for every experiment run at 850 ◦C and both oxygen ratios: λ = 0.15
and 0.50.

Figure 4 shows that the production of PAHs is much higher at a low oxygen ratio
(λ = 0.15), as expected, due to a less efficient combustion [53]. Concerning the presence of
SS, the concentration of PAHs present in the sample decreased notably when the inhibition
ratio increased, with some of the compounds being reduced by more than 80% (Figure 4).
In that behavior, we found that λ = 0.50 was always better to reduce the emission of PAHs,
therefore, in the presence of more oxygen, the formation of PAHs is lower, with Ri= 0.50
being the mixture that showed the best results.
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For the PCDD/Fs emissions, the results obtained at different experimental conditions
are outlined in Figure 5. The results obtained for PCDD/Fs at λ = 0.15 were different
from those expected. Intermediate values were expected between emission of SS and
PVC e-waste. For the hexa-, hepta-, and octachlorinated congeners, the mixture Ri = 0.25
presented higher dioxin emissions than expected due to the composition of the sludge,
composed by around 6% of iron, among other metals in much less proportion, such as
copper (0.09%). Previous studies showed that the presence of these metals catalyzes the
formation reaction of PCDDs and PCDFs [12,13]. According to Fujimori et al. [54], some of
the active catalysts could already be present in the sample.

 

Figure 5. Inhibition efficiency (%) in PCDD/Fs formation for every experiment run at 850 ◦C and both oxygen ratios λ = 0.15
and 0.50.

For the low oxygen ratio, λ = 0.15, the lowest emissions were obtained for an Ri of
0.75 and the highest emissions for Ri = 0.25, i.e., a higher amount of SS produced higher
inhibition. When oxygen is fed at λ = 0.50 (greater presence), the lowest emissions were
obtained also for an inhibition ratio of 0.75.

It can be observed that, when working with small inhibition ratios (Ri = 0.25) or with
high inhibition ratios (Ri = 0.75), λ = 0.50 was always better to reduce the concentration of
PCDD/Fs. However, for intermediate inhibition ratios around 0.50, the emissions obtained
were similar for both oxygen ratios.

As a conclusion, Ri = 0.75 was always better to minimize the emission of PCDD/Fs,
and, therefore, in the presence of more SS, the formation of PCDD/Fs is much lower for
both oxygen atmospheres, with λ = 0.50 being the oxygen ratio that clearly showed the best
results in terms of the inhibition efficiency.
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4. Conclusions

This review presents the main research that is being carried out regarding the use of ni-
trogenous and sulfurized substances in the reduction of pollutant emissions in incineration
furnaces.

Different chemicals have been tested in the literature to reduce the emission of different
POPs, especially those with a halogenated structure, due to their dangerousness. In this
sense, substances such as thiourea, ammonium sulfate, or sulfamidic acid prevent the
formation of PCDD/Fs with an efficiency higher than 90%.

Also, other substances containing nitrogen and sulfur, including wastes, appear to be a
promising way to reduce persistent organic compound emissions by very high percentages.
In this sense, sewage sludges seem to be a very interesting waste, as they are very abundant
in urban centers and present both nitrogen and sulphur in their chemistry. In addition, the
combustion of municipal waste together with sewage sludge avoids an important problem,
the disposal of these sludges, which in many cases has high metal content, making them
unsuitable for agricultural amendment.

The data presented in this review indicate that the joint combustion of sewage sludge
and municipal waste reduces the emissions of dioxins, furans, and related species by
more than 90%. This should translate into legislation requiring municipalities to add SS at
MSWI plants.

Regarding the direction of future research, it is necessary to verify the efficiency
of the elimination of other polluting species, particularly those that present bromine in
their structure and that are generally related to the combustion of electrical and electronic
materials (since bromine is used as a flame retardant in this equipment).
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Abstract: Foamed concrete bricks (FCB) have high levels of porosity to sequestrate atmospheric CO2

in the form of calcium carbonate CaCO3 via acceleration of carbonation depth. The effect of density
and curing conditions on CO2 sequestration in FCB was investigated in this research to optimize
carbonation depth. Statistical analysis using 2k factorial and response surface methodology (RSM)
comprising 11 runs and eight additional runs was used to optimize the carbonation depth of FCB for
28 days (d). The main factors selected for the carbonation studies include density, temperature and
CO2 concentration. The curing of the FCB was performed in the chamber. The results indicated that
all factors significantly affected the carbonation depth of FCB. The optimum carbonation depth was
9.7 mm, which was determined at conditions; 1300 kg/m3, 40 ◦C, and 20% of CO2 concentration after
28 d. Analysis of variance (ANOVA) and residual plots demonstrated the accuracy of the regression
equation with a predicted R2 of 89.43%, which confirms the reliability of the predicted model.

Keywords: carbonation depth; chamber; temperature; statistical analysis; 2k factorial; RSM

1. Introduction

Foamed concrete is lightweight concrete made without coarse aggregate. It can
either be cement or lime mortar that generates air voids in the mortar via a suitable
aerated agent [1]. Foamed concrete has numerous advantages including low density,
which results in a reduction of the load on the structure, especially foundations. It is also
environmentally friendly and economical when compared to other types of concrete. It
also provides a high degree of thermal insulation and sound-proofing [2,3]. Therefore,
the applications of foamed concrete have become more popular worldwide, especially on
housing constructions and insulations, road sub-based and other applications such as; old
sewers, soil stabilization, trench fills earthquake purpose and storage tanks [1,2,4].

Foamed concrete has a wide range of density starting from 300 kg/m3 to 1800 kg/m3,
which depends on the level of porosity (voids) that are introduced by the foaming agent
or aluminium powder [1,5]. The reaction is initiated with water when the aluminium
powder is added to the mixture. The heat of reaction under alkaline conditions generates
hydrogen gas bubbles, which create air voids in the concrete to accelerate carbonation in
the foamed concrete [5,6]. Several factors affect carbonation in concrete such as material
chemical properties, solid physical characteristics, and curing conditions [7]. However,
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the concrete density, CO2 concentration, and temperature are considered the most critical
factors examined in previous research in the literature [6]. Studying the effect of each factor
separately while ignoring the effect of other factors may give defective results, which in
turn reduces the sustainability of the concrete. Optimization considers an appropriate
solution to accelerate carbonation in foamed concrete bricks (FCB). However, the literature
on the main factors affecting carbonation of foamed concrete should be studied carefully
before using any optimization methods to identify the range of each factor that may cause
enhancement of FCB.

Density can cause drastic changes on foamed concrete properties, particularly strength
and penetration such as carbonation depth. According to [1], there is an underlining
relationship between carbonation depth and density, since the increase in density increases
the carbonation depth. Similarly, Namsone [8] reported that the most critical factor affecting
the carbonation of foamed concrete when compared to normal concrete is the density
because the change in density resulted in a change in level of porosity. It is possible to
produce high pores foamed concrete with density 300 kg/m3, which has the capability
to accelerate carbonation; however, the strength of the specimens will be lower than
1 MPa [9]. On the other hand, concrete with density more than 1850 kg/m3 will be out of
the range of foamed concrete density 300 kg/m3–1800 kg/m3. Therefore, 1300 kg/m3 and
1800 kg/m3 was selected as low and high levels of densities in this study to produce FCB.
Density is not the only factor affecting the carbonation of foamed concrete, particularly the
curing conditions such as CO2 concentration, as temperature and humidity also play a vital
role too [10,11]. Many researchers have stated that the best range of relative humidity to
accelerate carbonation in concrete is 50–70% [12,13]. However, the humidity is influenced
by the changes in temperature degree and CO2 concentration [12].

The atmospheric CO2 concentration is the main source of sequestrated CO2 in concrete
via the carbonation process. The standard atmospheric concentration of CO2 is between
(0.03% and 0.06%), which indicates that carbonation at standard concentration is very
slow [14,15]. In this case, a curing long time is required. Therefore, the chamber with
different CO2 concentration levels is used to accelerate the carbonation process in con-
crete [15]. The concentration of CO2 and curing time has a strong relationship, the increase
of CO2 concentration and curing time resulted in increment of the carbonation depth and
vice versa [13,16]. The researchers prefer to use a high concentration of CO2 to accelerate
carbonation in concrete with a short period of curing in the chamber [13]. Additionally,
some chambers use a heater to control the temperature during curing. The increase in
temperature up to 60 ◦C promotes the ability of the concrete to absorb CO2 and the for-
mation of calcium carbonate (CaCO3) [17]. In contrast, higher temperatures above 60 ◦C
may decrease the CO2 content since solubility in water decreases at elevated temperatures,
which could also decrease the carbonation rate [18]. Therefore, most researchers adopt
temperatures below 60 ◦C to accelerate the process of concrete carbonation [19–21].

This research aims to optimize the carbonation depth in foamed concrete bricks. Hence,
the effects of density, temperature and CO2 concentration that influence CO2 sequestration
in foamed concrete via carbonation process was examined as the main factors.

2. Materials and Methods

2.1. Materials and Mix Proportion

The materials used in this study are cement, sand, water and the foaming agent.
Ordinary Portland Cement (OPC) with the specific surface area 2250 cm2/g and chemical
composition details are shown in Table 1 [22].

The sand was adapted to pass through a sieve with a size of 1 mm according to
BS 882-1992 [20]. According to the British Cement Association-1994, the maximum size of
fine aggregate (sand) in foamed concrete is 1.18 mm. Additionally, the percentage of sand
passed through 600 microns should be between 60–90% to produce foamed concrete as
shown in the particle size distribution of sand in Figure 1 [21,22].
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Table 1. Chemical composition of cement.

Chemical Compound SiO2 Al2O3 Fe2O3 SO3 K2O CaO MgO

Concentration (%) 20.6 5.4 4.2 2.2 0.6 64.8 2.2

Figure 1. Grading curve of river sand.

Tap water was used for the foamed concrete mix and diluting the foaming agent.
A synthetic type CF 500 foaming agent was mixed with water to produce air bubbles
in the foamed concrete mixtures. The ratio of foamed agent to water was 1:20, which
aerated to 65 kg/m3 density according to the ASTM C796 Standard for foaming agents
used in cellular concrete and preformed foam production [21,23]. The design of foamed
concrete depends on the adjusted density. The weight of solid materials (cement/sand)
was distributed in the ratio of 1:1.35 according to ACI 523.3R with the trial method of mix
design [21].

For this study, 3 factors were used to optimize the carbonation depth, namely; density,
temperature and CO2 concentration using the 2k Full Factorial and Response Surface
Methodology (RSM) designs that analysed through Minitab 18 software. The software was
developed at the Pennsylvania State University, USA.

The first 8 experiments were factorial runs followed by 3 centre runs for curvature
analysis. The design was completed by RSM by adding 6 axials runs and 2 more runs at
the centre, which resulted in a total of 19 runs. The runs were comprised of 8 factorial runs
and 6 axial runs (all without repetition), while 5 runs were located at the centre. Lastly, the
density of the foamed concrete was the main factor affecting the mix proportion in this
study because the change of density resulted in change on materials used in the mixture
proportion as shown in Table 2. Furthermore, the materials used were cement, sand and
water mass which subjected to changes from run to run and in line with the changes
in density.
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Table 2. Mix proportions of foamed concrete by 2k factorial and RSM designs.

Run
No.

Density
(kg/m3)

Cement
(kg/m3)

Fine Sand
(kg/m3)

Water
(L/m3)

T
(◦C)

CO2

(%)

1 1300 553.2 746.8 276.6 27.0 10
2 1300 553.2 746.8 276.6 27.0 20
3 1300 553.2 746.8 276.6 40.0 10
4 1300 553.2 746.8 276.6 40.0 20
5 1800 766 1034 383 27.0 10
6 1800 766 1034 383 27.0 20
7 1800 766 1034 383 40.0 10
8 1800 766 1034 383 40.0 20
9 1550 659.5 890.4 329.7 33.5 15

10 1550 659.5 890.4 329.7 33.5 15
11 1550 659.5 890.4 329.7 33.5 15
12 1550 659.5 890.4 329.7 33.5 10
13 1550 659.5 890.4 329.7 33.5 20
14 1550 659.5 890.4 329.7 27.0 15
15 1550 659.5 890.4 329.7 40.0 15
16 1300 553.2 746.8 276.6 33.5 15
17 1800 766 1034 383 33.5 15
18 1550 659.5 890.4 329.7 33.5 15
19 1550 659.5 890.4 329.7 33.5 15

2.2. Fresh Stage Tests (Fresh Density Test/Inverted Slump Test)

The foamed concrete was tested using the fresh density test and slump test methods.
A container with 1-L capacity was used to perform the fresh density test, which was tared
to zero at the balance machine before being overfilled with fresh foamed concrete. The
compaction of the foamed concrete was performed by lightly tapping the sides of the
container to allow consolidation of the fresh foamed concrete. The 1 litter container was
weighed to obtain the fresh density of foamed concrete [24]. The inverted slump test was
conducted according to the ASTM C995 (2001) standard using a slump cone and flat base
plate. The slump cone was inverted and placed at the centre of the base plate and filled
with fresh foamed concrete until it was filled. The inverted slump cone was lifted to 1 ft
height within 3–5 s (s). The dimension of the spread was measured from four angles and
recorded as shown in Figure 2 [24]. The slump flow was calculated using Equation (1).

Slump flow =
d1 + d2

2
(1)

where;

d1 = Maximum diameter of slump flow;
d2 = Perpendicular diameter of d1.

  

Figure 2. Inverted slump test.
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2.3. Sample Preparation and Chamber Curing

The moulds with the size of (215 × 100 × 65 mm) were prepared to fill up by fresh
foamed concrete according to the BS6073-2:2008 standard. The concrete specimens were
demoulded after 24 h in moulds shown in Figure 3. The specimens were dried in the
chamber at 50 ◦C for 72 h without supplying CO2 in the chamber at this stage. After
that, the specimens were cured in the chamber according to the conditions suggested by
2k factorial and RSM as listed in Table 2.

   

Figure 3. Specimens preparation.

The curing chamber has the ability to control CO2 concentration, temperature and
sensor to monitor humidity as shown in Figure 4. The process of carbonation curing
commenced after drying the specimens in the same chamber. The carbonation curing
was applied for 28 d, whereas the concentration of CO2 for each experimental run was
suggested by the 2k factorial and RSM design methods as presented in Table 2. In addition,
the relative humidity was monitored along curing period for each run using a humidity
sensor inside chamber. The humidity was in the range of 55–75% in all runs, which was
increased and decreased within this range according to changes in temperature degree and
CO2 concentration in each run.

 

Figure 4. Setup of the carbonation curing in the chamber.

2.4. Hardened Stage Test (Carbonation Depth Test)

The depth of carbonation through the surface of FCB was measured using the simple
collared dye field test for detecting carbonation. The specimens of FCB were placed in
the chamber to control the CO2 concentration and temperature according to the statistical
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analysis of 2k factorial and RSM design for 28 d. The phenolphthalein solution was then
diluted to indicate carbonation depth as follows; 1 g phenolphthalein dissolved in 100 mL
high purity ethanol. The carbonation depth test commenced by splitting the specimen
into two halves followed by spraying the freshly broken specimens with phenolphthalein
indicator solution. If the colour is reddish-purple, it means the specimens are still in
high alkaline condition, while a colourless edge indicates that the specimen is already
carbonated and the average corresponding depth is measured. The carbonation depth was
measured from the 3 sides exposed to atmospheric CO2, whereas the average of the three
sides used as the carbonation depth of the specimen was computed using Equation (2).
The average of three specimens of each run of FCB was considered as carbonation depth
on each run.

Carbonation depth (mm) =
d1 + d2 + d3

3
(2)

whereas;

d1 = is the carbonation depth from the first side specimens;
d2 = is the carbonation depth from the second side specimens;
d3 = is the carbonation depth from the third side specimens.

3. Results

3.1. Fresh and Inverted Slump Tests

The fresh foamed concrete density was adjusted for each mixture via the fresh density
test. The main factor for controlling the foamed concrete density is the foaming agent [25].
The three different densities used in this study as follows; 1800 kg/m3, 1550 kg/m3

and 1300 kg/m3. The fresh density was measured successfully for the selected densities.
Thereafter, the inverted slump test was performed to determine the workability of the
foamed concrete. The results of the inverted slump test demonstrated that the spread
diameter of the mixture of 1300 kg/m3 is higher than the mixture with 1550 kg/m3 and
1800 kg/m3. Figure 5 depicts the increase in the spread diameter of the foamed concrete
with low density compared to the foamed concrete with higher density. The foaming agent
was used to produce foamed concrete with low density, therefore the spread diameter
was higher.

 

Figure 5. Spread diameter of inverted slump of foamed concrete.

3.2. Carbonation Depth of FCB

The CO2 can be sequestrated into concrete by carbonation depth [26]. However, sev-
eral factors play important roles in accelerating the sequestration of CO2 or carbonation
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in concrete especially density and curing conditions such as temperature and CO2 con-
centration [27]. The results of the carbonation depth of 19 runs as a response of the 2k

factorial and RSM designs were analysed. The effects of density, temperature and CO2
concentration on the carbonation depth of FCB is presented in Figure 6.

Figure 6. Carbonation depth of FCB (a) with 1300 kg/m3 (b) with 1550 kg/m3 (c) with 1800 kg/m3

after 28 days.

The increment of carbonation depth in concrete with low density compared to concrete
with a higher density is a normal effect [6]. However, the purple-red colour in the specimens
with 1800 kg/m3 was obtained due to the extreme pH value [28]. Thus, the portlandite
(Ca(OH)2) has the ability to control Ca and caused an expansion of the solid volume inside
the concrete at pH > 12 [29,30]. Furthermore, the used of temperature between 27 ◦C and
40 ◦C help to keep H2O in portlandite (Ca(OH)2), which in turn increased CO2 ensuing
from the carbonation. In contrast, note the higher temperature corresponding to loss of
H2O as well as the solubility of CO2 in concrete [10,31].

Consequently, the carbonation depth performance on run numbers: 4, 10 and 17
with the densities 1300 kg/m3, 1550 kg/m3 and 1800 kg/m3 were 9.2 mm, 3.8 mm and
2.1 mm at 28 d, respectively as shown in Figure 7. However, the density was not the
only factor that caused a significant effect on the increase or decrease of carbonation
depth in FCB. Nevertheless, the change of carbonation depth on FCB that has the same
density is unusual except due to some reasons. Temperature and CO2 concentration along
with curing conditions also altered the carbonation depth of FCB when the density held
on some runs. For example, the highest carbonation depth was 9.2 mm at run 4 with
1300 kg/m3, 40 ◦C and 20% of CO2 concentration, while for the density at run 1, the
carbonation depth was 5.6 mm when the temperature and CO2 concentration were at 27 ◦C
and 20%, respectively. Similarly, the carbonation depth of runs 7 and 8 are 2.1 mm and
3.2 mm at the density and temperature 1800 kg/m3 and 40 ◦C, respectively. However,
the concentration of CO2 changed from 10% and 20%, respectively. This finding has
demonstrated the effect of CO2 concentration on the increase carbonation depth of FCB.

3.3. Factorial and RSM Analyses
3.3.1. Residual Plots of Carbonation Depth

In factorial design, the ANOVA conclusions can only be accepted when the adequacy
of the underlying model has been evaluated. The primary diagnostic tool to gauge the
model adequacy is residual analysis. The residual data or the measured errors should
demonstrate normal distribution, independent distribution, zero mean value and constant
variance σ2 at all runs. If all residuals satisfy the aforementioned requirements, so that the
F0 ratio will follow an F distribution that will lead to accurate ANOVA results. Furthermore,
the effects of nuisance factors will be excluded from the analysis [32]. In this study, the
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residual plots of normal probability were used to indicate whether the model meets the
assumptions of the analysis or not [33]. As can be seen in Figure 8, the normal probability
plot (NPP) shows the majority points cluster to a straight line and this indicates the residual
distributions are likely to be a normal and hence the model meets the assumption. On top
of that, the fine segregation of the points around the normal probability line demonstrates
a precise prediction of the carbonation depth of FCB. Meanwhile, the versus fits in residual
plots present the scattered values about zero and no obvious pattern can be observed. In
addition, only two points are slightly departed from the red line in the NPP, in which the
errors can be assumed as normal [32], whereas the allowable error of the findings is <5% to
reflect a high level of accuracy in the data analysis [33].

3.3.2. Significance of the Factors to Carbonation Depth of FCB

The statistical significance of the factors to carbonation depth of FCB was evaluated
from the results of the 19 runs of the 2k factorial and RSM analysis. The p-value of each
factor was below 0.05, as illustrated by ANOVA analysis in Table 3. The p-value of CO2,
temperature and density were; 0.003, 0.010 and 0.000, respectively. The ANOVA results
reflect the highly significant effect of the factors on the response (carbonation depth).
Consequently, the effect of CO2, temperature and density were 3.67, 3.01, and −8.57,
respectively. The results show that the highest effect on carbonation depth was by the
density of FCB. This finding, in line with previous studies, shows that the increase or
decrease of concrete density mainly affects the performance of carbonation depth [1,8].
Likewise, the CO2 concentration and the temperature also influenced the carbonation
depth of FCB. However, the increase of temperature higher than 60 ◦C may reduce CO2
sequestration because the solubility of CO2 decreases in the waste at high degree of
temperature, which in turn reduces the carbonation depth in concrete [18]. Due to that, most
of the researchers preferred to use temperatures lower that 60 ◦C to increase carbonation in
concrete as practiced in this research [13].

 

Figure 7. Carbonation depth of FCB in (mm) after 28 days.
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Figure 8. Residual plots of carbonation depth of FCB after 28 days.

Table 3. ANOVA analysis of the complete RSM design.

Source DF Adj SS Adj MS F-Value p-Value Effect

Model 5 89.832 17.966 22.000 0.000 -
Blocks 1 2.880 2.880 3.530 0.083 -
Linear 3 78.446 26.148 32.020 0.000 -
CO2 1 11.025 11.025 13.500 0.003 3.670

Temperature 1 7.396 7.396 9.060 0.010 3.010
Density 1 60.025 60.025 73.490 0.000 −8.570
Square 1 11.371 11.371 13.920 0.003 3.730

Temperature * Temperature 1 11.371 11.371 13.920 0.003 3.670
Error 13 10.618 0.816 - - -

Lack-of-Fit 10 10.578 1.057 79.330 0.002 -
Pure Error 3 0.040 0.013 - - -

Total 18 100.449 - - - -

The Pareto charts in Figure 9a demonstrate the significance of each input CO2, temper-
ature, and density. Therefore, the magnitude and the importance of the standardized effect
of each factor and interactions were obtained in the statistical analysis. The horizontal bars
of the factor and interaction that crosses the segmented vertical reference line is considered
as statistically significant. The results show that the total number of single and double
interaction terms was 9, although five of the terms were non-significant, as demonstrated
in Figure 9a. Consequently, the significant terms A, B, C and BB were maintained, but the
non-significant terms BC, CC, AC, AA and AB were removed from the analysis to improve
the accuracy of the model as shown in Figure 9a,b. As observed, the main factors A, B and
C significantly affect the carbonation of FCB. The observation from the results of C had
the highest effect on the carbonation depth of FCB, followed by A and B accordingly. The
curing conditions, such as temperature and CO2 concentration, play an important role in
the carbonation of concrete, as also observed by previous researchers [17,34].
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Figure 9. Pareto chart of the standardized effects at a 95% confidence interval on carbonation of FCB
(a) before removing non-significant terms, and (b) after removing non-significant terms.

3.3.3. Contour Plots of Carbonation Depth of FCB

The contour plots shown in Figure 10a,b depict the effect of the parameters on car-
bonation depth of FCB. The contour plot is one of the most useful plots in RSM used to
demonstrate the effect of two factors and holding the other factors. The plots exhibit layers
with different gradually changing colours indicative of the possible independence of factors
with a response. The contour plots depict the graphical relationship of two factors, i.e.,
density and temperature over the carbonation depth of FCB, while the CO2 concentration
is held at the centre value.

Figure 10a depicts the effect of density and CO2 concentration on the carbonation of
FCB. In general, the carbonation depth at a low level of CO2 and temperature was very
low, while it was higher at higher settings of temperature and CO2. The lowest carbonation
depth occurred when the temperature was between 28.2 ◦C and 35.5 ◦C and the CO2
concentration was between 10% and 12%, respectively. In contrast, the highest carbonation
depth occurred at 40 ◦C and 20% CO2. Based on the findings, the increase in temperature
and CO2 concentration along with the curing of FCB accelerates the process of carbonation.

Figure 10b demonstrates the effect of density and CO2 concentration on the carbon-
ation depth of FCB. The increase in density reduced of the carbonation depth, while the
increase in CO2 concentration increased the carbonation depth. Thus, the highest carbona-
tion depth of FCB was at 20% CO2 for specimens with a density of 1300 kg/m3. However,
the lowest carbonation depth occurred at 10% CO2 for the specimen 1800 kg/m3 density.
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From the above discussions, it can be surmised that carbonation depth could be
enhanced at higher CO2 concentrations and temperatures. Besides, the low density of FCB
played an important role in accelerating CO2 sequestration due to the high level of porosity.

 

Figure 10. Contour plots for carbonation depth of FCB; (a) between temperature and CO2 concentra-
tion, and (b) between density and CO2 concentration.

3.3.4. Optimum Conditions of Carbonation Depth of FCB

The optimisation plot shows how different experimental settings affect the predicted
carbonation depth of FCB at two targets minimum and maximum carbonation depths
as shown in Figure 11a,b. The best setting of each factor is represented by the red lines,
while the dotted blue line represents the highest attainment of carbonation depth of FCB.
Figure 11a,b show that the single desirability (d) for the maximum and minimum carbona-
tion depth are 1.000 and the response (y) are 9.7683 mm and 0.0458 mm, respectively.
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Figure 11. Optimization plot of FCB at 28 days (a) at the maximum target of carbonation depth, and (b) at the minimum
target of carbonation depth.

The increase in the CO2 concentration and temperature during the curing process
increases the carbonation depth of FCB as percent in Figure 11a. Thus, the highest predicted
carbonation depth of FCB was 9.7 mm, which occurred at 1300 kg/m3, 40 ◦C and 20%
of CO2 concentration. The change on the factors values can make drastically change
on the response value as presents in Figure 11b. The opposite trend was observed on
the carbonation depth, whereby it decreased with decreasing of CO2 concentration and
temperature along curing conditions and increasing density of FCB. Therefore, the lower
predicted carbonation depth was 0.0458 mm at the following conditions 10% of CO2
concentration, 1800 kg/m3 of FCB density and 31.8 ◦C of temperature.

3.3.5. Development of Initial and Final Regression Equation

The initial regression equation was developed by 2k factorial method after the screen-
ing stage of the factors affecting carbonation depth in FCB, as shown in Equation (3).
Thereafter, final regression equation in uncoded units was developed via RSM analysis
after optimizing the carbonation depth of FCB as shown in Equation (4) [35].
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Carbonation depth (mm) = 5.31 − 0.002 CO2 + 0.331 Temperature − 0.00365 Density + 0.00754 CO2 *
Temperature + 0.000085 CO2 * Density − 0.000154 Temperature

* Density − 0.000005 CO2 * Temperature * Density − 1.4875 Ct Pt

(3)

Carbonation depth (mm) = 57.9 + 0.2100 CO2 − 2.655 Temperature − 0.00980 Density + 0.0416 Temperature *
Temperature

(4)

Both equations derived from the ANOVA results illustrates the relationship between
significant variables and the response of carbonation depth. The accuracy of the regression
equation was further justified through the ANOVA analysis and normal probability plot.
The initial equation reflects the strong effect of the factors on carbonation depth of FCB
through the significant effect of the interactions between the factors. This finding confirmed
by the percentage of predicted R2 of carbonation depth, which was 99.84%. On the other
hand, the predicted percentage R2 of the carbonation depth for final regression equation
was 89.43%, which is considered significant. The predicted R2 for both equations indicates
the prediction ability of the model is acceptable. Furthermore, the equations were indicated
that all factors have a significant effect on the carbonation depth, which confirms the role
of density and curing conditions on accelerating the sequestration of CO2 into FCB.

3.3.6. Microstructure Analysis (SEM)

SEM images were used to identify the morphology characteristic of FCB samples that
are related to the density aspects and curing conditions. Images show, after 28 days of
carbonation, the formation of calcite (CaCO3) in FCB, Figure 12a,b. The results revealed that
a low level of calcite formation was represented in the specific surface area of carbonated
FCB that cured at low temperature and CO2 concentration 27 ◦C and 10%, respectively, as
shown in Figure 12a. In contrast, the increment of temperature and CO2 concentration to
40 ◦C and 20% were playing a vital role in the formation of calcite in FCB, as presented in
Figure 12b. As expected, a great deal of hydration products mainly consisting of C-S-H
formed via carbonation resulting healing of FCB pores [36]. However, the pores cannot
be totally healed in 28 days due to the high level of porosity in the FCB, which has a low
level of density compared to normal concrete bricks as demonstrate in SEM images. This
finding confirmed the finding of the previous studies, the carbonation process is slow
therefore, its takes time to heal the pores via precipitated CaCO3 [37,38]. Overall, the
microstructural analysis of FCB confirms that the carbonation reaction has the ability to
decrease the porosity by formation of CaCO3, which in turn increase with the increasing of
temperature and CO2 concentration.

 

Figure 12. SEM images. (a) FCB specimens at 27 ◦C of temperature and 10% of CO2 concentration. (b) FCB specimens at
40 ◦C of temperature and 20% of CO2 concentration.
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4. Conclusions

This study showed the use of 2k factorial and RSM as statistical analysis tools to
optimize the carbonation depth of FCB. The optimization was carried out to investigate the
effect of the parameters (density, temperature and CO2 concentration) on the carbonation
depth of FCB. Based on the desirability optimization approach, the optimal carbonation
depth was 9.7 mm, which was achieved with 1300 kg/m3, 40 ◦C and 20% CO2 concentration.
The density of FCB is considered the most significant factor on the carbonation depth
followed by CO2 concentration and temperature with the effective values −8.57, 3.67, and
3.01, respectively. In contrast, the minimum carbonation depth could be achieved when
the density, temperature and CO2 concentration are at the following levels of 1800 kg/m3,
31.8 ◦C and 10% CO2 concentration, respectively. The significance of the factors used
to accelerate the carbonation depth of FCB presents novel feedback. Notably, a single
parameter may accelerate the carbonation depth, but to reach the optimum point, the other
factors cannot be neglected. Therefore, the statistical analysis and optimization of the
carbonation depth are required to sequester large quantities of CO2 into FCB.
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Abstract: Secondary aluminum dross is a byproduct of the electrolytic aluminum industry, whose
main components are Al2O3, AlN and Na3AlF6. Secondary aluminum dross is a type of hazardous
waste, with a tremendous yield every year. Realizing the harmless treatment or resource utilization
of secondary aluminum dross has important economic and social benefits. In the present research,
the process of preparing premelted calcium aluminate slag used for molten steel refining from
secondary aluminum dross was studied in detail. Firstly, the chemical composition and phase
component of secondary aluminum dross were analyzed systematically. Then, according to phase
diagram analysis and melting point measurement, the appropriate mixing ratio of CaO and secondary
aluminum dross and the appropriate calcination temperature were determined. On this basis, an
experiment of premelted calcium aluminate slag preparation was carried out in a tubular resistance
furnace. The phase component and micromorphology of the premelted slag were analyzed by XRD
and SEM. The results show that the main component of the premelted calcium aluminate slag is
11CaO·7Al2O3·CaF2 phase with a low melting point. The original Na3AlF6 phase, which is the
cause of leachable fluoride in secondary aluminum dross, disappears totally, and there is no water-
soluble fluoride detected in the leaching toxicity detection. The research indicates that the process
of preparing premelted calcium slag from secondary aluminum dross is feasible, which provides a
helpful reference for the resource utilization of secondary aluminum dross.

Keywords: secondary aluminum dross; premelted calcium aluminate slag; thermodynamic calculation;
lime-based calcination; leaching toxicity

1. Introduction

Aluminum is a nonferrous metal, with the largest production and consumption in the
world [1]. It is widely used in construction, transportation, electric power, aerospace and
other fields, playing an important role in the national economic construction and national
defense industries as a basic raw material [2]. At present, metallic aluminum is generally
produced by the process of cryolite-alumina molten salt electrolysis, which is a multiphase
electrolyte system composed of cryolite-based fluoride as solvent and alumina as solute [3].
Hence, the Na3AlF6-Al2O3 binary system and Na3AlF6-AlF3-Al2O3 ternary system are the
basis of the electrolytic aluminum industry [4,5].

Aluminum dross is slag floating on the surface of molten aluminum during the elec-
trolytic process, which is composed of unreacted alumina, cryolite and other raw materials,
as well as a small amount of other impurities generated from chemical reactions and the
falling-off of anode and cathode materials [6]. It is estimated that 30–50 kg of aluminum
dross is generated with the production of 1 ton of metallic aluminum. Considering the
tremendous yield of metallic aluminum, millions of tons of aluminum dross are newly
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generated every year in the world [7]. The aluminum dross generated from the electrolytic
process is generally called primary aluminum dross, which usually contains more than
50 wt.% metallic aluminum. Most of the metallic aluminum in primary aluminum dross
can be easily separated and recovered by various methods, such as ash frying, ball milling,
the rotary kiln process, etc. [8–12]. The residue after metallic aluminum extraction is called
secondary aluminum dross. The main components of secondary aluminum dross are
Al2O3, AlN and a small amount of metallic aluminum, in which the AlN can react with wa-
ter and generate ammonia [13,14]. Moreover, secondary aluminum dross contains a small
amount of fluoride and cyanide that are soluble in water [15,16]. If secondary aluminum
dross is stacked or landfilled without appropriate treatment, it will cause pollution of water
resources, atmosphere and soil, which cause serious harm to the environment [17]. At
present, secondary aluminum dross has been included in the list of hazardous wastes [12].
Therefore, it is of great significance to achieve harmless treatment for resource utilization
of secondary aluminum dross.

Due to the low content of metallic aluminum, it is not economical to extract aluminum
from secondary aluminum dross. Much research on the utilization of secondary aluminum
dross has been carried out, as described below. As the content of Al2O3 in secondary
aluminum dross is high, mixing secondary aluminum dross with other raw materials to
prepare refractories is an important utilization approach. Adeosun et al. [18] prepared
refractory bricks by mixing kaolin and secondary aluminum dross and studied the specific
effects of mixing ratio and sintering temperature on refractory properties. Ewais et al. [19]
utilized aluminum sludge and aluminum dross to manufacture calcium aluminate cement.
Aluminum sludge is a byproduct of aluminum profile processing, and it is composed of
calcium aluminate hydrate, calcium carbonate and hydroxide. Mailar et al. [20] tried to
replace some sintering raw materials with secondary aluminum dross to make refractory
bricks. Although the performance of the final product met the relevant basic standards,
its oxidation resistance property was far inferior to refractory sintered bricks without
aluminum dross addition. In a subsequent study, Li et al. [21] found that reducing the
content of salt impurities in secondary aluminum dross can effectively improve the oxida-
tion resistance level of the refractories. In recent years, with the development and wide
application of flocculants, using secondary aluminum dross to produce flocculants has
also been studied by many researchers [22–24]. Shi et al. [25] prepared a polyaluminum
chloride flocculant by pickling secondary aluminum dross with hydrochloric acid. The
new flocculant showed good performance in removing impurities from wastewater and
other waste liquid. Du et al. [26] optimized the operation method of preparing a flocculant
from secondary aluminum dross, which helped to reduce the dosage of hydrochloric acid.
Chao et al. [27] studied the influence of hydrochloric acid concentration, leaching tempera-
ture, leaching time and additives and obtained optimum conditions for the preparation
of polyaluminum chloride by secondary aluminum dross acid leaching. Additionally,
Kang et al. [28] used secondary aluminum dross as a raw material to produce low-iron
aluminum sulfate by the method of co-deposition, whose product is expected to be widely
used in papermaking, textile, water purification and other fields. David et al. [29] proposed
a simple method with high efficiency for generating high pure hydrogen by hydrolysis in
tap water of highly activated aluminum dross.

As mentioned above, many approaches to produce industrial products from secondary
aluminum dross have been studied. However, few approaches have been applied to large-
scale production. On the one hand, the existence of AlN and fluorine salt in secondary
aluminum dross has an unstable, negative impact on the quality of industrial products.
On the other hand, the consumption amount of those industrial products is too small
compared with the generation amount of secondary aluminum dross, and it is difficult to
solve the problem of aluminum dross accumulation.

As mentioned above, the main components of secondary aluminum dross are Al2O3
and AlN. Coincidentally, Al2O3 is also the main component of molten steel refining slag,
and AlN has reducibility and deoxidation abilities, which are beneficial to molten steel
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desulfurization. Therefore, the application of secondary aluminum dross in molten steel
refining has attracted attention and research [30]. Li et al. [31] used secondary aluminum
dross to modify the composition of molten steel refining slag. Lime, fluorite and secondary
aluminum dross were mixed and added into molten steel as refining slag, and as a result,
fine deoxidation and desulfurization performance were achieved. Wang et al. [32] carried
out an experiment to study the effect of aluminum dross on the desulphurization of pipe
line steel, using secondary aluminum dross to replace aluminum oxide in the refining
slag. Similarly, better desulfurization results than traditional desulfurization agents were
achieved. Both the above studies verified the excellent performance of secondary aluminum
dross in molten steel desulfurization. The theoretical reason for that advantage happens to
be the AlN and fluoride contained in the secondary aluminum dross. AlN has reducibility
and deoxidation abilities, which can reduce the oxygen content both in refining slag and
molten steel, thereby improving the thermodynamic conditions of desulfurization [33].
Fluoride helps to reduce the viscosity of refining slag and improve the kinetic conditions of
desulfurization [34].

In previous research on molten steel refining slag, aluminum dross was mixed with
another flux and then directly added into molten steel without premelting treatment.
On the one hand, it is not conducive to the rapid melting of slag. On the other hand,
cryolite in aluminum dross will volatilize while adding it into molten steel and pollutes the
steelmaking environment seriously, which is one of the key factors limiting its industrial
application [35,36]. In addition, because secondary aluminum dross is hazardous waste,
if it is not pretreated properly, its transportation and storage are subject to limitations.
Therefore, the process of preparing calcium aluminate premelted slag from secondary
aluminum slag is proposed in this study. Secondary aluminum dross needs to be mixed
with lime firstly, then the mixture is calcinated at high temperature. During the calcination
stage, Al2O3 in secondary aluminum dross reacts with CaO in lime, forming calcium
aluminate with a low melting point, and those leachable, water-soluble fluorides are
transformed into harmless calcium fluoride [37–39].

In order to check the feasibility of the process and find out the appropriate operating
parameters, this research took industrial secondary aluminum dross generated by an alu-
minum electrolysis plant as raw material. Composition analysis and phase characterization
of the secondary aluminum dross were carried out firstly. On this basis, thermodynamic
calculation and melting point measurement were performed to obtain the appropriate
material mixing ratio and calcination temperature. Based on that, lab-scale experiments
preparing premelted calcium aluminate slag were carried out. Mineralogical characteristics
and leaching toxicity of the premelted slag were detected.

2. Analysis of Secondary Aluminum Dross

As mentioned above, the secondary aluminum dross was obtained from an aluminum
electrolysis plant, which was the residue left after extracting metallic aluminum from
primary aluminum dross by the ash-frying method. As the key raw material of the
present research, it was essential to obtain the basic properties of the secondary aluminum
dross, including chemical composition and phase component. The secondary aluminum
dross was ground to a particle size smaller than 0.074 mm with a ball mill pulverizing
machine; then, the pulverized dross was sent for detailed inspection and analysis. Firstly,
qualitative chemical composition analysis of the secondary aluminum dross was carried
out by the X-ray fluorescence spectrometry method, and the results are shown in Table 1.
Major elements in the secondary aluminum dross are Al and O, indicating that the main
components are Al2O3 and other aluminum-containing compounds, which conform to the
typical properties of secondary aluminum dross [6]. Apart from the Al and O, contents of
the F, Na, Cl and Mg are relatively high, more than 1%.

406



Materials 2021, 14, 5855

Table 1. Qualitative analysis of the secondary aluminum dross composition by X-ray
fluorescence spectrometry.

Element Al O F Na Mg Cl Si V Ca S Ti K Fe

Content,
wt.% 50.89 23.4 3.6 2.73 1.34 1.19 0.725 0.529 0.491 0.363 0.322 0.302 0.229

Based on the results of the qualitative analysis, a subsequent quantitative analysis was
carried out to obtain an accurate chemical composition. Referring to a previous report [6]
and the present qualitative analysis results, contents of the total aluminum (T.Al), metallic
aluminum (M.Al), total fluorine (F), total nitrogen (N) and total sodium (Na) were detected
purposefully. The results of the quantitative analysis are shown in Table 2. Comparing
the detection results shown in Tables 1 and 2, it can be seen that the deviation of the main
elements is small, indicating that the detection results are accurate and acceptable. As can
be seen from Table 2, the content of M.Al is only 4.58%, indicating that most of the metallic
aluminum in the primary aluminum dross was extracted and recovered.

Table 2. Quantitative analysis of the secondary aluminum dross composition.

Element T.Al M.Al F N Na

Content,
wt.% 55.49 4.58 2.61 9.92 2.25

Both Tables 1 and 2 show only the element contents. In order to know the specific
components of the secondary aluminum dross well, it was necessary to analyze its phase
component by the X-ray diffraction method (XRD). The XRD analysis result of the sec-
ondary aluminum dross is shown in Figure 1. The main phases in the secondary aluminum
dross are Al2O3, AlN, MgAl2O4, Na3AlF6 and Al2O3·H2O.

Figure 1. X-ray diffraction phase analysis of the secondary aluminum dross.

According to the chemical composition and phase component, it can be concluded
that the element of N mainly exists in the form of AlN, the element of Mg mainly exists
in the form of MgO·Al2O3 and the element of F mainly exists in the form of Na3AlF6.
Based on the element contents shown in Table 2 and the phase components, the content of
different phases can be estimated. It is assumed that all the N exists in the form of AlN.
Since the content of N is 9.92%, the content of AlN should be 29.05%. It is assumed that all
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the F exists in the form of Na3AlF6. Since the content of F is 2.61%, the content of Na3AlF6
should be 4.81%. Similarly, it is assumed that all the Mg exists in the form of MgO·Al2O3.
Because the content of Mg was not quantitatively detected, the content of MgO·Al2O3
was estimated based on the qualitative analysis result. Since the content of Mg is 1.34%,
the content of MgO·Al2O3 should be 6.15%. Finally, it is assumed that all the rest of the
aluminum elements, apart from those contained in M.Al, AlN, Na3AlF6 and MgO·Al2O3,
exist in the form of Al2O3. Based on the above assumption, the content of Al2O3 could be
estimated, and the calculated content of Al2O3 was found to be 54.44%.

3. Thermodynamic Analysis and Melting Point Measurement

The purpose of this research was to prepare premelted calcium aluminate slag from
secondary aluminum dross. It was necessary to determine the appropriate proportion of
lime and secondary aluminum dross, as well as the calcination temperature. At high tem-
perature, CaO and Al2O3 can form various calcium aluminate compounds with different
melting points. Finding out the appropriate proportion with a low melting point is not
only beneficial to reducing the calcination temperature but also to the rapid melting of the
calcium aluminate slag during the molten steel refining process.

3.1. Phase Diagram Analysis

Considering that the main components of secondary aluminum dross are Al2O3 and
AlN, a CaO-Al2O3-AlN ternary phase diagram was calculated and drawn and is shown
in Figure 2. The ternary phase diagram was calculated and drawn by thermodynamic
software FactSage 7.2, which was developed by Thermfact/CRCT (Montreal Canada) and
GTT-Technology (Aachen, Germany). During the ternary phase diagram calculation, the
selected database was FToxide, and the operating pressure was 101,325 Pa. Isotherm lines
from 1273 K to 2273 K were plotted in the diagram with an interval of 50 K. According
to the CaO-Al2O3-AlN ternary phase diagram, it is obvious that the addition of AlN will
significantly increase the melting point temperature of the mixture. CaO and Al2O3 can
form a low-melting point phase of calcium aluminate, while AlN can hardly form a new
phase with CaO and Al2O3. The XRD analysis results shown in Figure 1 also illustrate
that the AlN exists as an independent phase. Thus, in order to analyze the formation
thermodynamics of calcium aluminate more clearly, a CaO-Al2O3 binary phase diagram
was obtained from the slag atlas [40] and is shown in Figure 3, ignoring the influence of
the AlN phase temporarily.

As shown in Figure 3, there exist five binary phases: 3CaO·Al2O3·(C3A), 12CaO·7Al2O3
(C12A7), CaO·Al2O3 (CA), CaO·2Al2O3 (CA2) and CaO·6Al2O3 (CA6). The liquidus tem-
perature drops rapidly while adding Al2O3 to CaO. The peritectic temperature between
CaO and 3CaO·Al2O3 is 1812 K. The minimum melting compositions of the CaO-Al2O3 bi-
nary system are the eutectics between 12CaO·7Al2O3 and either 3CaO·Al2O3·or CaO·Al2O3,
which are located at 1673 K and 1668 K, respectively. Once beyond the 12CaO·7Al2O3
eutectic with CaO·Al2O3, the liquidus temperature begins to rise rapidly with the increase
in aluminum content. The eutectic temperature between CaO·Al2O3 and CaO·2Al2O3 is
1875 K. The eutectic temperature between CaO·2Al2O3 and CaO·6Al2O3 is 2035 K. The
peritectic temperature between CaO·6Al2O3 and Al2O3 is 2103 K.
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Figure 2. CaO-Al2O3-AlN ternary phase diagram for p = 1 atm, drawn with FactSage 7.2.

Figure 3. CaO-Al2O3 binary phase diagram, obtained from the slag atlas [40].

Considering the existence of Na3AlF6 in secondary aluminum dross, it is necessary to
analyze the effect of Na3AlF6 on the CaO-Al2O3 system. However, there is no CaO-Al2O3-
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Na3AlF6 ternary phase diagram currently. As reported by Huang et al. [39], Na3AlF6 can
react with CaO and Al2O3 according to the formula shown in Equation (1). Na3AlF6 can be
transformed into CaF2 at high temperature. Due to the lack of a CaO-Al2O3-CaF2-Na2O
phase diagram, the CaO-Al2O3-CaF2 ternary phase diagram was adopted for analyzing the
influence of fluoride, as shown in Figure 4. Considering the low content of Na in secondary
aluminum dross, the analysis is considered acceptable. As shown in Figure 4, adding CaF2
into the CaO-Al2O3 system is helpful to reduce the melting temperature. If the mixing ratio
of CaO and Al2O3 is near the 12CaO·7Al2O3 phase, adding a small amount of CaF2 can
form a new phase of 11CaO·7Al2O3·CaF2, whose melting point is around 1773 K.

17CaO + 6Al2O3 + 2Na3AlF6 = 5CaF2 + 3Na2O + 11CaO·7Al2O3·CaF2 (1)

Figure 4. CaO-Al2O3-CaF2 ternary phase diagram, obtained from the slag atlas [40].

As a summary, in order to obtain a low-melting point mixture of lime and secondary
aluminum dross, the ratio of CaO to Al2O3 should be adjusted near to 12CaO·7Al2O3,
whose mass ratio is 0.94.

3.2. Melting Point Measurement Experiment
3.2.1. Experimental Scheme

Based on the above phase diagrams’ analysis, melting point measurement experiments
were carried out to study the effect of the raw material mixing ratio. An analytical reagent of
CaO was used for raw material mixing, whose CaO content was more than 98.0%. According
to the analyzed composition of secondary aluminum dross, the studied mass ratio of CaO to
secondary aluminum dross was changed from 0.4:1 to 1.2:1, with an interval of 0.2.
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3.2.2. Experimental Procedures and Devices

The analytical reagent of CaO and the secondary aluminum dross were mixed firstly
according to the experimental scheme. Then, the mixed raw material was placed into a ball
milling machine for further crushing and mixing. All of the raw materials were ground
to a particle size smaller than 0.074 mm. Then, the mixed powdery raw material was
pressed into a tablet and pushed into the melting point measuring instrument. The heating
rate of the instrument was about 10 K/min, and the maximum temperature was about
1723 K. An image of the sample can be observed by a camera so as to judge the softening
temperature, hemisphere temperature and flowing temperature of the sample. Pictures
of the ball milling machine and the melting point measuring instrument are shown in
Figure 5.

Figure 5. Devices used in melting point measurement experiment. (a) Ball milling machine; (b) melt-
ing point measuring instrument.

3.2.3. Results and Discussion

Results of the melting point measurement are shown in Table 3. Within the temper-
ature limit of the instrument, only the samples with mass ratios of 0.6:1, 0.8:1 and 1.0:1
melt. Pictures of the three samples in hemispherical shape and after being taken out from
the instrument are shown in Figure 6. Other samples could not even soften. When the
mass ratio of CaO to secondary aluminum dross changes from 0.6:1 to 1.0:1, the melting
temperature decreases slightly. The flowing temperatures of all three samples are lower
than 1723 K. The measured results indicate that as long as the mass ratio varies from 0.6:1 to
1.0:1, the flowable liquid phase can be obtained at 1723 K. Considering that the difference in
melting temperature between the above three samples is small, and the mass ratio of 0.6:1
is closer to the composition of 12CaO·7Al2O3, the mass ratio of 0.6:1 and the calcination
temperature of 1723 K were selected for subsequent research.

Table 3. Melting point of raw material mixture measured by the experiment.

Mass Ratio of CaO to Secondary
Aluminum Dross

0:1 0.4:1 0.6:1 0.8:1 1.0:1 1.2:1

Softening temperature, K — — 1700 1672 1653 —
Hemispherical temperature, K — — 1709 1686 1667 —

Flowing temperature, K — — 1721 1705 1699 —
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Figure 6. Pictures of the melted samples during melting point measurement.

3.3. Thermodynamic Calculation of the Calcination Product

In order to understand the reaction product of CaO and secondary aluminum dross
at high temperature in advance, thermodynamic calculation was performed before the
premelted slag preparation experiment. The reaction product was calculated by the Equilib
module of FactSage software. The composition of the secondary aluminum dross was
simplified as 55 wt.% Al2O3, 5 wt.% MgO·Al2O3, 30 wt.% AlN, 5 wt.% Na3AlF6, and
5 wt.% Al. As the input parameter of the Equilib module, the total weight of the secondary
aluminum dross was 100 g, and the weight of CaO was 60 g. In order to compare the
influence of ambient atmosphere on the reaction products, 10 g of N2 or 10 g of Ar was
added as a reactant, respectively. Because there was fluoride in the reactants, the database
of FToxid-OXFL was selected, in which CaF2, AlF3, Na3AlF6, MgF2 were all included. The
operating pressure of the atmosphere was set as 101,325 Pa.

Results of the thermodynamic calculation are shown in Table 4. As shown by the calcu-
lation results, the reaction products contain a gas phase, liquid phase, 11CaO·7Al2O3·CaF2
phase, AlN phase and metallic Al. The mass proportion of 11CaO·7Al2O3·CaF2 in the reac-
tion products is the largest. Phase transformations between the raw material and reaction
products are discussed in detail. The Na3AlF6 phase in the original secondary aluminum
dross disappears totally in the reaction products. Most of the Na3AlF6 is transformed into
the 11CaO·7Al2O3·CaF2 phase, part of the fluoride melts into the liquid phase and little
volatile fluoride is in the gas phase. The MgO·Al2O3 phase also disappears totally in the
reaction products. Part of the Mg element melts into the liquid phase in the form of MgO,
and the rest volatilizes into the gas phase in the form of Mg vapor. Ambient atmosphere
has a big influence on the distribution of the Mg element. In N2 atmosphere, most of the
Mg element is in the liquid phase. However, in Ar atmosphere, most of the Mg element
is in the gas phase. Ambient atmosphere also has a big influence on the transformation
of metallic Al. In N2 atmosphere, metallic Al reacts with N2 and forms AlN, leading to
the total disappearance of metallic Al and the increase in AlN. In Ar atmosphere, metallic
Al cannot be transformed into AlN, thus the weight of AlN is unchanged. However, the
weight of metallic Al decreases from the initial 5 g to 3.6615 g in Ar atmosphere. This is
because part of the metallic Al has a displacement reaction with MgO or CaO, which also
leads to the increase in Mg and Ca vapor in the gas phase. As the main components in
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reactants, CaO reacts with Al2O3 to form a liquid phase and an 11CaO·7Al2O3·CaF2 phase,
which is consistent with the analysis of the CaO-Al2O3-CaF2 ternary phase diagram.

Table 4. Thermodynamic calculation results of the CaO and secondary aluminum dross calcination product.

Phase Components

Calculation Results in
N2 Atmosphere

Calculation Results in
Ar Atmosphere

Weight
Specific

Composition
Weight Composition

Gas 9.3122 g

7.7302 g N2;
1.5469 g Na;

0.031709 g Mg;
et al.

12.657 g

10 g Ar;
1.6393 g Na;

0.82349 g Mg;
0.13539 g Ca;

et al.

Liq-Oxyfluoride 41.473 g

20.282 g CaO;
18.7433 g Al2O3;
1.3459 g MgO;
0.41321 g AlF3;
0.37792 g CaF2;

0.24021 g
NaAlO2;

et al.

26.643 g

13.409 g CaO;
13.039 g Al2O3;
0.071320 g AlF3;
0.061993 g CaF2;
0.050781 g MgO;

et al.

11CaO·7Al2O3·CaF2 82.573 g — 97.0039 g —
AlN 36.642 g — 30 g —

Metallic Al 0 — 3.6615 g —

4. Experiment of Premelted Slag Preparation

4.1. Experimental Scheme

Based on the selected raw material mixing ratio and calcination temperature, the
experiment of premelted calcium aluminate slag preparation was carried out. The experi-
ment was finished in a modified tubular resistance furnace, as shown in Figure 7. A gas
supply device and an exhaust device were installed on the furnace. The gas supply device
was used to control the ambient atmosphere in the furnace, including top blowing and
bottom blowing. In the present research, N2 or Ar was used as a gas source to study the
influence of ambient atmosphere on the calcination products, just like the condition of the
thermodynamic calculation. In addition, the mass ratio of CaO to secondary aluminum
dross was set to 0.6:1, the calcination temperature was set to 1723 K and the calcination
time was set to 2 h.

4.2. Experimental Procedures

The experimental procedure is as follows: The analytical reagent of CaO and the
secondary aluminum dross were mixed according to the mass ratio of 0.6:1. The mixed raw
material was ground to a particle size smaller than 0.074 mm by a ball milling machine.
Then, 200 g of the raw material mixture was placed into an alumina crucible, which was
placed into the tubular resistance furnace subsequently. The furnace cover was closed, the
gas supply device was turned on and N2 or Ar were blown according to the experimental
scheme. The top blowing gas was blown through a quartz tube, the distance between
whose exit and the raw material surface was set to 200 mm to avoid blowing out the
powdery raw material. The flow rate of the gas was set to 10 mL/min. Then, the heating
system of the furnace was turned on. The furnace started to heat up at a rate of about
10 K/min, and the temperature was maintained at 1723 K for 2 h. After that, the heating
system was turned off, and the crucible cooled naturally with the furnace. Due to the
thermal insulation effect of the furnace, the cooling process lasted about 12 h. After cooling
to room temperature, the crucible was taken out from the furnace. The premelted slags
were analyzed by XRD, SEM and leaching toxicity.
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Figure 7. Schematic diagram and physical diagram of the experimental furnace.

4.3. Results and Discussion
4.3.1. XRD Analysis

Figure 8 shows the X-ray diffraction patterns of the two premelted slags. The XRD
pattern of premelted slag calcinated in N2 atmosphere is similar with that calcinated in Ar
atmosphere. The phase components in both premelted slags are 11CaO·7Al2O3·CaF2 and
AlN and MgO·Al2O3, among which 11CaO·7Al2O3·CaF2 is the major phase. The detected
phase components are consistent with the results of the thermodynamic calculation. There
is a little amount of MgO·Al2O3 phase in the premelted slag, which should be formed
by liquid-phase solidification during the cooling process. No metallic Al is found in the
premelted slag calcinated in Ar atmosphere, which is different from the thermodynamic
calculation. It is estimated that the metallic Al content may be too low to be detected,
or the metallic Al may be oxidized by the residual air in the furnace. Comparing the
XRD pattern of the original secondary aluminum dross shown in Figure 1 and that of
premelted slags shown in Figure 8, it can be found that the Na3AlF6 phase disappears
totally after calcination. All of the residual F exists in the form of 11CaO·7Al2O3·CaF2.
11CaO·7Al2O3·CaF2 has good thermal and chemical stability and is insoluble in water.
The transformation of F is expected to solve the problem of leaching toxicity induced by
water-soluble fluoride.
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Figure 8. XRD patterns of the premelted calcium aluminate slags. (a) Calcinated in N2 atmosphere;
(b) calcinated in Ar atmosphere.

4.3.2. Micromorphology Analysis

Scanning electron microscope (SEM) and energy-dispersive X-ray spectrometry (EDS)
were used to observe the difference of micromorphology between the original secondary alu-
minum dross and the premelted calcium aluminate slag. Figure 9 shows the BSE micrographs
of typical phases in the original secondary aluminum dross. The morphologies of the different
phases are quite different, and the distribution is uneven. As shown in Figure 9a, EDS was used
to analyze the element distribution of the bright phase. According to the elemental mapping
distribution, the bright phase contains Al2O3 and AlN, which coexisted and aggregated in
flakes with a relatively compact structure. At the same time, a flocculent phase and bulk phase
were observed in local areas, just as shown in Figure 9b. According to the elemental mapping
distribution, the flocculent phase should be the Na3AlF6 phase. Two spots on the white bulk
phase were selected for element analysis, the main element compositions of which are Cl and
Na, indicating that the white bulk phase should be NaCl. However, there was no NaCl phase
detected in the XRD pattern. It is supposed that the content of the NaCl phase is too low to be
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detected. From the observation of SEM, the white bulk phase is only scattered in some local
areas, and the amount is very small.

Figure 9. BSE micrographs of typical phases in original secondary aluminum dross, (a) phases of Al2O3 and AlN coexistence,
(b) Na3AlF6 phase and NaCl phase.
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As a contrast, the micrographs of typical phases in premelted calcium aluminate slag
are shown in Figure 10. The micromorphology of the premelted slag is more compact
and uniform, mainly due to the melting process. According to the elemental mapping
distribution shown in Figure 10a, the main components of the bright phase are Al-Ca-O,
and the main components of the gray phase are Al-Mg-O. Thus, it is inferred that the gray
phase is MgO·Al2O3. In order to reveal the accurate component of the bright phase, a
magnified image of the bright phase is shown in Figure 10b. Area scan and spot scan were
performed on the bright phase. The spot scan result shows that the bright phase contains
38.9 wt.% Ca, 26.5 wt.% Al and 1.8 wt.% F. According to the theoretical calculation, the
11CaO·7Al2O3·CaF2 phase theoretically contains 34.1 wt.% Ca, 26.8 wt.% Al and 2.7 wt.%
F. Therefore, the bright phase should be 11CaO·7Al2O3·CaF2. Overall, the phases observed
in the micrographs match well with the XRD analysis results.

4.3.3. Leaching Toxicity Assessment

According to the hazardous waste identification standard in China (GB5085.3-2007),
contents of the water-soluble fluoride in the original secondary aluminum dross and
premelted slag were detected to evaluate their leaching toxicity. The used detection
method was ion chromatography, whose detection lower limit was 0.74 mg/L. Results of
the detection are shown in Table 5. “ND” in the table indicates “not detected” because
the content is lower than 0.74 mg/L. It can be seen that the leachable fluoride content
in original secondary aluminum dross reaches 866 mg/L, which is far higher than the
national standard limit. This is the important reason why secondary aluminum dross is
included in the list of hazardous wastes. Fortunately, after the calcination with CaO, the
leachable fluoride content in the premelted slag is not detected, regardless of calcination
in N2 atmosphere or in Ar atmosphere. There is almost no leachable fluoride in the
premelted calcium aluminate slag prepared from secondary aluminum dross, which meets
the national environmental safety standard.

Table 5. Contents of water-soluble fluoride in original secondary aluminum dross and premelted slag.

Sample Standard Limit, mg/L Detection Result, mg/L

Original secondary aluminum
dross

100
866

Premelted slag calcinated in N2
atmosphere ND

Premelted slag calcinated in Ar
atmosphere ND

417



Materials 2021, 14, 5855

Figure 10. BSE micrographs of premelted calcium aluminate slag, (a) typical phases in slag, (b) enlarged view of the
11CaO·7Al2O3·CaF2 phase.

5. Conclusions

In the present research, the process of preparing premelted calcium aluminate slag from
secondary aluminum dross was studied in detail. The appropriate mixing ratio of CaO and
secondary aluminum dross and appropriate calcination temperature were determined by
thermodynamic analysis and calcination experiments. The main conclusions are as follows:

1. According to quantitative chemical analysis and XRD pattern analysis, specific phase
components of the used secondary aluminum dross should be: 54.44 wt.% Al2O3,
29.05 wt.% AlN, 6.15 wt.% MgO·Al2O3, 4.81 wt.% Na3AlF6, 4.58 wt.% Al.
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2. Phase diagram analysis indicates that the AlN phase can hardly form a new phase with
CaO and Al2O3, existing as an independent phase. The low-melting point composition
of the CaO-Al2O3 binary system is near to the 12CaO·7Al2O3 phase. Adding CaF2 to
the 12CaO·7Al2O3 phase can form a new phase of 11CaO·7Al2O3·CaF2.

3. When the mass ratio of CaO to secondary aluminum dross varies in the range of 0.6:1
to 1.0:1, the mixture of CaO and secondary aluminum dross can melt within 1723 K.
Moreover, the melting point decreases slightly with the increase in the mass ratio in
the above range.

4. Premelted calcium aluminate slag was obtained by calcinating the mixture of CaO
and secondary aluminum dross with a mass ratio of 0.6:1 at 1723 K for 2 h. The pre-
melted slag contains phases of 11CaO·7Al2O3·CaF2, AlN, and MgO·Al2O3, in which
11CaO·7Al2O3·CaF2 is the major phase. The original Na3AlF6 phase disappears com-
pletely, leading to undetectable water-soluble fluoride during the leaching toxicity detec-
tion. The experimental results agree well with the thermodynamic calculation results.

Although the composition and leaching toxicity of the premelted calcium aluminate
slag meets the requirement of the molten steel refining slag, the specific metallurgical
performance of the premelted slag needs further research in a follow-up study.
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Abstract: The aim of this research was to determine whether water hyacinth can be used to remove
heavy metals, such as cadmium, arsenic, lead, zinc, and copper, from industrial wastewater. Inves-
tigations of the pollution removal or prevention potential of aquatic macrophytes, such as heavy
metal bio-indicators in aquatic habitats, can prove to be advanced field studies. Water hyacinth is
one of the aquatic plant species that has been effectively utilized for the treatment of wastewater. It is
extremely effective in removing stains, suspended solids, BOD, organic matter, and heavy metals.
This research focused on the use of water hyacinth to treat wastewater from heavy metals. Water
hyacinths can grow in sewage, absorbing and digesting contaminants and transforming sewage
effluents into comparatively clean water in the process. As a result, the plants have the potential to
be used as natural water purification systems at a fraction of the cost of a standard sewage treatment
facility. The experiment was performed using healthy, young, and acclimatized water hyacinths.
Containment water with a cadmium concentration of 0.5 mg/L, arsenic concentration of 0.5 mg/L,
lead concentration of 2 mg/L, zinc concentration of 5 mg/L, and copper concentration of 5 mg/L was
added to five different polyethylene pots with 100 g of water hyacinth in each pot. After 30 days, the
removal efficiency for heavy metals (Cd, As, Pb, Zn, and Cu) reached 59–92%, and the results were
within the permitted limits according to the National Technical Regulation on Industrial Wastewater
in Vietnam. Based on this information, it is possible to deduce that water hyacinth can be utilized to
remove cadmium, arsenic, lead, zinc, and copper from industrial wastewater effluents efficiently.

Keywords: heavy metals; water hyacinth; cadmium; arsenic; lead; zinc; copper

1. Introduction

Water pollution is a burning problem for developing countries. As societies grow, the
amount of domestic and industrial waste also increases exponentially. Amounts of waste
are increasing but the centralized treatment systems are not enough to deal with them
along with unconcentrated discharge habits, which have caused extremely serious water
pollution. In particular, heavy metal pollution involving cadmium (Cd), arsenic (As), lead
(Pb), zinc (Zn), and copper (Cu) is a serious problem due to the particularly dangerous
toxicity of these elements affecting human health, organisms, and the environment [1].

Traditional methods, including physical and chemical processes used to treat heavy
metals, are being applied, most of which have complex processes, are quite expensive in
terms of economics, and have high technical requirements [2]. A study on removing arsenic
contamination in soil by phytoremediation has been published [3]. Additionally, wastewa-
ter treatment using aquatic plants has been applied in many parts of the world, which has
the advantages of low costs, easy operation, and high pollution treatment level [4–6]. This
is a technology for the treatment of wastewater in natural and environmentally friendly
conditions while increasing biodiversity and improving the landscape, environment, and
local ecosystems [7].
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Processes 2021, 9, 1802

The popular application of water hyacinth (Eichhornia crassipes) for wastewater treat-
ment has gained worldwide acclaim [8]. Several metals have extraordinarily high attraction
and accretion capacities for water hyacinths [9,10]. A typical marshland colonized by water
hyacinth can act, in a way, as “nature’s kidney” for proper wastewater treatment, preserv-
ing the earth’s valuable water resources [8]. Water hyacinth has gained much attention
for its capacity to be cultivated in extremely polluted water, in addition to its tendency
to accumulate metal ions [11]. Water scarcity is becoming more prevalent around the
biosphere and in numerous countries it might be unavoidable by the end of the year. With
the realization that surface water contamination is a worldwide problem, the situation
becomes much more alarming. Several methods for sustainable water resource utilization
have been developed to solve this problem, with wastewater recovery and reuse currently
being one of the most important targets. The two most common anthropogenic sources of
metal in aquatic ecosystems, according to research, are domestic and industrial waste [12].
Heavy metals in water can be dangerous even in small quantities. Since the beginning of
the industrial revolution, hazardous metal contamination in the biosphere has increased
drastically. Water hyacinth is an aquatic plant that can effectively remove a variety of
pollutants from water, making it important in wastewater treatment [4,5].

Water hyacinth is a major material in the handicrafts industry in Vietnam. It is cheap
and commonly planted. Furthermore, water hyacinth can be a good tool for the removal of
heavy metal contamination through phytoremediation technology. For economic reasons,
the use of water hyacinth in wastewater treatment should be promoted in Vietnam. In
addition, water hyacinth is also used in Vietnam as fodder for livestock, compost for
mushrooms, and manure. Dried water hyacinth can be processed for use in braided ropes,
weaving mats, crafts, or furniture. Therefore, this study was conducted to evaluate the
ability of water hyacinth to absorb heavy metals (Pb, Cd, Zn, Cu, As) from wastewater.
The results indicated good performance in the reduction of concentrations of heavy metals.
The removal efficiency for heavy metals (Cd, As, Pb, Zn, and Cu) reached 59–92% after
30 days, notably for Pb, which was reduced by 92.4%.

2. Characteristics of Water Hyacinth

2.1. Water Hyacinth

Water hyacinth is a rapidly growing, floating aquatic plant from the South American
Amazon Bay [13]. It is well-known for its propensity to multiply, with the plant’s population
being able to double in just 12 days. Its propensity to flourish in severely contaminated
waters is also well-known. As an aquatic plant capable of improving oxidation pond
effluent quality and a key factor for single, integrated, and advanced treatment systems
for urban, agricultural, and industrial waste streams, water hyacinth has been intensively
explored. Beside wastewater treatment, water hyacinth can also be used in valuable
products like biogas, bioethanol, biohydrogen, biofertilizers, and fish feed [14].

2.2. Ecological Factors

The ability of ecological technology to recover and reuse resources is an environmen-
tally friendly feature. In aquatic ecosystems, for example, nutrients from phosphorous and
nitrogenous wastewater components are recycled into usable biomass via ecological food
chains. Warm, nutrient-rich water is ideal for water hyacinth growth. The ideal H+ ion
potential for this aquatic plant’s growth is neutral; however, it can potentially withstand hy-
drogen values ranging from 4 to 10. Water hyacinth can be used to treat a variety of types of
wastewater thanks to this key feature. The ideal water temperature for growth is between
28 ◦C and 30 ◦C. Temperatures exceeding 33 ◦C stifle further development. The ideal air
temperature is between 21 ◦C and 30 ◦C. Water hyacinth can also thrive in both nutrient-
rich and nutrient-poor water, as well as in water that has been heavily contaminated with
diverse biological and inorganic industrialized effluents containing metal ions [15–17].
Water hyacinth is a common and prolific plant that is free-floating, highly tolerant of harsh
settings, and capable of rapid vegetative reproduction and survival in a variety of environ-
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ments. The maximum reproductive rate is 54.4 g dry weight/m2/day [15,16]. Plants grow
more quickly in the summer, covering 15% more surface area every day.

2.3. Socio-Economic Potential of Water Hyacinth in Vietnam

Water hyacinths were introduced into Vietnam around 1905 and developed throughout
the Southern Rivers on inland canals, affecting agricultural production, waterway traffic,
and drainage [18]. Water hyacinths also hinder fishing and seriously affect water supply.
They grow rapidly in the rainy season, and they are the residences of mosquitoes and
disease-causing insects. Water hyacinth seems useless but it is considered a valuable and
precious raw material for handicrafts and a “new discovery of the 21st century” because it
has been exploited and used since the flood season in 2000. Recently, people in the area
of the Mekong Delta have been interested in handicraft products made from this plant.
Furthermore, according to the statistics of the General Department of Vietnam Customs
(GDVNC), these products are also exported to foreign countries to meet the needs of
fastidious markets such as those of the US, China, Japan, Europe, and South Korea, [19].

Thanks to this handicraft industry, many localities have solved unemployment prob-
lems and helped farmers increase their incomes, contributing to the eradication of hunger
and poverty reduction. Since 2000, water hyacinth knitting has developed strongly in the
Mekong Delta, especially in the provinces of Dong Thap, Long An, An Giang, and Vinh
Long, and the development of this profession has created more jobs and increased income
for farming households. Therefore, water hyacinth is also heavily exploited to provide raw
materials for production.

2.4. Mechanism of Wastewater Treatment Using Water Hyacinth

Contaminants and stockpiles can be found in water hyacinth biomass. As they store
pollutants in their tissues, these plants are known as bioaccumulators. They have a high
tolerance for pollutants such as heavy metals and may absorb significant quantities of them.
Phytoextraction is a technique for the removal of heavy metals from contaminated water
sources [20]. The routes for pollutant uptake are described below.

Root absorption: The roots absorb contaminants in the aquatic environment. A large
cation change throughout the cell membrane is caused by the presence of carboxyl groups in
the root system. This acts as a mechanism for heavy metal transport within the root system,
where active absorption takes place. Aerobic bacteria develop well in the water systems due
to the root structures of water hyacinths (as well as other aquatic floras). Aerobic bacteria
acquire nutrients and harvest inorganic compounds, which plants consume as nourishment.
The plants improve rapidly and can be collected as rich and profitable fertilizer.

Foliar absorption: In addition to root absorption, foliar absorption can provide plants
with small amounts of some pollutants. They are absorbed passively by stoma cells and
cuticle fissures.

In this type of absorption, fibrous or feathery roots are trapped in floating particles and
germs as bacterial and fungal growth attachment points. Pollutants on the root surface are
absorbed by the bacteria that live on it. An ionic imbalance throughout the cell membrane
also occurs.

3. Methods

3.1. Instruments

The instruments used in the study included a micropipette (Eppendorf, Hamburg, Germany),
flask, test tube, electric stove, and an analytical balance from Adam (UK) with an accuracy
of 0.0001 mg.

ICP-MS equipment (Perkin Elmer, Waltham, MA, USA, ELAN 9000) was used to ana-
lyze samples with the following parameters: RF power: 1000 (W); sample injector (Perkin
Elmer, Waltham, MA, USA): 26 (rpm); auxiliary gas (Perkin Elmer, Waltham, MA, USA):
2 (L/min); plasma gas (Perkin Elmer, Waltham, MA, USA): 0.85 (L/min); nebulizer gas
(Perkin Elmer, Waltham, MA, USA): 2.4 (L/min).
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3.2. Chemicals

Standard solutions of cadmium, arsenic, lead, copper, and zinc were prepared in a
standard solution of 100 μg/mL.

The chemicals used were all pure chemicals manufactured by Merck Chemical
(Darmstadt, Germany). The solutions were prepared with double-distilled water.

3.3. Analysis Sample

The sample collection and processing period started on 20 May 2021. After being
planted, the sample was monitored and the heavy metal content in the water was analyzed
three times, after 10, 20, and 30 days, to observe the metal content in water treated with
water hyacinth over time. The heavy metals (Cd, As, Pb, Zn, and Cu) in the plants were
determined using inductively coupled plasma-mass spectrometry.

3.4. Experimental Setup

The experiments lasted 30 days and 100 g of water hyacinth was used in the pot. For
planting, 30-L foam containers were used, which were washed of dust and soil with distilled
water beforehand. The plants were fixed with stones (inexpensive, poorly absorbing
substrates). Concentration selection experiments were undertaken based on the permitted
threshold levels for Cd, As, Pb, Zn, and Cu in water environments according to the QCVN
40:2011/BTNMT National Technical Regulation on Industrial Wastewater in Vietnam. The
experimental concentration was three to five times higher than the allowable threshold.
Water hyacinth was grown in irrigation water containing the heavy metals Cd, As, Pb, Zn,
and Cu according to selected concentrations:

1. Plant water containing 0.5 mg/L of Cd (II);
2. Plant water containing 0.5 mg/L of As (III);
3. Plant water containing 2 mg/L of Pb (II);
4. Plant water containing 5 mg/L of Zn (II);
5. Plant water containing 5 mg/L of Cu (II).

As a matching plant control sample, plants were planted in distilled water with
stone media.

The analytical parameters were Cd, As, Pb, Zn, and Cu in water.

3.5. Water Properties

When simplifying the natural environment, the possibility of the accumulation of
heavy metals in the plants had to be taken into consideration whilst at the same time
ensuring the accuracy of the experiment. The water composition helped us to identify
the nutrient content and determine whether additional nutrients had to be added to the
plants [21]. Further, the metal content in the water was also an aspect that we were
interested in. Identifying the presence of metal ions and the amount of accumulation
helped us to assess whether there was competition for these metal ions in the accumulation
in the plants and to identify the research plant that could handle Cd, As, Pb, Zn, and
Cu metal ions [2]. The water samples were collected in Phu Giao district, Binh Duong,
Vietnam, and the levels of water quality are listed in Table 1.

Based on the results of the water quality analysis shown in Table 1 and the Vietnam
National Technical Regulation QCVN 08-MT:2015/BTNMT (Column B1), the parameters
for water quality and other heavy metals content were within the allowable thresholds of
the national standards. The appropriate quantities of nutrients and mineral ions required
for proper plant development were used and there were no metal elements that could
obstruct the accumulating process. As a result, the uptake of the tested elements should
have been faster.
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Table 1. Results of water quality analysis.

No. Parameters Unit Content
QCVN 08-

MT:2015/BTNMT
(Column B1)

1 Temperature ◦C 25.1 -
2 pH - 6.7 5.5–9
3 EC μS/cm 58 -
4 DO mg/L 8.77 ≥4
5 TDS mg/L 27 -
6 BOD5 mg/L 12.2 15
7 COD mg/L 23.3 30
8 TSS mg/L 7.3 50
9 As mg/L <0.005 0.05
10 Cd mg/L <0.0005 0.01
11 Pb mg/L <0.005 0.05
12 Cr mg/L <0.005 0.04
13 Hg mg/L <0.0005 0.001
14 Zn mg/L 0.051 1.5
15 Mn mg/L 0.158 0.5
16 Fe mg/L 0.772 1.5
17 Total nitrogen mg/L 2.92 -
18 N–NO3

- mg/L 0.97 10
19 N–NO2

- mg/L <0.005 0.05
20 N–NH4

+/NH3 mg/L <0.006 0.9
21 Total phosphorus mg/L <0.05 -
22 P–PO4

3− mg/L <0.05 0.3
23 S2− mg/L <0.04 -
24 CN− mg/L - 0.05
25 Coliform MPN/100mL 1600 7500

3.6. Data Analysis

The analyzed data were assessed and compared with the current QCVN 40:2011/BTNMT
Vietnamese standards. The data were processed using Excel and Statgraphics software.

4. Results and Discussions

4.1. The Height Growth of Water Hyacinth after 30 Days

By definition, plant growth is associated with the process of increasing the mass,
height, and size of cells or cell organelles. Growth can also represent the development and
reproduction of a plant [22]. Height is one of the important indicators for assessing the
growth of plants containing different environmental heavy metals (Cd, As, Pb, Zn, and Cu).
In addition to the dependence of height on the genetic characteristics of a variety, it also
depends on external conditions such as climate, temperature, oxygen, mineral nutrition,
fertilizer, water, etc. [23]. The growth of plants in polluted water is important for the
absorption and accumulation of heavy metals in plants. The height results for the water
hyacinths are presented in Table 2. There was a significant difference in height growth for
these samples with p < 0.05, which could validly explain their differences in plant growth.

Table 2. Effects of heavy metal concentrations on the height growth of water hyacinths after 30 days.

Element Original Height(cm) Height after 30 Days (cm)

Cd 43 44.0 a ± 0.5
As 43 44.3 ab ± 0.5
Pb 43 45.7 bc ± 0.8
Zn 43 46.3 c ± 1.5
Cu 43 46.7 c ± 0.6

p = 0.0105 *
(1) a, b, and c represent statistically different values. (2) * means significant with p < 0.05.
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The results in Table 2 show that the height growth rate of the water hyacinths de-
pended on the absorption capacity of the plants. The decreasing height corresponded to
the heavy metals contained in the water in the order Cu > Zn > Pb > As > Cd. The growth
condition can be described as follows:

• Plant growth in water environment with 0.5 mg/L Cd and As content. Water hyacinth
showed good growth signs, strong and green stems and leaves. The height did not
change much;

• Plant growth in a water environment contaminated with Pb continued after 30 days;
however, the stems and leaves had yellowed, and some stems and leaves were wilted;

• The plants in water with a Zn concentration of 5 mg/L grew well, increasing in
height and standing strong, but in the last days of the cycle, some leaves were wilted
and yellowed;

• The plants in water with 5 mg/L of Cu showed good growth: there was an increase in
height in some of the canopies and the appearance of extra branches in young trees,
lush green stems, and leaves.

The height of the water hyacinth in each pot was considered as height growth. As
water hyacinth is a wild plant, it grows very well under natural conditions [24]. However,
the height growth of the water hyacinths differed depending on the different metals; some
plants even withered, died, and did not develop young plants. The biomass of the pot was
then significantly reduced.

4.2. The Ability of Water Hyacinth to Accumulate Heavy Metals

Phytoremediation refers to the use of plants to partially or substantially remediate
selected contaminants in contaminated soil, sludge, sediment, groundwater, surface wa-
ter, and wastewater [25]. Phytoremediation is popular because of its cost-effectiveness,
aesthetic advantages, and long-term applicability [26].

The objective of utilizing water hyacinth in phytoremediation technique testing was
to assess its efficiency for heavy metal treatment. Therefore, after being planted, the sample
was monitored and the heavy metal content in the water was analyzed three times, after
10, 20, and 30 days, to observe the metal content in water treated with water hyacinth over
time. The results are presented in Table 3.

Table 3. The concentrations of heavy metals in water treated with water hyacinth over time.

Days

Cadmium (Cd) Concentration Arsenic (As) Concentration Lead (Pb) Concentration Zinc (Zn) Concentration Copper (Cu) Concentration

Cd (mg/L)
CV
(%)

H
(%)

As (mg/L)
CV
(%)

H
(%)

Pb (mg/L)
CV
(%)

H
(%)

Zn (mg/L)
CV
(%)

H
(%)

Cu (mg/L)
CV
(%)

H
(%)

0 0.5 0.5 2 5 5

10 0.406 ± 0.0006 0.14 18.8 0.394 ± 0.0006 0.15 21.2 1.498 ± 0.001 0.07 25.1 3.891 ± 0.002 0.05 22.2 3.859 ± 0.002 0.05 22.8

20 0.301 ± 0.002 0.51 39.8 0.285 ± 0.001 0.35 43.0 0.618 ± 0.002 0.32 69.1 2.686 ± 0.001 0.04 46.3 2.527 ± 0.003 0.12 49.5

30 0.203 ± 0.002 0.75 59.4 0.196 ± 0.002 1.02 60.8 0.153 ± 0.005 3.27 92.4 1.989 ± 0.004 0.18 60.2 1.963 ± 0.0006 0.03 60.7

QCVN
40:2011/BTNMT

(Column B)
0.1 0.1 0.5 3 2

H (%): removal efficiency percentage, CV (%): coefficient of variation.

The results show that the ability of water hyacinth to accumulate heavy metals
gradually decreased with the remaining heavy metal content in the water in the order
Cd < Zn < Cu < As < Pb. In addition, Table 3 also shows that, with regard to the experimen-
tal conditions of the sample pots, the concentrations of Cd, As, Pb, Zn, and Cu in the water
decreased gradually with increasing time of treatment with water hyacinth. Specifically,
the Cd, As, Pb, Zn, and Cu in the water had initial concentrations of 0.5 mg/L, 0.5 mg/L,
2 mg/L, 5 mg/L, and 5 mg/L, respectively. Ten days after planting the water hyacinths,
the concentrations of Cd, As, Pb, Zn, and Cu in the water were 0.406 mg/L, 0.394 mg/L,
1.498 mg/L, 3.891 mg/L, and 3.859 mg/L, respectively. By day 30 of the experiment, the
remining Pb content in the solution reached the lowest level (0.153 mg/L) compared to the
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other elements, and it was within the permitted limits according to Column B of the QCVN
40:2011/BTNMT National Technical Regulation on Industrial Wastewater in Vietnam.

The experiments on growing water hyacinths in water containing heavy metals (Cd,
As, Pb, Zn, and Cu) showed that this plant can still grow and develop at a certain level of
pollution. The analysis results for the heavy metal content (Cd, As, Pb, Zn, and Cu) in the
water showed a trend of decreasing concentration over time. Thus, water hyacinth has the
ability to clean water contaminated with heavy metals (Cd, As, Pb, Zn, and Cu) very well.

4.3. Removal Efficiency Percentage and Remaining Percentages of Heavy Metals in Water

The removal efficiency percentage for the plants’ ability to absorb heavy metals (Cd,
As, Pb, Zn, and Cu) in the water over time is shown in Table 3.

The treatment efficiencies of water hyacinth for Cd, As, Pb, Zn, and Cu over the 30 days
of the experiment were 59.4%, 60.8%, 92.4%, 60.2%, and 60.7% respectively, corresponding
to the initial concentrations of 0.5 mg/L, 0.5 mg/L, 2 mg/L, 5 mg/L, and 5 mg/L. By the
end of the 30-day survey period, the cleaning rates of the water hyacinths for all heavy
metals (Cd, As, Pb, Zn, and Cu) were mostly high (59–92%).

The results show that the remaining heavy metal content in the water treated with wa-
ter hyacinths decreased significantly after 30 days compared to the original concentrations.
The remaining percentage of Pb especially was only 7.65%, corresponding to an original
concentration of 2 mg/L.

The findings of the pot trials reveal that this plant has the potential to absorb heavy
elements such as cadmium, arsenic, lead, zinc, and copper from wastewater. When the
plants were added to the pots, the cadmium, arsenic, lead, zinc, and copper concentrations
in the pots with the plants were significantly reduced. As a result, we can conclude that
evaporation and settlement caused very little loss. The results show that water hyacinth is
an effective plant capable of removing heavy metals from wastewater.

Previous bench-scale tests [27] using water hyacinth treatment for polluted river water
and synthetic solutions demonstrated up to 63% removal of Al, 62% Zn, 47% Cd, 22%
Mn, and 23% As in just seven hours of exposure to the plant. The results demonstrated
very good removal efficiency in a very short time compared with this study, which only
achieved removals of 18.8% Cd and 21.2% As in 10 days. Nevertheless, the initial metal
concentrations were very low (0.00623 mg/L Cd and 0.00211 mg/L As) in the bench-
scale tests compared to the much higher initial metal concentrations (0.5 mg/L Cd and
0.5 mg/L As) used in this study. Additionally, a study of water hyacinth as a biosorbent
has been undertaken by using dry water hyacinth biomass [28]. This study involved a
test that achieved 93% As(III) removal efficiency with 120 min shaking time and initial
metal concentrations of 0.2 mg/L in solution. However, it is hard to make an objective
comparison since the treatment mechanism was different to this study.

5. Conclusions

The efficiency of wastewater treatment for the removal of Cd, As, Pb, Zn, and Cu
was assessed according to the concentrations of heavy metals in water. The elimination
of contaminants from the water was quite effective when the plants were grown together.
According to the results of the experiments, water hyacinth was able to reduce Cd concen-
tration by 59.4%, As concentration by 60.8%, Pb concentration by 92.4%, Zn concentration
by 60.22%, and Cu concentration by 60.74%. The total heavy metal concentration was
reduced by 66.7%. This treatment system proved cost-effective because of the low installa-
tion and maintenance costs. The system could be used alone or in conjunction with other
wastewater treatment systems. In conclusion, the current study revealed the viability of
employing the aquatic plant Eichhornia to treat wastewater in a “sustainable” and envi-
ronmentally benign manner. As this was merely a laboratory-size baseline study, more
research on a larger scale is needed in the future, with a focus on phytoremediation and
resource utilization.
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Abstract: In this paper, a TiO2/black talc composite photocatalyst was prepared by the sol-gel
method using TBOT as titanium source and black talc as carrier. Rhodamine B was used as the
targeted pollutant to study the adsorption role of carbon in black talc. The results showed that with
the adsorption-degradation cycles, the illumination time can be reduced by 40%. The adsorption
rate and degradation rate of the composite photocatalyst was also increased. The degradation rate
of Rhodamine B reached more than 95%, which fully shows the synergistic effect between TiO2

nanoparticles and black talc. In this way, the adsorption-degradation coupling of the photocatalyst
could be realized.

Keywords: nano-TiO2 particles; black talc; characteristic adsorption; photodegradation; synergis-
tic effect

1. Introduction

With the development of industry in recent years, organic pollutants in air and water
are emerging and increasing with astonishing speed, causing a series of environmental
issues [1,2] and health problems [3] that affect our lives seriously. Therefore, it is very
important to investigate an environmentally friendly, low-cost, simple, facile, and efficient
method [4] to deal with the above-mentioned problem. Among the various solutions,
physical adsorption [5,6] and photocatalytic degradation [7–11] are regarded as two com-
mon, effective solutions for pollution treatment. Titanium dioxide (TiO2) has been well
known as a star photocatalyst for organic pollution in air and water for its superiority of
low price, stable chemical properties [12–16], suitable conduction band and valence band
potential, no secondary pollution, and low photocorrosion [17–19]. However, TiO2 has
some disadvantages, such as low specific surface area, high photogenerated electron-hole
recombination rate, narrow light utilization wavelength range, high agglomeration rate,
and difficulty to be recycled [20], which limit its further applications. Therefore, it is urgent
to find a carrier with porous structure and stable properties to load TiO2 to overcome the
above-mentioned problems [21].

Non-metallic minerals, such as diatomite, zeolite, and sepiolite, have been widely
used as carriers [22,23] due to their low cost, excellent stability, and large specific area.
Biochar, such as biomass bamboo fiber [24], macroalgae [25], coconut shell biochar [26],
microalgae, and nut shells [27], has also been shown to promote the catalytic effect of
photocatalysts and enhance the adsorption of organic molecules [28]. Pinna et al. [27]
produced a biochar-decorated TiO2 photocatalyst through a simple drop casting method.
The composite Biochar -TiO2 material has a better catalytic effect than pure titanium dioxide,
which proves that BC NPs have the ability to act as a promoter. Moreover, the enhanced
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adsorption of organic molecules, coupled with the improved charge carrier separation
provided by BC NPs, resulted in a nearly two-fold increase in photocatalytic performance.
Zhang et al. [29] synthesized TiO2 supported acid activated sepiolite (TiO2/AAS) fibers
under low temperature conditions and it was found that the specific surface area of the
composite material was much larger than that of the original sepiolite. The photocatalytic
activity of the composite was also excellent and superior to that of the TiO2/sepiolite (raw
sepiolite) and pure TiO2. The addition of sepiolite significantly improved the photocatalytic
activity of TiO2. Suá et al. added TiO2 to zeolite and found that the photocatalytic activity of
the composite was ten times better than that of the pure TiO2 particles. The more uniform
the morphology of TiO2 particles, the better the oxidation ability [30]. Liu et al. [31]
prepared TiO2/zeolite composite material by the sol-gel method and studied its adsorption
and photocatalytic degradation performance for sulfadiazine (SDZ) under ultraviolet
light irradiation. The results showed that, under neutral pH value, 90% of SDZ can be
removed by TiO2/zeolite within 120 min. Black talc is a kind of non-metallic mineral
with excellent surface affinity, chemical stability, and thermal stability [32]. Compared
with other minerals, it has a unique carbon layer between the black talc layers and the
crystal grains of talc, which is beneficial to gather the surrounding organic pollutants, thus
improving the catalytic efficiency of the photocatalyst.

In this study, a TiO2/black talc composite photocatalyst was prepared by the sol-gel
method. Using black talc as carrier can not only increase the contact area, but also facilitate
the dispersion of TiO2, resulting in the improvement of the photodegradation efficiency of
the photocatalyst. The innovation of this research lies in the use of the adsorption degrada-
tion cycle test method, which can make full use of the adsorption properties of black talc
and the degradation performance of TiO2 in the composite photocatalyst, thus improving
the overall rate of adsorption degradation. Compared with traditional degradation method,
it can reduce the light time by 60% and reduce the energy consumption. This study is of
great significance for the comprehensive utilization of black talc.

2. Materials and Methods

2.1. Materials

Black talc was purchased from Guangfeng District, Jiangxi, China. Tetrabutyl titanate
(TBOT) was purchased from Aladdin Reagent Co., Ltd. (Shanghai, China). The sulfuric
acid, sodium hydroxide, and analytical pure ethanol were purchased from Beijing Chemical
Plant (Beijing, China)). Deionized water was used throughout the experiment.

2.2. Synthesis of the Composite Material

In a typical synthesis, excess 10% sulfuric acid solution was added to 300 mesh black
talc powder and the suspension was stirred for 2 h. Then, the mixture was filtered and
washed with DI H2O for three times. Finally, it was dried at 105 ◦C for 24 h prior to use and
was labelled as BT (black talc). BT-OC (Oxygen-calcined black talc) was prepared by the
calcination of BT sample at 550 ◦C for 2 h in air. The composite photocatalyst was prepared
as follows. A certain amount of TBOT was dissolved in ethanol. Then, BT was added, and
the mixture was stirred for one hour and dried at 105 ◦C. Then, it was calcined at 550 ◦C
for 2 h under N2 atmosphere. The obtained composite photocatalyst was labelled as BT-xT,
where x is the mass ratio of TiO2 to black talc.

2.3. Photodegradation Experiment

Photocatalytic activities of samples were evaluated by their performance as catalysts in
the photocatalytic oxidation of RhB in water. In this experiment, 1.5 mg photocatalyst was
dispersed in 50 mL of RhB solution (30 mg/L). As a control group, 50 mL of RhB solution
(30 mg/L) was taken without adding anything. Prior to degradation, the suspension was
magnetically stirred in the dark for a period of time to establish adsorption–desorption
equilibrium between the pre-irradiation photocatalyst and RhB. High-pressure mercury
lamp with a power of 300 W was chosen as the light source of photodegradation and its
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dominant wavelength was 365 nm. At given intervals of illumination, a specimen (3 mL
of the suspension was collected and centrifuged. The filtrates were analyzed by UV-vis
spectroscopy at 554 nm.

2.4. Characterization Methods

X-ray diffraction (XRD) patterns of the samples were recorded using a Bruker D8
Advance diffractometer (Bruker, Germany), with CuKαradiation (λ = 0.15418) at 40 kV
and 30 mA. Scanning electron microscopy (SEM) (JSM7500F, JEOL, Tokyo, Japan) was
used to observe the microstructure of the samples. X-ray photoelectron spectra (XPS) were
obtained using the radiation of Al Kα line (1486.6 eV, 300 W) as the excitation source.
Binding energies were referenced to the C1s peak at 284.8 eV. The BET surface area of the
samples was determined by N2 adsorption by using NOVA4000 equipment (Quantachrome,
Boynton Beach, FL, USA). Prior to N2 adsorption, the samples were evacuated at 473 K
under vacuum for 4 h.

3. Results

3.1. The Structure, Morphologies and Composition of the Prepared Catalysts

X-ray diffraction analysis was used to analyze the phase structure and composition of
the prepared samples. Figure 1 shows the XRD patterns for BT, BT-10%T, and BT-20%T
samples. The characteristic diffraction peaks for the anatase phase are observed in both
BT-10%T and BT-20%T samples, suggesting that the anatase phase of the TiO2 has been
successfully synthesized on black talc [33]. The intensities of the characteristic peaks of talc
decreased with the TBOT amount and all the characteristic peaks of talc are observed in
the composite photocatalyst, which indicates that calcination at 550 ◦C cannot damage the
black talc structure.

Figure 1. XRD diffraction patterns for photocatalytic material.
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Figure 2 shows SEM images of black talc and BT samples. It can be seen that black
talc exhibits a layered structure with different sizes (Figure 2a,b). Most of the particle sizes
are less than 2 microns, but a minority can reach hundreds of microns. In the prepared
photocatalyst composite, a large amount of TiO2 particles with uniform size of 50 nm are
agglomerated on the surface of the black talc (Figure 2c,d).

Figure 2. (a,b) SEM images of black talc; (c,d) SEM images of the photocatalyst.

In order to further analyze the interaction between the TiO2 and black talc, X-ray
photoelectron spectroscopy (XPS) was used to test and analyze BT and BT-T (Figure 3).
Figure 3a shows that BT-T has a characteristic peak of Ti 2p, which is not existed in BT.
This indicated that TiO2 was successfully loaded on black talc. The analysis of the chemical
state of O 1s is shown in Figure 3b. There are two characteristic peaks emerging at 532.6 eV
and 529.8 eV for BT-T, which can be attributed to the existence of Si-O-Si and Ti-O-Si,
respectively [34,35], while only one characteristic peak can be observed in BT sample. From
this comparison, it can be seen that there is a chemical bonding between TiO2 and black
talc, which indicates the good stability of the composite.

3.2. Nitrogen Adsorption-Desorption Isotherms of the Prepared Catalysts

N2 adsorption-desorption isotherms of black talc and calcined talc are presented in
Figure 4. Both the black talc and calcined talc have almost the same value of specific surface
area, i.e., 11.96 m2/g and 10.17 m2/g, respectively. This means that the pore structure of
talc is not affected by the calcination at 550 ◦C, which is consistent with the analysis of XRD
results. Since both the nitrogen adsorption and desorption curves of the two samples have
hysteresis loops, which fit in typical IV according to the classification of the International
Union of Pure Theory and Applied Chemistry (IUPAC), it can be seen that both BT and
BT-OC samples have mesoporous structures.
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Figure 3. (a) XPS survey spectra of BT and BT-T, (b) O 1s high-resolution energy spectrum.

Figure 4. N2 adsorption-desorption isotherms of BT and BT-OC samples.
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3.3. The Adsorption Behavior and Photodegradation Behavior of the Prepared Photocatalysts

Figure 5 shows the adsorption effect curves of different samples for Rhodamine B.
Under dark conditions, the compound Rhodamine B itself in control group is relatively
stable with only 2.4% decay in the concentration. The adsorption rate of Rhodamine B by
uncalcined black talc is gradually improved from 5.3% to 21.0% with the increase of dose
amount from 10 mg to 90 mg. However, compared with BT sample (50 mg), the adsorption
rate of Rhodamine B by BT-OC calcined by oxygen decreased sharply to 4.3%, which was
only a little higher than the control group. This indicated that oxygen calcination could
remove organic carbon that can be used to adsorb Rhodamine B. It also shows that the
adsorption rate of BT-T (50 mg) was 17.8%, which was slightly lower than the adsorption
rate of 50 mg BT (19.7%). This is caused by the adhesion of TiO2 on the surfaces of black talc,
which can affect part of the role of carbon, resulting in a decrease in adsorption rate. After
120 min, the adsorption rate remained basically unchanged, meaning that the absorption
equilibrium was achieved.

Figure 5. The adsorption effect curves of RhB on different samples.

The physical adsorption of Rhodamine B solution to black talc follows the quasi-first-
order kinetic equation, as shown in Figure 6, where the adsorption performance for each
sample can be quantitatively evaluated through the apparent rate constant k.

−ln(C/C0) = kt (1)
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Figure 6. Kinetics fitting curves for the adsorption of RhB.

Table 1 below shows the value of the correlation coefficient R2 of the kinetic equation
and the apparent rate constant k. It can be seen that the correlation coefficient of the kinetic
equation of BT-OC and the control group is not high. This is due to the small adsorption
capacity of these two groups. The test data fluctuate greatly, causing the R2 value to be
small, and the correlation coefficients of the other groups of kinetic equations are higher,
which can be fitted by the kinetic equation. The maximum value of the apparent rate
constants 50 mg BT and 90 mg BT is 0.0019, which shows that the adsorption rate of 50 mg
BT and 90 mg BT is the fastest, followed by 50 mg BT-T. In order to maximize the reaction
efficiency, 50 mg sample was used in the degradation stage of this experiment, which had
the highest adsorption efficiency.

Table 1. The value of the correlation coefficient R2 and constant k of the kinetic equation.

Time 10 mgBT 30 mgBT 50 mgBT 70 mgBT 90 mgBT 50 mgBT-OC 50 mgBT-T Control Group

R2 0.98873 0.99967 0.98733 0.99865 0.99944 0.17109 0.94654 0.1593
K 0.0007 0.0011 0.0019 0.0016 0.0019 0.0001 0.0017 0.00006

After the adsorption experiment, the photocatalytic degradation experiment was
conducted on the BT and BT-T samples. At this stage, a set of adsorption degradation cycle
groups was added to compare with constant light degradation experiments. The cycle
process contained 20 min degradation followed by 20 min adsorption and it would be
continued until rhodamine B was completely degraded.

Figure 7 shows the degradation effect curves of different samples on RhB. Under UV
irradiation, the concentration of RhB in BT and the control group changed slightly (both
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less than 4%), indicating that Rhodamine B was quite stable under UV irradiation. The
degradation rate of BT-T after 200 min irradiation reached 95.1% and the degradation rate
of BT-T in the adsorption-degradation cycle group was 96.2%. Although the results were
very similar, the total irradiation time of BT-T in the adsorption-degradation cycle group
was 120 min, which was only 60% of the total irradiation time in the continuous light
group, thus proving the excellent effect of the adsorption degradation cycle groups. The
degradation cycle method can greatly reduce the use of light and achieve a degradation
efficiency slightly higher than that of constant lightening.

Figure 7. (a) Degradation effect curves of RhB with the different samplesunder UV irradiation. (b) The adsorption-
degradation effect curve of RhB with BT-T.

In order to compare the coupling performance of BT-T and BT-T cycle on the adsorp-
tion and degradation of Rhodamine B, we performed the kinetic fitting of the adsorption
and degradation of Rhodamine B for 120 min.

As shown in Figure 8, the apparent rate constants of adsorption and degradation of
BT-T cycle are 0.00274 and 0.00967, respectively. The apparent rate constants of adsorp-
tion and degradation of BT-T are 0.00146 and 0.00764, respectively. The adsorption and
degradation rates of the former are respectively 1.88 times and 1.27 times of the latter,
showing that the adsorption and degradation recycling can increase the rate of adsorption
and degradation and reduce the time required for the reaction. This is because in the
stage of pure adsorption of BT-T, the adsorption capacity will reach saturation. After
the pores are full, the adsorption capacity will be significantly weakened, but the cyclic
method can degrade the adsorbed RhB in time, making the adsorption capacity decrease to
a small extent.

In order to further test the stability of the prepared photocatalyst, cyclic degradation
tests were conducted, and the results are shown in Figure 9. The experimental results show
that the adsorption-degradation rate for RhB being catalyzed by BT-T was still around 90%
after five cycles, indicating good stability and reusability.
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Figure 8. (a) Kinetics fitting plots for the adsorption of RhB. (b) Kinetics fitting plots for the degradation of RhB.

Figure 9. Cycling degradation test of RhB on BT-T sample.

4. Discussion

Based on the above analysis, the photocatalytic mechanism of BT-T composite was
proposed. As shown in Scheme 1, TiO2 nanoparticles adhered to the surfaces of black talc
and formed stable Si-O-Ti bonds. This can avoid agglomeration and ensure that most of
TiO2 can be exposed to contact with pollutants. Moreover, there is a graphene-like carbon
layer in black talc, which has a characteristic adsorption effect on organic pollutants. Thus,
organic pollutants can be gathered around black talc. TiO2 nanoparticles that were adhered
on the surfaces of black talc can degrade pollutants and reduce the concentration of the
pollutants, which in turn can promote the adsorption of the pollutants. Therefore, both
TiO2 and black talc have synergic effects on each other, thus improving the photocatalytic
activity of the prepared composite.
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Scheme 1. Schematic diagram of photocatalytic performance enhancement mechanism of BT-T composite material.

5. Conclusions

In this study, a TiO2/black talc photocatalyst was prepared through the sol-gel method.
Black talc combined with TiO2 via chemical bonds and the composite demonstrated good
stability. The adsorption-degradation cycle can significantly improve the coupling perfor-
mance of the photocatalyst for rhodamine B. Compared with the constant light degradation
group, it can reduce irradiation time by 60% and reduce energy consumption. The degra-
dation rate of Rhodamine B by the composite photocatalyst could reach more than 95%
after 120 min and the degradation rate of the composite photocatalyst was more than 90%
after five cycles. Black talc can adsorb and enrich the pollutants around the photocatalyst,
which helps to improve its catalytic efficiency. Therefore, black talc can be used as an
effective carrier for the improvement of semiconductor photocatalyst performance and
cost reduction.
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Abstract: The remarkable adsorption capacity of graphene-derived materials has prompted their
examination in composite materials suitable for deployment in treatment of contaminated waters.
In this study, crosslinked calcium alginate–graphene oxide beads were prepared and activated by
exposure to pH 4 by using 0.1M HCl. The activated beads were investigated as novel adsorbents
for the removal of organic pollutants (methylene blue dye and the pharmaceuticals famotidine and
diclofenac) with a range of physicochemical properties. The effects of initial pollutant concentration,
temperature, pH, and adsorbent dose were investigated, and kinetic models were examined for fit to
the data. The maximum adsorption capacities qmax obtained were 1334, 35.50 and 36.35 mg g−1 for
the uptake of methylene blue, famotidine and diclofenac, respectively. The equilibrium adsorption
had an alignment with Langmuir isotherms, while the kinetics were most accurately modelled using
pseudo- first-order and second order models according to the regression analysis. Thermodynamic
parameters such as ΔG◦, ΔH◦ and ΔS◦ were calculated and the adsorption process was determined
to be exothermic and spontaneous.

Keywords: adsorption; graphene oxide; methylene blue; pharmaceuticals; kinetics; isotherms
and thermodynamics

1. Introduction

Micropollutants such as pharmaceuticals, personal care products, surfactants and
pesticides [1], as well as synthetic dyes [2], have been found virtually ubiquitously in
environmental matrices over the past decade. One major source of organic micropollu-
tants is the effluents from wastewater treatment plants (WWTPs), since most of these
emerging contaminants are poorly biodegradable [3]. In addition, the hazards presented
to human health and the ecosystem by thousands of trace contaminants in a “cocktail
effect” are not yet well understood, although advances in effect-based biomonitoring aim
to address this [4,5].

Methylene blue (MB) is a heterocyclic aromatic chemical dye used in textile, paper
and cosmetic industries [6]. It is not highly toxic but has significant adverse impacts on
aquatic ecosystems [2], retarding the photosynthetic activity of aquatic plants by affecting
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the light penetration, consuming dissolved oxygen or isolating metal ions, producing mi-
crotoxicity to organisms [7–10]. It can also be harmful to human health, causing heart rate
increase, nausea and vomiting [11]. Methylene blue is widely used as an indicator pollutant
to demonstrate the efficiency of novel adsorbent materials in the literature. Famotidine
(FMTD) is a histamine H2

-receptor antagonist used for treating gastroesophageal reflux dis-
ease and Zollinger–Ellison syndrome [12]. Famotidine has been shown to persist in WWTP
effluents [13–15]. Diclofenac (DFC) is a non-steroidal anti-inflammatory drug prescribed
to reduce inflammation, pain and dysmenorrhea; consumption is associated with serious
dose-dependent gastrointestinal, renal and hepatic adverse effects, and increases vascular
and coronary risks by about 33% [16,17]. Diclofenac is monitored in European surface
waters under the watch list mechanism for the Water Framework Directive, and has been
found almost ubiquitously in wastewater influent, wastewater effluent and surface wa-
ters [18]. Diclofenac exposure in trout has been shown to induce severe glomerulonephritis,
resulting in kidney failure [19], and it has been implicated in the collapse of Asian vulture
populations [20].

The removal of micropollutants and synthetic dyes using membrane-based technolo-
gies, ozonation, photolysis, photocatalysis [21–23], electrolysis, Fenton [24], photo-Fenton
oxidation and electrochemical oxidation [25] has been extensively investigated in the litera-
ture. In particular, adsorption technology holds a lot of advantages, such as easy operation,
fast decolorization and chemical oxygen demand removal efficiency; however, the main
limitation of adsorption technology is the low and non-selective adsorption capacity of
traditional adsorbents. The enhancement of adsorption capacity by increasing surface area
and optimizing pore size has received much research attention [26–31].

Graphene-based materials have received increasing attention as potential candidates
for composite preparation due to their high specific surface area and adsorption capacity.
Graphene oxide (GO) is a two-dimensional complex of carbon atoms decorated with
a multitude of oxygen-containing functional groups densely packed in a honeycomb
framework [32]. GO has unique properties, such as a large theoretical surface area, high
thermal and chemical stability, high conductivity and good mechanical flexibility [33],
showing a great potential as an adsorbent for the removal of pharmaceuticals [34], heavy
metals [35,36] or dyes [37]. However, using bare GO as an adsorbent agent causes the
agglomeration of GO, which requires a complex high-speed centrifuge for GO separation
from the solution [38]. Therefore, in this study, to stabilize the GO [39] and maximize the
ease of recovery, GO was incorporated into an alginate matrix (an anionic polysaccharide
used in paints, inks or pharmaceuticals). Alginate forms a hydrogel when mixed with
divalent cations, such as Ca2+, giving good mechanical properties. Acid-activation of the
beads provides an enhancement in the surface, area including micro- and mesopores [40,41].
In fact, the adsorption capacity of GO-montmorillonite/sodium alginate beads was recently
investigated [42].

In this work, the acid-activated (0.1 M HCl pH 4) adsorption capacity of calcium
alginate graphene oxide beads was evaluated as novel adsorbents for MB, FMTD and
DFC removal. In addition, the influence of initial pollutant concentration, adsorbent dose,
adsorption temperature and pH on adsorption capacity was investigated, along with an
examination of the kinetic and thermodynamic modelling of the reactions.

2. Materials and Methods

2.1. Materials

Graphite flakes (GF) were purchased from Asbury Carbons. Diclofenac sodium (DFC,
99%), famotidine (FMTC), methylene blue (MB) and alginic acid sodium salt (Na-Alg) were
purchased from Sigma Aldrich. The structure of analytes is given in Appendix A. Calcium
chloride dihydrate, sodium hydroxide, potassium permanganate and absolute ethanol
were purchased from Fischer Chemicals. Sulfuric acid (H2SO4, 95–98%) and hydrogen
peroxide (H2O2, 30%) was purchased from Merck Millipore. Hydrochloric acid (37%) was
provided by Acros Organics Dublin, Ireland.
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2.2. Methods
Preparation of Graphene oxide (GO) Solution and Ca-Alg2/GO Beads

GO was prepared according to a modified version of Hummer’s method [43]. In
this method, expanded graphite derived from graphite flasks is treated with H2SO4 to be
mixed with H2O2 in order to produce GO particles. To establish the concentration, 1 g
of GO suspension was placed in a dried, weighed beaker, dried overnight at 60 ◦C and
weighed again, and the concentration was then adjusted to 1% GO in DI water on a dry
mass basis. The details of the method and Ca-Alg2/GO bead preparation as well as dry
and wet images of Ca-Alg and Ca-Alg/GO beads are given in Appendix B.

2.3. Acid Activation of the Beads Activation

Beads for activation were placed into 600 mL beakers of DI water adjusted to pH 4
using 0.1M HCl, which were agitated for 3 h. Afterwards, the beads were collected, rinsed
three times with 300 mL of DI water and stored in a closed bottle at RT.

2.4. Characterization

The surface morphological structure of the beads was examined using scanning
electron microscopy (SEM) analysis using a Hitachi 3400 SEM, following gold coating.
Functional groups of the GO sheets as well as of the Ca-Alg2 and Ca-Alg2/GO beads
were identified by Fourier transform infrared spectroscopy (Appendix C). In addition, the
GO used for the beads’ preparation was characterized by X-ray diffraction and Raman
spectroscopy (Appendix D).

2.5. Adsorption Measurements

All adsorption measurements were carried out in 250 mL flasks with 0.05 g of ad-
sorbent (Ca-Alg2, Ca-Alg2/GO5, Ca-Alg2/GO10 or Ca-Alg2/GO20 dried beads) over
24 h on a shaker table operating at 125 rpm at room temperature (22 ◦C), unless otherwise
specified. Equilibrium for all pollutants was established by 24 h. In total, 75 mL of pollutant
solution at a concentration of 10 mg L−1 was added in each case, with a pH of 7 for MB and
FMTD and a pH of 2 for DFC, unless otherwise specified. The pollutant concentration was
determined using a UV-VIS spectrophotometer (Varian) at a wavelength of 660, 286 and
274 nm for MB, FMTD and DFC, respectively. Experiments were carried out in triplicate
and the average values reported along with the error bars represent the standard deviation.

2.5.1. Initial Pollutant Concentration

The initial pollutant concentrations tested were 10, 100, 500 and 1000 mgL−1 for MB,
10, 25, 100 and 250 mgL−1 for FMTD and 1, 5, 10 and 25 mgL−1 for DFC. The absorbed
amount at equilibrium (qeq (mg g−1)) was calculating using Equation (1):

qeq =

(
C0 − Ceq

)·V
mads

(1)

where C0 (mg L−1) is the initial pollutant concentration, Ceq (mg L−1) the equilibrium
pollutant concentration, V (L) the solution volume and mads (g) the adsorbent mass.

2.5.2. Adsorbent Dose

The effect of the adsorbent dose was studied using 0.01, 0.025, 0.05 and 0.1 g of
Ca-Alg2, Ca-Alg2/GO5, Ca-Alg2/GO10 or Ca-Alg2/GO20 dried beads.

2.5.3. pH

The adsorption was performed at pH 7, 9, 10 and 11 for MB and FMTD whereas the
adsorption for DFC was at pH 2, 3.5, 5 and 7.
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2.5.4. Temperature

The influence of the temperature was studied by performing the adsorption process
at 4, 22 and 30 ◦C.

2.5.5. Thermodynamics

The thermodynamic parameters of adsorption were determined at 4, 22 and 30 ◦C
in order to evaluate the feasibility and the spontaneous nature of the adsorption. The
adsorption distribution coefficient Kd is calculated using Equation (2):

Kd =
C0 − Ceq

Ceq
(2)

where C0 (mg L−1) is the initial concentration of the solution and Ceq (mg L−1) the equi-
librium concentration in solution. A plot of ln(Kd) versus 1/T gives a straight line where
the enthalpy change ΔH◦ (J·mol−1) and the entropy change ΔS◦ (J·K−1·mol−1) can be
calculated using (Equation (3)):

ln(Kd) =
ΔS◦

R
− ΔH◦

RT
(3)

where R is the ideal gas constant (8.345 J·mol−1·K−1) and T (K) is the temperature of the
solution during the adsorption process. The standard Gibbs free energy change can be
obtained from Equation (4):

ΔG◦ = ΔH◦ − TΔS◦ (4)

2.5.6. Kinetics

Kinetic parameters were studied using 0.05 g of Ca-Alg2, Ca-Alg2/GO5, Ca-Alg2/GO10
or Ca-Alg2/GO20 dried beads. The three most common models were examined as to
their fit to the experimental data [44]. The adsorbate capacity qt (mg g−1) at time t was
calculated using Equation (5):

qt =
(C0 − Ct)·V

mads
(5)

where C0 (mgL−1) is the initial concentration, Ct (mgL−1) the concentration at time t, V (L)
the volume of pollutant solution and mads (g) the adsorbent mass.

The linearized integral form of the pseudo-first-order Lagergren equation is given
by Equation (6):

ln
(

qeq − qt

)
= ln

(
qeq

)
− k1·t (6)

where k1 (min−1) is the Lagergren rate constant, qeq (mg g−1) is the maximum adsorbed
amount at equilibrium, and qt (mg g−1) is the amount of adsorption at time t (min).
The values of k1 and qeq were determined from the intercept and the slope of a plot of
ln(qeq − qt) versus t.

The linearized integral form of the pseudo-second-order model is shown in Equation (7):

t
qt

=
1

k2·q2
eq

− 1
qeq

·t (7)

where k2 (g·mg−1·min−1) is the pseudo second-order rate constant of adsorption. The
parameters k2 and qeq were determined from the intercept and the slope of a plot of t/qt
versus t.

The intraparticle diffusion model is represented in Equation (8):

qt = kip·t1/2 + Cip (8)
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where kip (mg g−1·min−0.5) is an intraparticle diffusion rate constant and Cip (mg g−1) is
related to the thickness of the diffusion boundary layer. These parameters were obtained
from a plot of qt versus t1/2.

2.5.7. Adsorption Isotherms

The Langmuir model and the Freundlich model were examined for their utility in
describing the adsorption process. The Langmuir equation is detailed in Equation (9): [45]

qeq = qmax·
Ceq

kL + Ceq
(9)

where qmax (mg g−1) is the maximum adsorption capacity corresponding to complete
monolayer coverage, Ceq (mgL−1) is the concentration at equilibrium in the solution and
kL (Lg−1) is a constant related to adsorption capacity and the energy of adsorption.

The Freundlich equation is an empirical model based on the adsorption on a heteroge-
neous surface [46], and is given in Equation (10):

qeq = kF·Cn (10)

where kF (L·g−1) and n (-) are the Freundlich constants, indicating the adsorption capac-
ity and the adsorption intensity, respectively. In order to determine the Langmuir and
Freundlich constants, Excel Solver was used to fit the adsorption isotherm models with
the experimental data. The sum of squared differences between experimental qeq and
calculated qeq was minimized by changing the constants of the models with the solver to
find the best non-linear regression.

2.6. Desorption Studies

After the concentration at equilibrium was determined, the beads were removed from
the solution and were washed three times with DI water. The desorption of pollutants from
the beads was examined using three different desorption systems, 0.1 M HCl, 1 M NaCl
and ethanol 1% v/v. The desorption process was carried out in 250 mL conical flasks with
75 mL of desorption solution at RT. The conical flasks were agitated for 24 h at 125 rpm.
Then, the final concentration in solution was determined using UV-VIS and the percentage
desorption was calculated using Equation (11):

Desorption =
(qeq,a − qeq,d)

qeq,a
·100 (11)

where qeq,d (mg g−1) is the adsorbed amount at equilibrium after 24 h of desorption, and
qeq,a (mg g−1) is the adsorbed amount at equilibrium after 24 h of adsorption.

3. Results and Discussion

3.1. Characterisation of Beads

SEM analysis was carried out in order to characterize the morphological structure of the
beads, and the results are given Figures 1 and 2 at 500× and 5000× magnification, respectively.

The SEM images show that increased graphene oxide concentration altered the mor-
phological structure of the beads by providing increased porosity and roughness. Due
to that increase, the beads had a greater surface available for interactions between ad-
sorbate and adsorbent. The Ca-Alg2/GO20 was typically carbonaceous with similarities
to the structure of activated carbon. The FTIR spectrum of GO sheets, Ca-Alg2 and Ca-
Alg2/GO beads is given in S4. No significant difference was observed between Ca-Alg2
and Ca-Alg2/GO beads, as the functional groups of the alginate overlap with GO.
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Figure 1. SEM images of beads at 500× magnification: Ca-Alg2 (A), Ca-Alg2/GO5 (B), Ca-
Alg2/GO10 (C), Ca-Alg2/GO20 (D).

 

Figure 2. SEM images of beads at 5000×; Ca-Alg2 (A), Ca-Alg2/GO5 (B), Ca-Alg2/GO10 (C), Ca-
Alg2/GO20 (D).

3.2. Effect of Operating Parameters on the Adsorption
3.2.1. Contact Time

The effect of the contact time on qt was examined by taking samples over 24 h. The
average of the results obtained for the adsorption of MB, FMTD and DFC is given in
Figure 3A–C, respectively.

The adsorption gradually increased with the contact time and slowed down progres-
sively to reach an equilibrium after 24 h. An increased adsorbate capacity was achieved with
an increased concentration of GO in the composites. Ca-Alg2/GO20 beads were the most
efficient for the adsorption of each compound, as expected. For the adsorption of MB, Ca-
Alg2/GO10 and Ca-Alg2/GO20 beads caused a significant improvement in the adsorbate
capacity by increasing it from 6.91 ± 0.83 mg g−1 to 9.18 ± 0.08 and 10.63 ± 0.17 mg g−1,
respectively, in comparison to Ca-Alg2 (control), with the p values of 0.034 and 0.023. For
the adsorption of FMTD, regardless the level of GO, Ca-Alg2/GO composites showed
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a significant improvement (p < 0.05) in adsorbate capacity from 2.78 ± 0.34 mg g−1 to
a maximum of 7.95 ± 0.54 mg g−1. On the other hand, for the adsorption of DFC, no
significant enhancements were seen (high level of error bars), which is attributed to the
molecular limitations of DFC.

Figure 3. Effect of the contact time on qeq of MB (A), FMTD (B) and DFC (C).

3.2.2. Pollutant Concentration

The effects of the different concentrations of methylene blue, famotidine and diclofenac
on the adsorption density (qeq) and the percentage removal are shown in Figures 4–6.

Figure 4. Effect of the initial MB concentration on qeq and adsorption percentage.
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Figure 5. Effect of the initial concentration of FMTD on qeq and adsorption percentage.

Figure 6. Effect of the initial concentration of DFC on qeq and adsorption percentage.

Higher adsorbed amounts of pollutant at equilibrium (qeq) were achieved with an
increased GO level in the composites when the initial concentration of the pollutants (MB,
FMTD and DFC) was higher. For the highest initial pollutant concentrations, which were
1000, 250 and 20 mgL−1 for MB, FMTD and DFC, respectively, all Ca-Alg2/GO beads
(regardless of the GO level) showed a significant increase in qeq value (p < 0.05) for DFC,
whereas Ca-Alg2/GO10 and Ca-Alg2/GO20 beads caused a significant improvement in the
qeq value of MB and FMTD. The greatest enhancements were achieved with Ca-Alg2/GO20
beads, and were from 856.4 ± 16.8 to 1036.2 ± 30.7mg g−1 (p: 0.022) for MB, from 18.6 ± 1.9
to 32.2 ± 0.8 mg g−1 (p: 0.004) for FMTD and from 14.1 ± 0.329 to 20.4 ± 0.427 mg g−1

(p: 0.0001) for DFC at the highest pollutant concentrations.
Ca-Alg2/GO20 beads showed the highest adsorption percentage for each pollutant,

as expected. The highest adsorption percentages were found to be 89.4 ± 0.25, 56.0 ± 1.7
and 80.9 ± 1.35 for MB, FMTD and DFC, respectively, which were significantly higher than
the corresponding control.

3.2.3. Adsorbent Dose

The effects of the adsorbent dose on adsorption density and adsorption percentage
were observed by using four different masses of beads varying from 0.01 to 1.0. The
adsorption densities (qeq) of four different types of beads and the percentages of adsorption
of MB, FMTD and DFC on Ca-Alg2/GO20 beads are given in Figures 7–9, respectively, as a
function of the amount of adsorbent.

A decreased adsorption density has been observed with the increased adsorbent dose
regardless of the type of beads and of pollutant. On the other hand, adsorption percent-
age increased significantly (p < 0.05) when using Ca-Alg2/GO20 beads from 52.9 ± 1.7
to 76 ± 0.4% for MB, from 12.2 ± 0.9 to 58.2 ± 0.5% for FMTD and from 39.7 ± 4.1
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to 96.1 ± 1.7% for DFC, due to the increase in adsorbent dose from 0.1 to 1.0. On the
contrary, the adsorption density decreased significantly (p < 0.05) from 38.9 ± 1.6 to
5.7 ± 0.1 mg g−1 for MB, from 9.2 ± 1.3 to 4.3 ± 0. mg g−1 for FMTD and from 29.5 ± 2.5
to 7.2 ± 0.1 mg g−1 for DFC due to the increase in adsorbent dose from 0.1 to 1.0. The
reduction in the adsorption density was attributed to a lower quantity adsorbed per unit
weight of the adsorbent, causing the presence of unsaturated adsorption sites [47] when
the adsorbent dose was increased [48,49]. Ca-Alg2/GO20 beads were shown to exhibit
significantly better adsorption than Ca-Alg2 beads.

Figure 7. Effect of the adsorbent dose on qeq MB.

Figure 8. Effect of the adsorbent dose on qeq FMTD.

Figure 9. Effect of the adsorbent dose on qeq DFC.
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3.2.4. pH

The impact of the pH on adsorption was observed by using four pH values (7, 9, 10,
and 11.5 for cationic molecules and 2, 3.5, 5 and 7 for anionic molecules). The averages of
the results obtained for the adsorption of MB, FMTD and DFC are shown in the figures
below (Figure 10A–C).

Figure 10. Effect of the pH on qeq MB (A), FMTD (B), DFC (C).

The adsorption percentage of MB at pH 7 was 62.9 ± 0.75%, which slightly increased
up to 68.6 ± 0.7% at pH 10 and attained a maximum value (Figure 10A) when Ca-
Alg2/GO20 beads were used. Similarly, the highest MB adsorptions were obtained at
pH 10 with other beads. The adsorption percentage of FMTD showed a peak at pH 10
with for different types of beads, with the maximum of 49.2 ± 1.6% (Figure 10B) when
Ca-Alg2/GO20 was used. Therefore, the adsorption of cationic molecules, MB and FMTD,
increases with higher pH solutions until they reach a pH of 10, then it starts to decrease.
This observation can be explained by looking at the pKa values of the analytes and Ca-
Alg2/GO20 beads. At pH 10, FMTD is in the neutral form, since its pKa value is 6.98 [50],
and it possess lower water solubility, thereby enhancing the adsorption process at this
pH. MB still possesses a positive charge at pH 10; however, GO has an increased negative
charge at pH 10 since the phenolic groups of GO now becoming ionized (GO pKa = 4.3;
6.6; 9.8 all acid groups and 50% of GO phenolic groups will be ionized) [51], enhancing
the charge attraction between MB and the adsorbent, which explains the larger adsorption
capacity between Ca-Alg2/GO20 and Ca-Alg2 in Figure 10A.

On the other hand, for the anionic molecules, DFC, the highest adsorption percentage
was observed as 96.1 ± 1.7% (Figure 10C) when Ca-Alg2/GO20 beads were used at pH
2. The adsorption percentage showed a sudden drop when the pH level increased to 3.5,
and further increases in pH level had a negative impact on adsorption for four different
bead types. The observed decrease in the adsorption of diclofenac at higher pH is a
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consequence of the non-ionized to ionized form of diclofenac (pKa = 4.0), alginate (pKa
mannuronic = 3.38 and guluronic acid = 3.65 [52]) and GO. At pH 2, the ratio of non-ionized
to ionized diclofenac is 100:1, that to alginate is 45:1 (pKa 3.65), and that to GO is 200:1 (see
Appendix E). These ratios change at pH 3.5 to 3.16:1, 1.4:1 and 6.3:1 for diclofenac, alginate
and GO, respectively. Thus, diclofenac, alginate and GO gain negative charge, and as a
consequence repulsion occurs. Furthermore, as diclofenac becomes negatively charged, its
water solubility is significantly enhanced, consequently reducing adsorption [53,54]. The
calculation of the pKa values of the pollutants and adsorbents is given in Appendix E.

3.2.5. Temperature

Adsorption studies were performed across three temperatures ranging from 4 to 30 ◦C
(4, 22 and 30 ◦C). The averages of the results obtained for the adsorption of MB, FMTD and
DFC are shown in Figure 11A–C.

 

Δ Δ Δ
° ° ° ° ° °

Δ Δ Δ
° ° ° ° ° °

Figure 11. Effect of the temperature on qeq of MB (A), FMTD (B), DFC (C).

The coldest temperature (4 ◦C) showed the highest adsorption percentages of 65.3 ± 0.9%
(Figure 11A), 53.3 ± 1.2% (Figure 11B) and 87.3 ± 3.4% (Figure 11C) for MB, FMTD and DFC,
respectively when Ca-Alg2/GO20 beads were used. The adsorption of MB, FMTD and
DFC decreased significantly due to stepwise increases in temperature to 22 and 30 ◦C, and
it reached 61.1 ± 1.0, 38.6 ± 4.0 and 47.1 ± 2.0%, respectively, under the same conditions.
This may be explained by an exothermic adsorption process [55].

3.3. Thermodynamics

Thermodynamic studies were conducted based on the feasibility and the spontaneous
nature of adsorption [44]. The distribution coefficients for the adsorption Kd, enthalpy
change ΔH◦, entropy change ΔS◦ and Gibbs free energy change ΔG◦ were calculated using
Equations (2)–(4). The results are given in the Tables 1–3.
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Table 1. Thermodynamic parameters for MB adsorption on Ca-Alg2, Ca-Alg2/GO5, Ca-Alg2/GO10 and Ca-Alg2/GO20 beads.

Adsorbent
Kd ΔG◦ (kJ·mol−1) ΔH◦ (kJ·mol−1) ΔS◦ (J·K−1·mol−1)

4 ◦C 22 ◦C 30◦C 4 ◦C 22 ◦C 30 ◦C

Ca-Alg2 1.07 0.59 0.48 −0.144 1.240 1.855 −21.44 −76.9
Ca-Alg2/GO5 1.18 0.77 0.73 −0.341 0.504 0.879 −13.34 −46.9

Ca-Alg2/GO10 1.19 1.08 1.04 −0.401 −0.186 0.091 −3.712 −12.0
Ca-Alg2/GO20 1.88 1.68 1.60 −1.459 −1.272 −1.189 −4.338 −10.4

Table 2. Thermodynamic parameters for FMTD adsorption on Ca-Alg2, Ca-Alg2/GO5, Ca-Alg2/GO10 and Ca-Alg2/GO20 beads.

Adsorbent
Kd ΔG◦ (kJ·mol−1) ΔH◦ (kJ·mol−1) ΔS◦(J·K−1·mol−1)

4 ◦C 22 ◦C 30 ◦C 4 ◦C 22 ◦C 30 ◦C

Ca-Alg2 0.11 0.04 0.01 4.747 9.465 11.56 −67.85 −262
Ca-Alg2/GO5 0.17 0.11 0.05 3.926 6.226 7.248 −31.46 −128

Ca-Alg2/GO10 0.44 0.38 0.32 1.847 2.505 2.797 −8.277 −36.6
Ca-Alg2/GO20 1.14 0.98 0.63 −0.418 0.473 0.868 −14.13 −49.5

Table 3. Thermodynamic parameters for DFC adsorption on Ca-Alg2, Ca-Alg2/GO5, Ca-Alg2/GO10 and Ca-Alg2/GO20 beads.

Adsorbent
Kd ΔG◦ (kJ·mol−1) ΔH◦ (kJ·mol−1) ΔS◦ (J·K−1·mol−1)

4 ◦C 22 ◦C 30 ◦C 4 ◦C 22 ◦C 30 ◦C

Ca-Alg2 2.90 1.55 0.55 −2.758 −0.042 1.165 −44.56 −151
Ca-Alg2/GO5 4.96 1.80 0.58 −3.982 −0.704 0.753 −54.43 −182

Ca-Alg2/GO10 5.48 2.61 0.74 −4.352 −1.342 −0.004 −50.67 −167
Ca-Alg2/GO20 6.88 3.81 0.93 −4.896 −2.047 −0.781 −48.74 −158

A significant decrease (p < 0.05) in the distribution coefficient (Kd) was observed
in all cases when the adsorption temperature was increased from 4 to 30 ◦C, indicating
better adsorption at lower temperatures. For example, the Kd value for the adsorption
of MB, FMTD and DFC on Ca-Alg2/GO20 beads decreased from 1.88 to 1.60, 1.14 to
0.63 and 6.88 to 0.93, respectively, as a result of increasing the temperature from 4 to
30 ◦C. Furthermore, negative enthalpy (ΔH◦) and entropy (ΔS◦) changes were seen in
the adsorption of MB, FMTD and DFC on Ca-Alg2 and Ca-Alg2/GO beads (Tables 1–3).
Negative enthalpy change indicates that the adsorption process is exothermic in nature,
while negative entropy change suggests a reduction in randomness at the solid–solute
interface during adsorption [56]. Moreover, the adsorption of MB and DFC on all beads
was found to be spontaneous at 4 ◦C and 22 ◦C, respectively, due to the negative Gibbs free
energy changes (ΔG◦); however, the spontaneity decreased with the increasing tempera-
ture. Spontaneity was achieved when Ca-Alg2/GO20 beads were used as the adsorbent.
The adsorption of FMDT on Ca-Alg2/GO20 was only found to be spontaneous at 4 ◦C.
Several studies indicate that the absolute magnitude of the change in Gibbs free energy for
physisorption is between −20 kJ·mol−1 and 0 kJ·mol−1, and chemisorption occurs between
−80 kJ·mol−1 and −400 kJ·mol−1 [57,58]. Thus, the adsorption process observed seems to
be physisorption.

3.4. Kinetics

Three models, pseudo-first-order Lagergren, the pseudo-second-order model and
intraparticle diffusion, were fitted to the experimental data, and the models are given in
Figure 12. All the kinetic parameters for the adsorption of MB, FMTD and DFC are given
in Tables 4–6.

The adsorbed amounts of MB and FMTD predicted using the pseudo-first-order model
are lower than the experimental data, and the values of R2 are better under the pseudo-
second-order model. The experimental values for MB are 6.91 mg g−1 and 10.63 mg g−1

for Ca-Alg2 and Ca-Alg2/GO20, respectively, but the results for the pseudo-first-order
model are 6.27 mg g−1 and 9.79 mg g−1 for Ca-Alg2 and Ca-Alg2/GO20, respectively; for
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the pseudo-second-order model, the results are 7.84 mg g−1 and 12.66mg g−1 higher than
in the experimental data; however, the R2 values are 0.9907 instead of 0.9657 for the case
of Ca-Alg2, and 0.9993 instead of 0.9991 for Ca-Alg2/GO20. For FMTD, the experimental
results are 2.78 mg g−1 and 7.95 mg g−1, but the predictions of the pseudo-first-order
model are 2.57 mg g−1 and 8.50 mg g−1 for Ca-Alg2 and Ca-Alg2/GO20, respectively; for
the pseudo-second-order model, the predictions are 2.93 mg g−1 and 8.50 mg g−1; as we
can see, the experimental data are higher than those from the pseudo-first-order model and
lower than those from the pseudo-second-order model only for the Ca-Alg2 beads, while
for the Ca-Alg2/GO20 beads the experimental results are lower than the predicted ones.
However, the R2 results are better for the pseudo-second-order model. This indicates that
the adsorption process does not fit the pseudo-first-order model, and shows applicability
to the pseudo-second-order model for describing the adsorption of methylene blue and
famotidine onto Ca-Alg2 and Ca-Alg2/GO beads [59].

Figure 12. The linearized integral form of the pseudo-first-order Lagergren equation of methylene blue (A1), famotidine
(B1) and diclofenac (C1), linearized integral form of the pseudo-second-order model of methylene blue (A2), famotidine (B2)
and diclofenac (C2) and intraparticle diffusion model of methylene blue (A3), famotidine (B3) and diclofenac (C3) using
Ca-Alg2 ( ), Ca-Alg2/GO5 (�), Ca-Alg2/GO10 (�) and Ca-Alg2/GO20 (•) beads.
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Table 4. Kinetic parameters for MB adsorption onto Ca-Alg2, Ca-Alg2/GO5, Ca-Alg2/GO10 and Ca-Alg2/GO20 dried beads.

Adsorbent

Pseudo-First-Order Pseudo-Second-Order Intraparticle Diffusion

qeq (mg g−1) k1 (min−1) R2 (-) qeq (mg g−1)
k2

(g·mg−1·min−1)
R2 (-)

kid

(mg g−1·min−0.5)
C (mg g−1) R2 (-)

Ca-Alg2 6.27 5.1 × 10−3 0.9657 7.84 8.3 × 10−4 0.9907 0.479 −1.68 0.9580
Ca-Alg2/GO5 7.22 3.6 × 10−3 0.9974 8.70 5.0 × 10−4 0.9995 0.358 −0.957 0.9997
Ca-Alg2/GO10 8.55 3.0 × 10−3 0.9979 10.81 3.5 × 10−4 0.9991 0.409 −1.10 0.9996
Ca-Alg2/GO20 9.79 2.8 × 10−3 0.9991 12.66 2.7 × 10−4 0.9993 0.457 −1.28 0.9998

Table 5. Kinetic parameters for FMTD adsorption onto Ca-Alg2, Ca-Alg2/GO5, Ca-Alg2/GO10 and Ca-Alg2/GO20 dried beads.

Adsorbent

Pseudo-First-Order Pseudo-Second-Order Intraparticle Diffusion

qeq (mg g−1) k1 (min−1) R2 (-) qeq (mg g−1)
k2

(g·mg−1·min−1)
R2 (-)

kid

(mg g−1·min−0.5)
C (mg g−1) R2 (-)

Ca-Alg2 3.70 2.4 × 10−3 0.9756 4.64 5.5 × 10−4 0.9405 0.248 −0.882 0.8809
Ca-Alg2/GO5 4.28 1.6 × 10−3 0.9820 5.72 4.4 × 10−4 0.9147 0.340 −1.23 0.9355
Ca-Alg2/GO10 4.74 1.9 × 10−3 0.9865 6.31 3.3 × 10−4 0.9422 0.409 −0.821 0.8817
Ca-Alg2/GO20 4.26 1.8 × 10−3 0.9879 6.33 7.7 × 10−4 0.9712 0.556 −1.44 0.9992

Table 6. Kinetic parameters for DFC adsorption onto Ca-Alg2, Ca-Alg2/GO5, Ca-Alg2/GO10 and Ca-Alg2/GO20 dried beads.

Adsorbent

Pseudo-First-Order Pseudo-Second-Order Intraparticle Diffusion

qeq (mg g−1) k1 (min−1) R2 (-) qeq (mg g−1)
k2

(g·mg−1·min−1)
R2 (-)

kid

(mg g−1·min−0.5)
C (mg g−1) R2 (-)

Ca-Alg2 3.70 2.4 × 10−3 0.9756 4.64 5.5 × 10−4 0.9405 0.095 0.107 0.9684
Ca-Alg2/GO5 4.28 1.6 × 10−3 0.9820 5.72 4.4 × 10−4 0.9147 0.117 0.110 0.9740

Ca-Alg2/GO10 4.74 1.9 × 10−3 0.9865 6.31 3.3 × 10−4 0.9422 0.131 −0.130 0.9858
Ca-Alg2/GO20 4.26 1.8 × 10−3 0.9879 6.33 7.7 × 10−4 0.9712 0.117 1.190 0.9835

The diffusion mechanism during the adsorption process was studied using the intra-
particle diffusion model. The plot of qt versus t1/2 shows a non-linear form, indicating that
the adsorption process occurs in more than one step, as there are two distinct linear regions.
The first straight region is attributed to macro-pore diffusion, and the second linear region
to micro-pore diffusion. The first portion characterizes the instantaneous utilization of the
adsorbing sites on the adsorbent surface. On the other hand, the second region is attributed
to the slow diffusion of the methylene blue from the surface film into the micro-pores [60].

The predictions for the adsorbed amount of diclofenac obtained using the pseudo-
first-order model fit the experimental data better than those obtained using the pseudo-
second-order model. The experimental results are 3.78 mg g−1 and 5.81 mg g−1 for Ca-Alg2
and Ca-Alg2/GO20, respectively; for the pseudo-first-order model, the predictions are
3.70 mg g−1 and 4.64 mg g−1 for Ca-Alg2 and Ca-Alg2/GO20, respectively; for the pseudo-
second-order model, the predictions are 4.26 mg g−1 and 6.33 mg g−1 for Ca-Alg2 and
Ca-Alg2/GO20, respectively. The predictions are higher in every case except for the
pseudo-first-order model and the Ca-Alg2/GO20 beads. Moreover, the values of the
correlation coefficient R2 are higher for the pseudo-first-order model, meaning that the
adsorption process of diclofenac into Ca-Alg2 and Ca-Alg2/GO beads can be described by
the Lagergren model. The intraparticle diffusion model shows a straight line, indicating
the adsorption process, because the intercept is close to 0 [61].

3.5. Adsorption Isotherms

The adsorption isotherms for methylene blue were built by testing nine different
concentrations, namely, 1, 5, 10, 25, 50, 100, 250, 500 and 1000 mg·L−1. The adsorption
was carried out over 24 h at 125 rpm, room temperature, and pH 7, with 0.05 g of beads.
The isotherms obtained for each kind of bead are shown in Figure 13, and the data fit
results are given in Table 7. The results show that an increase in GO concentration of the
beads improves the adsorbed amount of dye at equilibrium. The Langmuir model fits the
experimental data better than the Freundlich model, as indicated by the goodness-of-fit
tests (Table 7).
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Figure 13. Adsorption isotherms for MB using (A) Ca-Alg2, (B) Ca-Alg2/GO5, (C) Ca-Alg2/GO10
and (D) Ca-Alg2/GO20 dried beads.

Table 7. Langmuir and Freundlich isotherm constants for MB adsorption onto Ca-Alg2 and Ca-Alg2/GO beads.

Adsorbent
Langmuir Freundlich

qmax (mg·g−1) KL (L·g−1) R2 (-) KF (L·g−1) n (-) R2 (-)

Ca-Alg2 1064 85.56 0.9778 43.26 0.503 0.9270
Ca-Alg2/GO5 1153 88.93 0.9716 41.02 0.530 0.9109
Ca-Alg2/GO10 1212 84.21 0.9782 42.64 0.537 0.8941
Ca-Alg2/GO20 1334 76.21 0.9894 45.10 0.558 0.8541

The adsorption isotherms for FMTD were performed by using 1, 5, 10, 25, 50, 100 and
250 mgL−1 of solution, whereas for diclofenac, the concentrations were 1, 5, 10, 15 and
20 mgL−1. The adsorption process was carried out over 24 h at 125 rpm, room temperature,
and pH 7, with 0.05 g of beads. The adsorption models of FMTD and DFC are given in
Figures 14 and 15, while the data fit results are given in Tables 8 and 9, respectively.

The results for the adsorption isotherms of FMTD and DFC indicate similar behaviour
to MB. Indeed, the Langmuir model better fits the experimental data between each com-
pound and each different kind of bead. Tables 7–9 shows the Langmuir and Freundlich
isotherm constants and correlation coefficients for MB, FMTD and DFC adsorption.

The values of R2 are higher with the Langmuir model, indicating that this model
better fits the experimental data than the Freundlich isotherm for each kind of bead and
each pharmaceutical. The Langmuir model presumes that the adsorption process occurs
on a homogenous surface via monolayer adsorption.
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Figure 14. Adsorption isotherms of FMTD using (A) Ca-Alg2, (B) Ca-Alg2/GO5, (C) Ca-Alg2/GO10
and (D) Ca-Alg2/GO20 dried beads.

Figure 15. Adsorption isotherms of DFC using (A) Ca-Alg2, (B) Ca-Alg2/GO5, (C) Ca-Alg2/GO10
and (D) Ca-Alg2/GO20 dried beads.
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Table 8. Langmuir and Freundlich isotherm constants for FMTD adsorption onto Ca-Alg2 and Ca-Alg2/GO beads.

Adsorbent
Langmuir Freundlich

qmax (mg·g−1) KL (L·g−1) R2 (-) KF (L·g−1) n (-) R2 (-)

Ca-Alg2 28.96 123.2 0.9809 0.680 0.615 0.9351
Ca-Alg2/GO5 31.69 85.39 0.9733 1.190 0.552 0.9173
Ca-Alg2/GO10 33.57 57.02 0.9611 2.099 0.479 0.8593
Ca-Alg2/GO20 35.50 23.10 0.9214 4.647 0.374 0.7491

Table 9. Langmuir and Freundlich isotherm constants for DFC adsorption onto Ca-Alg2 and Ca-Alg2/GO beads.

Adsorbent
Langmuir Freundlich

qmax (mg·g−1) KL (L·g−1) R2 (-) KF (L·g−1) n (-) R2 (-)

Ca-Alg2 30.74 11.10 0.9457 2.795 0.725 0.8937
Ca-Alg2/GO5 31.81 9.020 0.9175 3.441 0.705 0.8707
Ca-Alg2/GO10 33.72 5.988 0.8886 5.055 0.662 0.8401
Ca-Alg2/GO20 36.35 5.066 0.8872 5.992 0.672 0.8322

The constants KF and n indicate the adsorption capacity and the adsorption intensity,
respectively. As indicated by the experimental data, the adsorption capacity KF increases
gradually with graphene oxide concentration, and the constant n is lower than 1, meaning
the adsorption isotherm is favourable. The maximum adsorption capacities qmax obtained
are 1334, 35, 50 and 36.35 mg g−1 for the uptake of methylene blue, famotidine and
diclofenac, respectively. This means that Ca-Alg2/GO beads are an efficient adsorbent for
the removal of these contaminants, particularly for methylene blue as, to our knowledge,
this is the highest adsorption capacity for MB that has been reported in the literature.

3.6. Desorption

The desorption of each compound adsorbed onto Ca-Alg2 and Ca-Alg2/GO beads
was studied using HCl/NaOH 0.1M, NaCl 1M and ethanol 1% v:v. The results of the
percentage desorbed after 24 h are shown in Figure 16.

The desorption of MB from the beads was higher when using HCl 0.1 M than with
NaCl or ethanol. The results show that 89 ± 9.9% and 44 ± 0.6% of MB are desorbed for
Ca-Alg2 and Ca-Alg2/GO20 beads, respectively. Indeed, excesses of H+ protons seem to be
able to force the cationic dye to be released by arising on the adsorption sites on the surfaces
of the beads. It is more difficult to cause the release of MB from beads with graphene oxide
due to the stronger affinity. NaCl 1 M also showed good results for the desorption of MB.
However, the ionic strength of sodium chloride 1 M destabilizes the structure of calcium
alginate beads, making them soft, fragile, and crumbly. As such, a high-concentration
salt solution cannot be use as a desorbent due to the inability to reuse the beads. Ethanol
solution showed low desorption of MB, as the main interactions between adsorbate and
adsorbent are typically ionic bonds, and ethanol has a low ability to remove the dye from
the beads with van der Waals’ forces.

On the other hand, the desorption of famotidine using HCl 0.1 M showed less satisfac-
tory results. This might be due to the poor solubility in a low pH solution or to the presence
of hydrogen bonds between the adsorbent and the adsorbate, making hydrochloric acid
unable to release the drug into the solution. Hydrogen bonds could also explain why the
ionic strength of NaCl is insufficient to remove the cationic pharmaceutical from the beads,
in addition to destroying the stability of the beads. As for MB, ethanol has little effect on
the van der Waals’ interaction for the removal of famotidine because of the stability of
hydrogen bonds.
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Figure 16. Desorption (%) of MB (A), desorption qeq of MB (B), desorption (%) of FMTD (C),
desorption qeq of FMTD (D), desorption (%) of DFC (E) and desorption qeq of DFC (F).

The results regarding the desorption of diclofenac from the beads showed that ethanol
1% v:v is able to release the pharmaceutical into solution. The percentages of desorption
are high, around 70%, and the results present little difference between each of the kinds
of beads. Diclofenac was desorbed from the beads with NaOH 0.1 M, mainly due to a
change in the pH of the solution. As the results of the effect of pH showed, the adsorption
of diclofenac was low in high pH solution. Similarly, to other compounds, NaCl is not
an efficient desorbent, and it damages the stability of the beads by interacting with the
structure of the polymer.

4. Conclusions

The SEM analysis showed that an increase in graphene oxide modified the morpho-
logical structure of the beads. Indeed, they become more porous and rougher with a
higher surface available for the interactions between adsorbate and adsorbent. As expected,
during the adsorption process, Ca-Alg2/GO20 beads present the best adsorption for each
compound. The effect of initial concentration, adsorbent dose, pH and temperature all
play an important role in the adsorption. The results show that a higher concentration
of pharmaceuticals increases the force of the diffusion of the drug adsorbed by the beads.
With a lower concentration of beads, the adsorbed amount at equilibrium qeq increases
because of a higher amount adsorbed per unit of weight of the adsorbent. On the other
hand, the percentage of removal decreases due to the fewer adsorption sites available.
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The pH can modify the structure of the beads along with the pharmaceuticals, causing a
change in the interactions between adsorbate and adsorbent. The adsorption process is
better at low temperature than high temperature, meaning the adsorption mechanism is
exothermic (as confirmed by H◦), and thermodynamic studies show that the physisorption
is spontaneous. The pseudo-second-order model is the best fit for the experimental data
concerning the kinetics of adsorption for methylene blue and famotidine; however, the
Lagergren pseudo-first order model is better suited to diclofenac. Furthermore, each com-
pound follows the Langmuir model for isotherm adsorption, with a maximum adsorption
capacity of 1334, 35.50 and 36.35 mg·g−1 for methylene blue, famotidine and diclofenac,
respectively. It should be noted that the adsorption capacity of MB onto calcium alginate
graphene oxide beads, particularly Ca-Alg2/GO20 composites, was found to be superior
in comparison to other adsorbents, ranging from commercial activated carbon adsorption
capacity (980.3 mg·g−1) to bioadsorbents adsorption capacity, such as modified biomass
of baker’s yeast (869.6 mg·g−1), and many other natural adsorbents, such as biomass and
coal-derived activate carbon, as reviewed in detail by [62]. In addition, GO and alginate
incorporation outperformed a graphene-derived nanocomposite (Fe3O4

- graphene at meso-
porous SiO2), wherein the adsorption capacity of this graphene-derived nanocomposite
was reported to be 178.49 mg·g−1 in terms of MB removal [32]. Furthermore, the adsorption
capacity of MB was recently published as 150.66 mg·g−1 when GO was incorporated with
sodium alginate to produce aero gel beads. Therefore, it can be concluded that graphene
oxide calcium alginate composite is a superabsorbent useful for MB removal from water, in
addition to being superior to the previously researched compounds [42,63]. Furthermore,
by treating the Alg2/GO20 composites that had come in contact with the absorbates MB
or diclofenac with 0.1 M HCl and ethanol 1% v:v, the absorbates could be efficiently re-
moved/desorbed, and the Alg2/GO20 composite beads were regenerated without damage
to bead integrity. Further investigations need to be performed for famotidine, as little
desorption was observed with the desorption candidates examined.

These beads appear to be an efficient adsorbent for dyes and pharmaceuticals, partic-
ularly for methylene blue. This novel technology could be applied as a polishing step in
water treatment in order to reduce the concentration of these micropollutants, as well as of
the synthetic dyes that negatively impact the environment, human health and aquatic life.
Methylene blue is widely used a model pollutant in adsorption studies. It is interesting to
note that while the performance of the beads assessed in this study is excellent for MB, it
is less than ideal for FMTD and DFC. This calls into question the validity of the common
approach of using a single-component pollutant for novel adsorbent testing. However,
the treatment of an MB, FMTD and DFC mixture via Alg2/GO beads might have an in-
fluence on the adsorption/desorption capacities. Therefore, conducting an experimental
study targeting the removal of mixed pollutants via Alg2/GO beads is suggested as a
future direction.
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Appendix A

Figure A1. Structure of Analytes.

Appendix B

Appendix B.1. Preparation of GO

Graphite flakes were microwaved in small portions in a glass beaker in a 700 W
microwave (modified, vented) on maximum power three times for 10 s each time to produce
expanded graphite; 2 g of expanded graphite, 10 g of dried potassium permanganate and
250 mL of H2SO4 were added to a 2 L round bottomed flask, and stirred overnight at room
temperature (RT). After that, 500 mL of deionized (DI) water was added into the flask,
maintaining the temperature below 80 ◦C using an ice bath.

In total, 100 mL of H2O2 was added slowly to the mixture (color change to golden
brown), after that the mixture was stirred for 30 min and the resulting particles were
washed with 750 mL of 10% HCl solution and centrifuged three times. To remove any
residual traces of preparatory chemicals, the obtained GO was resuspended in 750 mL of
DI water and centrifuged three times, and the washed GO was resuspended in 50 mL of DI
water to achieve a thick paste. To establish the concentration, 1 g of GO suspension was
spread in a dried, weighed beaker, dried overnight at 60 ◦C and weighed again, and the
concentration was then adjusted to 1% GO in DI water on a dry mass basis.

Appendix B.2. Preparation of Ca-Alg2/GO Beads

Na-Alg/GO solutions were prepared by weighing 5, 10 or 20 g of 1% w/w GO
concentrate into a conical flask, then 50 mL of DI water was added to the flask. The
suspension was ultrasonicated for 20 min to ensure good dispersion of GO, and was then
added to 250 mL of a 2% w/w Na-Alg solution and stirred until a homogenous mixture
was obtained.

Ca-Alg2 beads were prepared using the Na-Alg solution without GO by using a
syringe pump with a flow rate of 20 mL min−1 and two 10 mL syringes with a 1 mm needle.
The solution was dropped into an aqueous coagulation bath of CaCl2 6% w/v, and the bath
was continuously agitated with a magnetic stirrer in order to prevent beads agglomeration.
The beads were left for 24 h without agitation to achieve the complete formation of Ca-

461



Materials 2021, 14, 6343

Alg2 gel beads, and the beads were collected and washed three times with 500 mL of
DI water. The same procedure was used to prepare Ca-Alg2/GO5, Ca-Alg2/GO10 and
Ca-Alg2/GO20 beads. Activated beads were then dried at 60 ◦C over 2 days in order to
reach a constant weight. The beads were stored in plastic vials at room temperature.

 
Figure A2. Images of Ca-Alg/GO and Ca-Alg dried beads (average diameter 0.46 ± 0.02 cm).

Figure A3. Images of (a) Ca-Alg and (b) Ca-Alg/GO wet gel beads. The scale bar = 0.5 cm.

Appendix C.

Figure A4. GO FTIR spectrum of GO sheets used in the preparation of alginate beads.
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Figure A5. FTIR spectrum of Ca-Alg2 and Ca-Alg2/GO beads.

Appendix D.

XRD pattern of GO used in the preparation of the alginate beads
It can be seen that the as-prepared GO shows a distinct peak at 10◦ attributed to the

(002) plane and corresponding to a layer-to-layer distance (d-spacing) of about 0.82 nm. The
crystallite size of graphene oxide sheets is about 7.5nm based on the calculations from the
half width at maximum (HWFM) of the X-ray diffraction peak using Scherrer’s equation.

Figure A6. Raman spectrum of GO used in the preparation of the alginate beads.

463



Materials 2021, 14, 6343

Figure A7. GO displayed a strong D band at 1357 cm−1. Raman spectra can be deconvoluted (inset
spectrum) to three Lorentzian peaks (with adj. R-Squared ≥ 92%). D/IG is 1.27 for GO.

Appendix E.

Detailed calculation of pKa values for pollutants and adsorbents, Henderson–
Hasselbach equation.

Table A1. Reported pKa values from the literature.

Alginate Graphene Oxide Famotidine Diclofenac

pKa = 3.38 pKa = 3.65 pKa = 4.3 pKa = 6.6 pKa = 9.8 pKa=6.98 pKa = 4.15

Henderson–Hasselbach Equation:

pH = pKa + log [acid]/[base]

Table A2. Example of [acid]/[base] ratio for Diclofenac at various pH values.

pH of Solution pH = 2 pH = 3.5 pH = 5 pH = 7

Acid/base 100/1 3.16:1 0.1:1 0.001:1

464



Materials 2021, 14, 6343

Appendix F.

SEM, TEM and AFM images of bare GO in various forms

 

Figure A8. SEM images of (a–e) GO sponge at different magnifications, (f) GO sheet surface, (g) GO
single sheet edge, (h) GO sponge photo.

 

Figure A9. TEM images of (a) thin GO sheet, (b) HETEM of single-layer GO sheet and (c) SAED pattern of GO.

Figure A10. (a) AFM image of GO dispersion deposited on SiO2/Si substrate. GO sheets are expected to be around 1 nm
thick due to the presence of covalently bonded oxygen and the displacement of the sp3 hybridized carbon atoms slightly
above and below the original graphene basal plane 304. (b) Average thickness of ~0.8 nm according to the height profile.
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Abstract: A novel acylhydrazone-based fluorescent sensor NATB was designed and synthesized
for consecutive sensing of Al3+ and H2PO4

−. NATB displayed fluorometric sensing to Al3+ and
could sequentially detect H2PO4

− by fluorescence quenching. The limits of detection for Al3+ and
H2PO4

− were determined to be 0.83 and 1.7 μM, respectively. The binding ratios of NATB to Al3+

and NATB-Al3+ to H2PO4
− were found to be 1:1. The sequential recognition of Al3+ and H2PO4

−

by NATB could be repeated consecutively. In addition, the practicality of NATB was confirmed
with the application of test strips. The sensing mechanisms of Al3+ and H2PO4

− by NATB were
investigated through fluorescence and UV–Visible spectroscopy, Job plot, ESI-MS, 1H NMR titration,
and DFT calculations.

Keywords: aluminum ion; dihydrogen phosphate; acylhydrazone; fluorescent chemosensor; sequential
detection; calculations

1. Introduction

Al3+, the third most abundant metallic element in nature [1,2], is broadly employed
in daily life in packaging materials, pharmaceuticals, food additives, machinery, clinical
medicines, and water purification [3,4]. Owing to its widespread usage, Al3+ could be
readily accumulated in the body, which leads to the development of diverse diseases
such as Parkinson’s and Alzheimer’s disease [5,6]. Dihydrogen phosphate (H2PO4

−) is an
important component related to many intercellular activities, such as signaling mediation,
protein phosphorylation, enzymatic reactions, ion-channel regulation, and so on [7–9].
However, excessive agricultural use of phosphate causes eutrophication or massive algal
growth, leading to a deficiency in oxygen levels [10–12]. For these reasons, there has
been a strong demand for the development of sensing and detection methods for Al3+

and H2PO4
−.

The traditional analytical methods reported for the analysis of cations and anions,
such as ICP-AES, AAS, and electrochemical methods, have been largely restricted due
to their expensive instruments, complicated procedures, and the need for highly trained
operators [13–15]. In contrast, fluorescence methods have shown the advantages of cost-
effectiveness, simplicity, easy operation, and high sensitivity [16–18]. While numerous
fluorescent chemosensors for a single analyte have been reported, fluorescent chemosensors
that allow the sequential sensing of multiple analytes with great selectivity and sensitivity
are still needed [19–21] because they are more cost-effective, recyclable and practical [22–24].
Several fluorescent sensors have been addressed for consecutive sensing of Al3+ and several
anions [25–28] or several cations and H2PO4

− [29–31]. In addition, Kumar et al. reported a
fluorescent sensor for sequential sensing of Al3+ and H2PO4

−/HSO4
− [32]. The practical

importance of sequential sensing may have potential applications such as logic gates and
molecular switches. Nevertheless, a sequential fluorescent sensor that can exclusively
detect Al3+ and H2PO4

− has not been reported to date.
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As Al3+ is a hard cation, chemosensors containing hard base units, such as nitrogen
or oxygen atoms, prefer to coordinate with Al3+ [33–35]. In this regard, acylhydrazone
derivatives, having oxygen and nitrogen atoms, are expected to be a suitable functional
group to design an Al3+ chemosensor [36–38]. Naphthalene moieties have been widely
applied for the design of fluorescent sensors because of their excellent photophysical
properties as a fluorophore [39–41]. Hence, we expected that a compound including both
acylhydrazone and naphthalene may operate as a fluorescence chemosensor for Al3+.

In the current study, we designed an acylhydrazone-based fluorescent sensor, NATB,
which showed green fluorescence emissions with Al3+ and could sequentially detect
H2PO4

− through fluorescence quenching with high sensitivity and selectivity. A sensing
mechanism of NATB to Al3+ and H2PO4

− was illustrated by fluorescence and UV–Vis
spectroscopy, Job plot, ESI-MS, 1H NMR titration, and calculations.

2. Experimental Section

2.1. Materials and Equipment

All solvents and reagents were commercially obtained from TCI (TCI, Nihonbashi-
Honcho, Tokyo, Japan) and Sigma-Aldrich (MilliporeSigma, Burlington, MA, USA). NMR
experiments were conducted using DMSO-d6 as the solvent, and the data were recorded
on a Varian spectrometer (Varian, Palo Alto, CA, USA). Fluorescence and UV–Visible
spectra were measured with Perkin Elmer machines (Perkin Elmer, Waltham, MA, USA).
The quantum yields of NATB and NATB-Al3+ were relatively determined with quinine
(Φ = 0.54 in 1 × 10−1 M H2SO4) as a reference. ESI-MS data were recorded on a Thermo
Finnigan machine (Thermo Finnigan LLC, San Jose, CA, USA).

2.2. Synthesis of N′-[(E)-(3-tert-butyl-2-hydroxyphenyl)methylidene]-3-hydroxynaphthalene-
2-carbohydrazide (NATB)

The intermediate compound, 3-hydroxy-2-naphthohydrazide (2), was synthesized
following a previously reported method [42]. The excess amounts of 3-(tert-butyl)-2-
hydroxybenzaldehyde (1, 1.8 mmol) and 3-hydroxy-2-naphthohydrazide (2, 0.3 mmol)
were mixed in absolute EtOH (10 mL) with a catalytic amount of HCl and stirred at room
temperature for 1 day. A yellow precipitate was filtered, rinsed with cold absolute EtOH,
and dried (77.2 mg, 70.1%); 1H NMR in DMSO-d6: δ 12.42 (s, 1H), 12.24 (s, 1H), 11.19 (s, 1H),
8.63 (s, 1H), 8.45 (s, 1H), 7.93 (d, 1H), 7.77 (d, 1H), 7.53 (t, 1H), 7.38 (t, 1H), 7.35 (s, 1H),
7.32 (d, 1H), 7.30 (d, 1H), 6.91 (t, 1H), 1.43 (s, 9H). 13C NMR in DMSO-d6: δ 163.23 (1C),
156.90 (1C), 153.75 (1C), 151.45 (1C), 136.36 (1C), 135.84 (1C), 130.31 (1C), 129.53 (1C), 128.59
(1C), 128.54 (1C), 128.20 (1C), 126.69 (1C), 125.75 (1C), 123.75 (1C), 119.86 (1C), 118.70 (1C),
117.54 (1C), 110.54 (1C), 34.39 (1C), 29.16 (3C). ESI-MS (m/z): [NATB + H+]+ calcd 363.17,
found 363.04.

2.3. Preparation of Spectroscopic Experiments

An NATB stock (10 mM) was prepared in DMSO. The stock solutions (20 mM) of
varied cations were prepared using their nitrate salts (Al3+, Na+, Cr3+, Fe2+, Ca2+, Cd2+,
Zn2+, Pb2+, Co2+, Cu2+, In3+, Mn2+, Ga3+, Ni2+, Mg2+, Ag+, Hg2+ and K+) or perchlorate
salt (Fe3+). The concentrated solutions (20 mM) of varied anions were prepared using their
tetrabutylammonium salts (H2PO4

−, SCN−, BzO−, N3
−, OAc− and NO2

−), tetraethylam-
monium salts (F−, Cl−, Br−, I− and CN−), sodium salts (S2− and ClO−), or potassium
salts (HPO4

2−, PO4
3−, HSO4

− and P2O7
4−(PPi)). All spectroscopic experiments were

conducted in MeOH.

2.4. Competitive Experiments

For Al3+, 6 μL (10 mM) of an NATB stock in DMSO was mixed into MeOH (2 mL) to
make 30 μM. A total of 4.5 μL of various cations (20 mM) in DMF was diluted in NATB to
make 45 μM. Finally, 4.5 μL (20 mM) of an Al3+ stock in DMF was mixed into each solution
to produce 45 μM, and their fluorescent spectra were measured.
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For H2PO4
−, 6 μL (10 mM) of an NATB stock in DMSO and 4.5 μL (20 mM) of an

Al3+ stock in DMF were diluted into MeOH (2 mL) to produce 30 μM of NATB-Al3+. We
added 4.5 μL of various anions (20 mM) in H2O to NATB-Al3+ to produce 45 μM. A total
of 4.5 μL (20 mM) of an H2PO4

− stock was diluted into each solution to produce 45 μM.
Their fluorescent spectra were measured.

2.5. Determination of Association Constant (K)

The association constant (K) was calculated using Li’s method [43]. If the ligand (L) and
the analyte (M) form an m-n complex, MmLn, the equilibrium constant of the corresponding
complex, K, can be expressed by the following equation:

[M]m =
1

nK
1

[L]n−1
T

1 − α

αn

where,
[M] = the concentration o f analyte

[L}T = the total concentration o f ligand

and α could be described as:
α =

I − Imax

Imin − Imax

where,
I = the f luorescence intensity o f complex

2.6. Calculations

Calculations were achieved with the Gaussian 16 program [44]. Optimal geometries of
NATB and NATB-Al3+ were provided with the DFT method [45,46]. B3LYP was selected
as the hybrid functional basis set. The 6–31G(d,p) basis set was implemented to all atoms
except Al3+ [47,48], and the LANL2DZ basis set was employed for applying ECP to
Al3+ [49–51]. No imaginary frequency was found in the optimized states of NATB or
NATB-Al3+, indicating their local minima. The solvent effect of MeOH was considered
with IEFPCM [52]. Based on the energy-optimized structures of NATB and NATB-Al3+, the
plausible UV–Vis transition states were calculated by the TD-DFT method with 20 lowest
singlet states.

3. Results and Discussion

The synthesis of NATB was conducted as depicted in Scheme 1. The condensation
reaction of 3-(tert-butyl)-2-hydroxybenzaldehyde (1) and 3-hydroxy-2-naphthohydrazide
(2) produced the desired product, N’-[(E)-(3-tert-butyl-2-hydroxyphenyl)methylidene]-3-
hydroxynaphthalene-2-carbohydrazide (NATB), which was verified with 1H NMR, 13C
NMR (Figures S1 and S2), and ESI-MS.

Scheme 1. Synthesis of NATB.
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3.1. Spectroscopic Examination of NATB to Al3+

To confirm the fluorescence selectivity of NATB, the fluorescence emission was stud-
ied with a variety of cations in MeOH (Figure 1). As a result, NATB exhibited notable
fluorescence emission at 526 nm with Al3+, while NATB and NATB with other cations
showed negligible or no fluorescence emission (λex = 358 nm). These outcomes demon-
strated that NATB could be utilized as a fluorescent probe for the selective sensing of Al3+.
On the other hand, NATB was soluble in aqueous media, but it did not show any selectivity
to Al3+. In addition, the fluorescence emission of NATB was examined with various anions
including dihydrogen phosphate. NATB had no selectivity for the anions.

Figure 1. Fluorescence changes of NATB (30 μM) with a variety of cations (1.5 equiv) in MeOH.
Photograph: the fluorescent images of NATB and NATB-Al3+ (λex: 358 nm).

To check the concentration-dependent properties of NATB to Al3+, fluorescence titra-
tion was carried out (Figure 2). NATB exhibited little fluorescence with a tiny quantum
yield (Φ = 0.008). However, the continuous increase in Al3+ up to 1.5 equiv significantly
enhanced the green fluorescence emission at 526 nm (Φ = 0.162). UV–Vis spectrometry was
also conducted with Al3+ to examine its photophysical characteristics (Figure 3). Upon the
addition of Al3+, the absorption of 310 nm clearly decreased, while a new absorption of
325 nm constantly increased up to 1.5 equiv. An explicit isosbestic point was observed at
315 nm, verifying that the coordination of NATB with Al3+ produced a stable complex.

A 1:1 stoichiometric coordination between NATB and Al3+ was suggested by the Job
plot experiment (Figure S3), which was explicitly supported by ESI-MS analysis (Figure S4).
The positive ion mass displayed a large peak of 596.16 (m/z), which was correlated to
[NATB(-H+) + Al3+ + 2 DMF + NO3

−]+ (calcd. 596.23). The association constant (K) of
NATB-Al3+ was confirmed to be 3.6 × 104 M−1 (Figure S5) based on Li’s method [43]. The
detection limit of NATB toward Al3+ was 0.83 μM, based on 3σ/slope (Figure S6).

The 1H NMR titrations were achieved to investigate the binding mechanism of NATB

toward Al3+ (Figure 4). Upon the addition of Al3+ to NATB, the proton H14 continually
disappeared and the protons H5 and H6 were deshielded. These results indicate that the
deprotonated oxygen on the tert-butylphenol group and the oxygen and nitrogen on the
acylhydrazone group may be coordinated to Al3+ (Scheme 2).

472



Materials 2021, 14, 6392

Figure 2. Fluorescence titration of NATB (30 μM) with varied amounts of Al3+ (0–1.5 equiv) in MeOH.

Figure 3. UV–Vis changes of NATB (30 μM) with varied amounts of Al3+ (0–1.5 equiv) in MeOH.
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Figure 4. 1H NMR titration of NATB with Al3+ in DMSO-d6.

Scheme 2. Sequential recognition mechanism of Al3+ and H2PO4
− by NATB.

To verify the practicability of NATB as a probe for Al3+, an interference experiment
was conducted (Figure S7). NATB could detect Al3+ with other cations without significant
interferences, except for In3+, Fe3+ and Cu2+. These three cations bound more tightly
to NATB than Al3+. For the practical application of NATB, test kits were prepared by
immersing filter paper strips in the NATB solution. When NATB-coated test kits were
immersed in a range of concentrations of Al3+ solutions, the obvious green fluorescence
emission showed up above 2 mM of Al3+ under UV light (Figure 5a). However, the
fluorescence was not displayed when those strips were applied to the same concentration
of other cations (Figure 5b). These results indicate the potential applications of NATB in
easily recognizing Al3+ without any complicated tools.
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Figure 5. Detection of Al3+ by NATB-coated test kits (10 mM). (a) NATB-coated test kits immersed in the solution of
different Al3+ concentrations; (b) NATB-coated test kits immersed in 2 mM of various cation solutions.

3.2. Calculations

To comprehend the Al3+-sensing property of NATB, DFT calculations were performed
with the Gaussian 16 program (Figure 6). As the Job plot, ESI-MS, and 1H NMR titration
implied a 1:1 stoichiometric coordination of NATB with Al3+, all calculations were con-
ducted with 1:1 stoichiometry. NATB showed a dihedral angle of 0.013◦ (1O, 2C, 3N, and
4C) with a planar structure (Figure 6a). The coordination of NATB with Al3+ distorted its
structure, showing a dihedral angle of 98.875◦ (Figure 6b).

Based on the energy-minimized structures of NATB and NATB-Al3+, TD-DFT calcu-
lations were conducted to inspect the transition energies and molecular orbitals. NATB

featured the main absorption induced from the HOMO → LUMO (347.28 nm), showing
intra-charge transfer (ICT) transition from the tert-butylphenol to the naphthol (Figure S8).
The major absorption of NATB-Al3+ derived from the HOMO-1 → LUMO transition
(412.27 nm) also showed a similar ICT transition (Figures S9 and S10). The reduction in
the energy gap was consistent with the red-shift of the experimental absorption. These
outcomes led us to conclude that the fluorescence turn-on mechanism of NATB to Al3+

may be a chelation-enhanced fluorescence (CHEF) effect [53]. Based on experimental data
and theoretical calculations, an appropriate binding structure of NATB-Al3+ is proposed
in Scheme 2.
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Figure 6. Energy-optimized forms of (a) NATB and (b) NATB-Al3+.

3.3. Spectroscopic Examination of NATB-Al3+ to H2PO4
−

We studied the fluorescence selectivity of NATB-Al3+ to a range of anions such as
H2PO4

−, Cl−, CN−, OAc−, F−, ClO−, I−, N3
−, BzO−, SCN−, Br−, NO2

−, S2−, HPO4
2−,

PO4
3−, HSO4

−, and PPi in MeOH (Figure 7). Most of the anions did not affect the flu-
orescence emission of NATB-Al3+, while the addition of H2PO4

− toward NATB-Al3+

resulted in significant fluorescence quenching (λex = 358 nm). The result demonstrated that
NATB-Al3+ could be used as a chemosensor for H2PO4

− with fluorescence quenching.

Figure 7. Fluorescence changes of NATB-Al3+ (30 μM) with various anions (45 μM) in MeOH
(λex: 358 nm). Photograph: the fluorescent images of NATB-Al3+ and NATB-Al3+-H2PO4

−

(λex: 358 nm).
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The fluorescence titration experiments were conducted to verify the fluorescence
quenching ability of H2PO4

− toward NATB-Al3+ (Figure 8). The fluorescence of NATB-
Al3+ consistently diminished with the addition of H2PO4

− up to 1.5 equiv (Φ = 0.005). UV–
Vis spectroscopy showed that the continuous addition of H2PO4

− increased the absorbance
at 310 nm, while those at 270 and 325 nm decreased with the explicit isosbestic points at
253 and 315 nm (Figure 9). The UV–Vis spectrum of H2PO4

− with NATB-Al3+ is analogous
to that of free NATB, implying that the addition of H2PO4

− released Al3+ from the NATB-
Al3+ complex (Figure S11).

Figure 8. Fluorescence titration of NATB-Al3+ (30 μM) with various amounts of H2PO4
−

(0–1.5 equiv) in MeOH.

Figure 9. UV–Vis changes of NATB-Al3+ (30 μM) with various amounts of H2PO4
− (0–1.5 equiv)

in MeOH.
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The stoichiometry of H2PO4
− toward NATB-Al3+ was determined by the Job plot

experiment (Figure S12), which exhibited a 1:1 stoichiometry. The mass spectral anal-
ysis displayed a peak of 395.06 (m/z), which demonstrated the regeneration of NATB

([NATB + H+ + MeOH]+; calcd. 395.20) (Figure S13). These outcomes supported the mech-
anism that the addition of H2PO4

− released Al3+ from NATB-Al3+, which resulted in the
loss of fluorescence. Based on Li’s method [43], the association constant (K) for H2PO4

−
with NATB-Al3+ was calculated as 1.2 × 104 M−1 (Figure S14). The detection limit of
NATB-Al3+ toward H2PO4

− was determined as 1.7 μM, based on 3σ/slope (Figure S15).
Importantly, NATB is the first fluorescent sensor for the consecutive sensing of Al3+ and
H2PO4

− (Table S1). On the other hand, NATB showed higher detection limits for Al3+ and
H2PO4

− compared to Kumar’s work [32], but it could solely detect H2PO4
− without the

interference of HSO4
−.

The reversibility in the response of NATB was verified through the alternative ad-
ditions of Al3+ and H2PO4

− (Figure 10). The fluorescence emission of NATB repeated
its enhancing and quenching processes several times without fluorescence efficiency loss.
To verify that NATB-Al3+ is an effective fluorescence probe for H2PO4

−, the interfer-
ence of other anions was tested (Figure S16). The results indicated that the presence of
other anions (1.5 equiv) did not interfere with the fluorescence quenching of NATB-Al3+

toward H2PO4
−.

Figure 10. Change in fluorescence of NATB (30 μM) upon alternate addition of Al3+ and H2PO4
− in

MeOH (λex: 358 nm).
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4. Conclusions

An acylhydrazone-based chemosensor NATB was developed and its sequential recog-
nition of Al3+ and H2PO4

− was studied. NATB showed a strong fluorescence increase
with Al3+, and its complex NATB-Al3+ sequentially detected H2PO4

− by releasing Al3+

with turn-off fluorescence. Importantly, NATB is the first sequential fluorescent probe for
selective sensing of Al3+ and H2PO4

−. Detection limits of NATB for Al3+ and H2PO4
−

were calculated as 0.83 and 1.7 μM, respectively, based on 3σ/slope. NATB could repeat
sequential recognition of Al3+ and H2PO4

− several times and could be applied to detect
Al3+ in test strips. The sensing mechanism of NATB toward Al3+ and H2PO4

− was demon-
strated with a Job plot, ESI-MS, 1H NMR spectroscopy, and theoretical calculations. The
detection mechanism of NATB toward Al3+ is suggested to be a CHEF effect through
DFT calculations.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ma14216392/s1, Table S1: Examples of chemosensors for successive detection related to
Al3+ or H2PO4

− or both; Figure S1: 1H NMR spectrum of NATB in DMSO-d6; Figure S2: 13C
NMR spectrum of NATB in DMSO-d6; Figure S3: Job plot for the binding of NATB with Al3+

(50 μM) in MeOH. Fluorescence intensity at 526 nm is plotted as a function of the molar ratio of
[Al3+]/([Al3+] + [NATB]); Figure S4: Positive-ion ESI mass spectrum of NATB (100 μM) in MeOH
upon the addition of 1 equiv of Al3+ in DMF; Figure S5: Li’s equation plot (at 526 nm) of NATB

(30 μM) in MeOH, based on fluorescence titration, assuming 1:1 stoichiometry for association between
NATB and Al3+; Figure S6: Calibration curve of NATB as a function of Al3+ concentration in MeOH.
[NATB] = 30 μM and [Al3+] = 0–18 μM (λex = 358 nm); Figure S7: Competitive experiments of NATB

(30 μM) toward Al3+ (45 μM) in the presence of other metal ions (45 μM, λex = 358 nm) in MeOH;
Figure S8: (a) The theoretical excitation energies and the experimental UV–Vis spectrum of NATB.

(b) The major electronic transition energies and molecular orbital contributions of NATB; Figure S9:
(a) The theoretical excitation energies and the experimental UV–Vis spectrum of NATB-Al3+. (b) The
major electronic transition energies and molecular orbital contributions of NATB-Al3+; Figure S10:
The major molecular orbital transitions and excitation energies of NATB and NATB-Al3+; Figure S11:
UV–Vis spectra of NATB and NATB-Al3+ with H2PO4

− in MeOH, respectively; Figure S12: Job
plot for the stoichiometry of NATB-Al3+ with H2PO4

− (30 μM) in MeOH. Fluorescence intensity
at 526 nm is plotted as a function of the molar ratio of [NATB-Al3+]/([NATB-Al3+] + [H2PO4

−]);
Figure S13: Positive-ion ESI mass spectrum of NATB-Al3+ (100 μM) in MeOH upon the addition
of 1 equiv of H2PO4

− in H2O; Figure S14: Li’s equation plot (at 526 nm) of NATB-Al3+ (30 μM)
based on fluorescence titration in MeOH, assuming 1:1 stoichiometry for association between NATB-
Al3+ and H2PO4

−; Figure S15: Calibration curve of NATB-Al3+ in MeOH as a function of H2PO4
−

concentration. [NATB-Al3+] = 30 μM and [H2PO4
−] = 0.0–18.0 μM (λex = 358 nm); Figure S16:

Interference studies of NATB-Al3+ (30 μM) toward H2PO4
− (45 μM) in the presence of other anions

(45 μM, λex = 358 nm) in MeOH.
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Abstract: H2S is a common but hazardous impurity in syngas, biogas, or natural gas. For some
advanced power generation technologies, such as integrated gasification combined cycle (IGCC),
solid oxide fuel cells, H2S content needs to be reduced to an acceptable level. In this work, a
series of highly porous Zn-Cu and Zn-Co composites with three-dimensionally ordered macropores
(3DOM) structure were synthesized via the colloidal crystal template method and used to remove
H2S at 150 ◦C and one atm. Scanning electron microscopy (SEM), transmission electron microscopy
(TEM), nitrogen adsorption studies, X-ray diffraction (XRD), and X-ray photoelectron spectroscopy
(XPS) were carried out to analyze the fresh and spent adsorbents. The results show that all the
adsorbents possess well-ordered macropores, a large surface area, and a highly dispersed active
phase. The relative content of Zn and (Cu or Co) has a significant influence on the desulfurization
performance of adsorbents. The addition of CuO significantly increases the sulfur capacity and
3DOM-Zn0.5Cu0.5 shows the largest sulfur capacity of all the adsorbents, reaching up to 102.5 mg/g.
The multiple adsorption/regeneration cycles of 3DOM-Zn0.5Cu0.5 and 3DOM-Zn0.5Co0.5 indicate
that the as-prepared adsorbents are stable, and the sulfur capacity can still exceed 65% of the fresh
adsorbents after six cycles.

Keywords: porous materials; H2S removal; low-temperature desulfurization; metal oxide; regeneration ability

1. Introduction

Hydrogen sulfide (H2S) is a major impurity that originates from varieties of processes
such as coke ovens, coal or natural gas manufacturing, and oil refining [1,2]. H2S impurity
must be removed since it is highly hazardous to both the environment and industrial
processes. For example, H2S can corrode industrial equipment and pipelines, and sulfur
dioxide generated by H2S combustion is a cause of acid rain. The olfactory threshold of
H2S is 0.005 ppm and the acceptable environment limit for H2S is 0.02–0.1 ppm [3].

Many methods, including alcohol amine absorption, adsorption, ionic liquid ab-
sorption, etc., have been developed to remove H2S from gas streams [4–6]. Among these
methods, adsorption has attracted more and more attention from scholars because of its low
cost and high desulfurization activity. In 1976, various metal oxides were thermodynami-
cally screened to remove H2S, and 11 metal oxides were found to have high-temperature
desulfurization potential by Westmoreland et al. [7], including Zn, Fe, Mn, Co, V, W, Mo,
Ca, Sr, Ba, and Cu. The adsorption reaction mechanism is based on the formation of metal
sulfides from metal oxides and hydrogen sulfide [8,9]. Compared with high-temperature
(>500 ◦C) desulfurization, mid-(200–500 ◦C) and low-temperature (<200 ◦C) desulfur-
ization can simplify operations and reduce costs. Because of its thermal stability and
desulfurization activity, ZnO has attracted much attention in low and mid-temperature
desulfurization [10–12].

Bulk ZnO has a large particle size, insufficient porosity, and low surface area, which
results in low sulfurization kinetics and grains agglomeration. To solve this problem,
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porous ZnO and ZnO nanoparticles supported on meso-/microporous materials have
been extensively studied. Tran et al. [13] prepared a porous ZnO with high porosity using
agarose gels as templates. The result showed that porous ZnO exhibited a much higher
sulfur capacity (457 mg·g−1) than that of the commercial ZnO (245 mg·g−1). Yang et al. [14]
synthesized a series of mesoporous ZnO/SiO2 sorbents with the aid of activated carbon.
The presence of activated carbon made ZnO highly dispersed and produced more oxygen
vacancies in ZnO. The highest H2S adsorption capacity of this material could reach up to
160.95 mg·g−1 and corresponding ZnO utilization was 69%. Moreover, with the increase
of ZnO loading, the adsorption capacity decreased due to ZnO agglomeration. Further-
more, researchers investigated the desulfurization performance of ZnO/mesoporous silica
prepared in various ways. Wang et al. [15,16] prepared mesoporous SBA-15 with different
loading of ZnO nanoparticles via incipient wetness impregnation and investigated H2S
removal ability. The prepared materials could remove H2S from 1000 ppm to less than
0.1 ppm at a zinc loading of 3.04 wt% and a sulfur capacity of 436.6 mg·g−1. They also
found that as the reaction proceeded, the formation of zinc sulfide would condense in
the pores and limit the gas diffusion, thereby reducing adsorption ability. Geng et al. [17]
adopted a melt infiltration method to prepare ZnO supported on SBA-15, MCM-41, and
MCM-48 and conducted desulfurization experiments at room temperature. Compared with
the impregnation method, melt infiltration could make ZnO nanoparticles more uniform in
the pores. The optimal ZnO loading on SBA-15 and MCM-41 was 20 wt%, and on MCM-48
was 30 wt%, and the sulfur capacities were 41.0, 54.9, 53.2 mg·g−1, respectively.

However, pure ZnO has some drawbacks, such as grain agglomeration and zinc evap-
oration. The addition of another metal oxide as an active additive was investigated [18–23].
For instance, a series of ZnO/TiO2 composites with different Zn/Ti ratios were prepared from
amorphous citrate precursors by Lew et al. [19]. The desulfurization result indicated that
the addition of TiO2 could stabilize ZnO adsorbents but raise operation temperature. Tran
et al. [13] found that Ni-doped ZnO adsorbent showed a much higher desulfurization capacity
compared with pure ZnO as Ni provided additional active sites. Moreover, The Ni-doped
ZnO adsorbent was easily and completely regenerated by heat treatment in air. Furthermore,
Shangguan et al. [20] combined Al2O3 and K2CO3 additives with ZnO adsorbents. The pre-
pared materials showed an improved performance and a high resistance to generating COS.
Balsamo et al. [21] loaded mixed oxides of Zn and Cu on activated carbon. The utilization ratio
of the active phase increased along with CuO content and CuO could obviously promote the
reactivity of ZnO. Generally, incorporating zinc oxide with another metal oxide produces a
synergistic effect during desulfurization processes and the surface reactions are more complex.

Recently, 3DOM materials with interconnected pores have been extensively studied
and have attracted widespread attention in the fields of photonics, batteries, and catalyst
support [24–26]. 3DOM materials have an ordered skeleton structure that consists of
uniform close-packed macropores, ranging from several nanometers to several hundred
nanometers. The materials have some advantages including high surface area, excellent
internal diffusion, large porosity, and large pore volume due to their unique structure,
making them attractive as catalysts, especially for diffusion-controlling processes. In earlier
studies, ZnO- [27], Fe2O3- [28], CuO- [29], Co3O4- [30] based 3DOM have been prepared
and their desulfurization abilities were investigated. The results showed that the structure
provided open and interconnected pores and improved metal oxides dispersion, resulting
in better reaction kinetics and higher H2S breakthrough capacity. However, few reports of
the materials with mixed metal oxides used as H2S removal adsorbents have been found.

According to the above findings, 3DOM structure can promote gas diffusion inside
the adsorbent and improve adsorption-reaction kinetics. Copper oxide or cobalt oxide,
as additives, have a synergic effect with ZnO-based adsorbent in the desulfurization
processes. In this work, a series of 3DOM ZnO-CuO and 3DOM ZnO-Co3O4 adsorbents
were synthesized for the first time. The total metal oxide’s loading was 30 wt.% but with
different Zn/Cu or Zn/Co atomic ratios. The H2S removal performance of the adsorbents
was evaluated under dry conditions. The initial and spent adsorbents were characterized
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by XRD, SEM, TEM, N2 sorption, and thermogravimetry-mass spectrometry (TG-MS). The
regeneration ability was also studied. This study intends to provide a new insight for a
rational design of efficient ZnO-based adsorbents.

2. Materials and Methods

2.1. Chemicals

Zinc nitrate hexahydrate (AR, 99%), Copper dinitrate (AR, 99%), and Cobalt nitrate
hexahydrate (AR, 99%) were obtained from Shanghai Macklin Biochemical Co. Ltd (Shang-
hai, China). Styrene (AR, 99.5%), tetraethyl orthosilicate (AR, 99%) and citric acid (AR,
99%) were provided by Energy Chemical (Anhui, China). Potassium persulfate (AR, 99.5%)
was purchased from Modern Oriental Technology development Co. Ltd (Beijing, China).
Methanol (AR, 99.5%), ethylene glycol (AR, 99.5%), ethanol (AR, 99.7%) were obtained
from Shanghai Titan Scientific Co. Ltd (Shanghai, China). Hydrochloric acid (36–38 wt%)
was purchased from Beijing lanyi chemical products Co. Ltd. (Beijing, China).

2.2. Preparation of Adsorbents

3DOM adsorbents were prepared by the colloidal crystal template method as described
elsewhere [31,32]. Before preparation, the monodispersed polystyrene (PS) microspheres
and well-arrayed assembly template are required. The typical preparation process of
3DOM adsorbents is as follows. First, tetraethyl orthosilicate (TEOS), anhydrous ethanol,
hydrochloric acid, and distilled water at a molar ratio of 1:3.9:0.3:1.8 were mixed to obtain
silicon sol. Then a certain amount of zinc nitrate hexahydrate and copper dinitrate (or a
certain amount of zinc nitrate hexahydrate and cobalt nitrate hexahydrate) were dissolved
in a mixture of methanol and ethylene glycol (2:3, V/V) to achieve a metal nitrate solution
with a concentration of 1 M. Then the silicon sol and metal nitrate solution were mixed
to get a final precursor solution with different metal contents. The well-arrayed PS hard
templates were thoroughly immersed in the precursor solution for 6h and the excessive
solution was removed by vacuum filtration. After that, the wet template was air-dried at
room temperature overnight. Finally, the obtained material was calcined under flowing air
in tube finance. The temperature was raised from room temperature to 300 ◦C at a heating
rate of 1 ◦C/min and held for 2 h, then raised to 500 ◦C at 1 ◦C/min and held for 3 h. In
this work, the nominal metal oxides content (Zn + Cu, Zn + Co) was set to 30 wt%, whereas
the atomic ratio of Zn:Cu or Zn:Co was varied. The adsorbents were denoted as 3DOM-
ZnxM1−x, where M stands for Cu or Co; x indicates the atom fraction of Zn with respect to
Zn + M. Letters S and R, represent the spent and regenerated adsorbents, respectively.

2.3. Adsorbents Characterization

Nitrogen adsorption-desorption isotherms were determined by the auto surface area
and pore size analyzer (Quadrasorb SI) at liquid nitrogen boiling temperature (77 K).
The specific area of adsorbents was evaluated by the Brunauer–Emmett–Teller (BET)
method and the pore characteristics were evaluated by the Barrett–Joyner–Halenda (BJH)
method. The phase structure of the adsorbents was determined by X-ray diffraction (XRD,
D8 Advance, Bruker, Germany). X-ray photoelectron spectroscopy (XPS) measurements
were performed using ESCALAB 250Xi spectrometer equipped with a monochromated
Al Kα source. The morphology of adsorbents was observed by scanning electron micro-
scope (SEM, SU8010, Hitachi, Japan) and high-resolution transmission electron microscope
(HRTEM, JEM2100F, JEOL, Akishima-shi, Japan).

2.4. H2S Adsorption Experiments

H2S dynamic adsorption tests were carried out at 150 ◦C to determine the break-
through capacities of adsorbents under a dry atmosphere on a quartz tubular fixed bed
(6 mm inner diameter × 380 mm long). The apparatus is shown in Figure 1. For desul-
furization experiments, ~0.04 g as-prepared adsorbent was ground to 40–80 mesh and
placed in the middle of a quartz tube, supported by quartz wool. The required gas com-
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position was supplied by separated gas cylinders using mass flow controllers. Prior to
the desulfurization test, the air inside the apparatus was removed by N2 for 20 min at the
flow rate of 50 mL/min. Then the fixed bed was heated to 150 ◦C. When the temperature
was reached, the sulfur breakthrough capacity was measured using an H2S/N2 mixture
with 1000 ppm H2S as a sulfur source. The initial concentration of H2S was 200 ppm
and the breakthrough point was set when the tail gas contained 20 ppm H2S, which was
determined by a gas chromatograph (huaai, GC-9560) equipped with a flame photometric
detector (FPD). The detection limitation of GC was 0.5 ppm. After desulfurization, the
spent adsorbents were regenerated under flow air in a tube furnace at 650 ◦C for 3 h and
the desulfurization performance of regenerated adsorbents was evaluated under the same
conditions as fresh adsorbents.

Figure 1. Apparatus for desulfurization test.

The breakthrough capacity (BC) was calculated by the following equation:

BC =
v × ∫ t

0 (C0 − Ct)dt × Ms × 10−3

Vmol × mads
(1)

where BC is the breakthrough sulfur capacity (mg S/g adsorbent), v is the gas flow rate
(L/min), t is the breakthrough time (min), C0 and Ct are initial and outlet concentration of
H2S (ppm), respectively, Ms is the molar weight of S (32 g/mol), Vmol is the molar volume
(24.45 L/mol at room temperature, 1 atm), mads is the weight of adsorbent (g).

3. Results and Discussion

3.1. Characterization of Adsorbents
3.1.1. Morphology and Porous Structure of Adsorbents

Figure 2 shows the SEM images of PS templates and as-prepared materials. From
Figure 2a,b, it can be seen that the as-synthesized PS microspheres are approximately
spherical with a diameter of about 320 nm, and they are monodispersed. After assembly,
the template with a close-packed and well-arrayed structure was obtained. Figure 2c–i
shows the prepared adsorbents with different metal oxides content. Obviously, all the
materials had uniform, interconnected pore structures, resembling a honeycomb. The
pore size of 3DOM materials was about 210 nm, indicating a shrinkage of about 35%
relative to the initial size of PS microspheres. The shrinkage was due to the melting of
the PS template and sintering of metal oxides. Similar phenomena have been observed
in other literature [26,28,33]. Furthermore, the macropores were connected by “windows”
(the diameter is ~40 nm), which was caused by the removal of tightly packed PS spheres
during calcination. These windows were important for the diffusion of gas molecules
inside the adsorbents. Among the above materials, silica acted as a solidification agent
and carrier for metal oxides, which stabilized 3DOM structures. From Figure 2d–i, it can
be concluded that when the total metal oxides content was fixed, 3DOM structures can
basically remain unchanged when adjusting the ratio of Zn/M.
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Figure 2. SEM images of PS template (a,b); 3DOM-Zn (c); 3DOM-Zn0.5Cu0.5 (d); 3DOM-Zn0.33Cu0.66

(e); 3DOM-Zn0.66Cu0.33 (f); 3DOM-Zn0.5Co0.5 (g); 3DOM-Zn0.33Co0.66 (h); 3DOM-Zn0.66Co0.33 (i).

Figure 3 shows the high-resolution transmission electron microscopy (HRTEM) images
of typical as-prepared adsorbents and the metal elements mapping of 3DOM-Zn0.5Cu0.5
and 3DOM-Zn0.5Co0.5. As shown in Figure 3, the 3DOM materials contained highly peri-
odically arrayed uniform macropores, which was consistent with SEM results. The walls
of the adsorbents were formed by SiO2 and nanocrystallized particles, and the shrinkage
during calcination led to significant mesoporous within the wall [28]. In Figure 3b,c, EDX
elemental mappings demonstrated a uniform distribution of Zn, Cu, or Zn, Co, indicating
metal oxides were successfully loaded on the skeleton and the 3DOM structure could
prevent the agglomeration of metal oxide nanoparticles.

Figure 3. HRTEM images and EDX mapping of 3DOM-Zn (a); 3DOM-Zn0.5Cu0.5 (b); 3DOM-
Zn0.5Co0.5 (c).

N2 adsorption-desorption analysis was carried out to study the physical properties of
prepared adsorbents. The nitrogen adsorption-desorption isotherms and pore size distribu-
tion are presented in Figure 4. It can be seen that all the 3DOM materials displayed similar
curves, conforming to the type II isotherm according to the IUPAC classification [34,35].
Owing to the unrestricted monolayer or multilayer adsorption, the middle section of
isotherms was approximately linear. The nitrogen adsorption increased significantly when
P/P0 was close to one, which indicated the materials possessed a macroporous struc-
ture [36]. Moreover, in the P/P0 range of 0.8–1.0, H3 hysteresis hoops could be observed
in all materials, indicating the presence of mesoporous in the wall of macropores [36,37],
which could be seen in the SEM and TEM images. Moreover, the inflection points of all
3DOM materials appeared at relative pressure below 0.1. This demonstrated the existence
of a certain number of micropores [38].
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Figure 4. Nitrogen adsorption−desorption isotherms of 3DOM-Zn and 3DOM-ZnxCu1-x (a), 3DOM-Zn and 3DOM-
ZnxCo1-x (b) (insert is pore size distribution calculated by BJH method).

The textural parameters are summarized in Table 1. Compared with 3DOM-Zn, the
addition of copper oxide or cobalt oxide could increase the BET specific surface area. Since the
formation and growth of CuO/Co3O4 grains are different from those of ZnO under the same
condition, inconsistent shrinkage occurred during the calcination process [39,40]. The shrinkage
led to the formation of micropores, which was consistent with the results of insert images
in Figure 4 [27], and the increase in the number of micropores increased the specific surface
area. As the Zn/Cu ratio decreases, the BET specific area increased. 3DOM-Zn0.33Co0.66 also
possessed the largest specific area among the three adsorbents containing cobalt oxide, while
the specific area of 3DOM-Zn0.5Co0.5 was slightly less than that of 3DOM-Zn0.66Co0.33. This
may be caused by the sintering of different grains during the calcination process. Furthermore,
the proportion of micropores increased with the addition of copper/cobalt oxide, while the
average pore sizes calculated by the Barret–Joyner–Halenda (BJH) method almost remained
unchanged.

Table 1. Textural parameters of 3DOM materials 1.

Name SBET (m3/g) Vt (cm3/g) dBJH (nm)

3DOM-Zn 187.1 0.467 3.361
3DOM-Zn0.33Cu0.66 213.2 0.335 3.387
3DOM-Zn0.5Cu0.5 209.1 0.379 3.423

3DOM-Zn0.66Cu0.33 198.4 0.337 3.437
3DOM-Zn0.33Co0.66 237.1 0.288 3.405
3DOM-Zn0.5Co0.5 217.5 0.264 3.347

3DOM-Zn0.66Co0.33 221.7 0.442 3.389
1 SBET, BET specific area; Vt, total pore volume; dBJH, pore size determined from BJH data.

In summary, the prepared adsorbents possess a well-arrayed and interconnected
porous framework which contains hierarchically pores composed of macro-, meso-, and
micropores. The adsorbents have a high surface area, which can be affected by the Zn/Cu
or Zn/Co ratio.

3.1.2. XRD Analysis

Figure 5 shows the XRD patterns of as-prepared adsorbents and SiO2 with a 3DOM
structure. It can be seen that both the 3DOM-Zn and SiO2 exhibited a typical amorphous
structure. However, as shown in Figure 5a, the peaks of 3DOM-Zn at ~24◦ shifted slightly
towards the larger angles compared to those of SiO2 but with no obvious peaks [41]. This
might be attributed to the following reasons, the ZnO nanoparticles were too small to be
detected by the XRD method and the ZnO was well dispersed in the SiO2 matrix [42,43].
Compared with the standard card of CuO (JCPDS PDF no. 48-1548), all the adsorbents
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containing CuO showed CuO diffraction peaks, which could be indexed to (1,1,-1), (1,1,1),
(2,0,-2), (0,2,0), (1,1,-3), (3,1,-1), (2,2,0) crystal faces, and the peak intensity decreased with
the increase of ZnO content. 3DOM-Zn0.66Cu0.33, which possessed the lowest content of
copper, had very weak diffraction peaks. Figure 5b shows the XRD patterns of 3DOM-Zn
and adsorbents with different Zn/Co ratios. The relatively weak but clear reflections at
31.3◦, 36.9◦, 38.5◦, 59.4◦, and 65.2◦ appeared in the XRD pattern, assigning to the cobalt
oxide phase (JCPDS PDF no. 42-1467). Furthermore, adsorbents with different Zn/Cu
or Zn/Co ratios can be regarded as Zn-doped, Cu-doped, or Co-doped adsorbents, and
doping will affect lattice parameters to some extent [8], and this is also the reason why
some samples have weak diffraction peaks. However, the very weak diffraction peaks
of ZnO appeared in both the 3DOM-ZnxCu1-x and 3DOM-ZnxCo1-x XRD patterns rather
than 3DOM-Zn. The results indicated that zinc oxide and copper oxide (or cobalt oxide)
combined together partially through intra-grain and inter-granular coupling, and the latter
made the faint diffraction peak of zinc oxide appear [44,45].

Figure 5. XRD patterns of 3DOM-ZnxCu1-x (a) and 3DOM-ZnxCo1-x (b).

3.1.3. XPS Analysis

Combining the XRD analysis and previous studies, the phase composition of as-
prepared adsorbents could be roughly determined. XPS was further performed to analyze
amorphous species. Figure 6a shows the Zn 2p spectra of all the prepared adsorbents, two
characteristic peaks in the pattern at binding energy (BE) values of 1022.5 eV and 1045.7 eV
were observed, corresponding to the Zn 2p3/2 and Zn 2p1/2, respectively [18]. The two
characteristic peaks shifted slightly towards higher binding energy with the addition of
copper oxide or cobalt oxide but still maintained the original shape of the peaks. A part
of copper oxide or cobalt oxide would interact with zinc oxide to form CuO/ZnO or
Co3O4/ZnO heterogeneous composite [46]. Moreover, the electronegativity of Cu or Co
was higher than Zn, and ZnO acted as an electron donor. Thus, the characteristic peaks
shifted slightly. The results indicated that all the adsorbents contained ZnO species. Cu
2p scan spectra are shown in Figure 6b. The appearance of two peaks (933.2 eV and 953.5
eV), as well as two satellite peaks between 940–945 eV and 960–965 eV illustrated the
presence of CuO (Cu2+) [47]. In the XPS spectra of Co, as shown in Figure 6c, the peaks at
781.3 eV and 797.6 eV illustrated the presence of Co3+ and Co2+, and no metallic Co could
be identified by XPS spectra. Similarly, with the increase of Cu or Co content, the peak
intensity increased, which was consistent with XRD results.
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Figure 6. XPS spectra of Zn 2p (a), Cu 2p (b) and Co 2p (c) of the adsorbents.

3.2. H2S Removal of Synthesized Adsorbents

The H2S removal performance of all the prepared adsorbents was carried out via a
fixed bed at 150 ◦C, 1atm. Figure 7a shows the breakthrough curves and the corresponding
breakthrough sulfur capacities are displayed in Figure 7b. Clearly, adsorbents with different
active phase contents possess remarkable differences in desulfurization ability. Under the
same test condition, 3DOM-Zn had the shortest breakthrough time (about 170 min), and
it also had the lowest sulfur capacity (45.9 mg/g) and active phase utilization (32.5%).
The addition of Cu/Co into the adsorbents could improve desulfurization performance at
different levels. Among the three adsorbents containing Co, both the sulfur capacity and
active phase utilization increased with the increase of Co content, and the sulfur capacity
of 3DOM-Zn0.33Co0.66 reached up to 72.7 mg/g. The addition of copper had a greater
impact on the adsorption performance and the breakthrough times were much longer than
others. The sulfur capacity and active phase utilization of 3DOM-Zn0.5Cu0.5 reached up to
102.5 mg/g and 72.7%, respectively. As demonstrated in the characteristic results of XRD,
HRTEM and nitrogen adsorption, the inter-connected macropores, large specific area, and
well-dispersed nanoparticles were beneficial to improve desulfurization performance due
to excellent mass transfer inside the adsorbents and easy access to the active phase. Pore
structure plays an important role in gas-solid non-catalytic reactions, especially reactions
which produce large amounts of products, such as the reaction of metal oxide and H2S [27].
However, the difference of specific area between 3DOM-ZnxCo1-x and 3DOM-ZnxCu1-x
(such as 3DOM-Zn0.33Co0.66 and 3DOM-Zn0.33Cu0.66, 237.1 vs 213.2 m2/g) might illustrate
that the specific area was not the major cause of the improvement of adsorption ability
(72.7 vs. 102.5 mg/g). The copper oxide/cobalt oxide activity and size of nanoparticles
might also be the reason for the difference in desulfurization performance. Further studies
of fresh and spent adsorbents are needed.
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Figure 7. Breakthrough curves (a) and breakthrough capacities (b) of prepared adsorbents (A: 3DOM-
Zn, B: 3DOM-Zn0.66Cu0.33, C: 3DOM-Zn0.5Cu0.5, D: 3DOM-Zn0.33Cu0.66, E: 3DOM-Zn0.66Co0.33, F:
3DOM-Zn0.5Co0.5, G: 3DOM-Zn0.33Co0.66).

The H2S removal performance of as-prepared adsorbents was also compared to the
reported results of metal oxide-based adsorbents, and the results are shown in Table 2.
Clearly, the prepared adsorbents, especially 3DOM-Zn0.5Cu0.5 and 3DOM-Zn0.33Co066,
showed much better sulfur capacities even at low metal oxide proportion, indicating the
bi-metal oxide had a synergistic effect on desulfurization. In conclusion, the bi-metal oxide
materials demonstrate promising potential in H2S removal.

3.3. Analysis of Spent Adsorbents

The spent 3DOM-Zn0.5Cu0.5 and 3DOM-Zn0.5Co0.5 were selected to analyze physical
properties and the desulfurization process. As mentioned above, the inter-connected
macropores can enhance the diffusion kinetics and increase the specific area, thereby
improving the dispersion of the active phase and desulfurization ability of adsorbents. It
is necessary to figure out the structure change of adsorbents during the desulfurization
process. Figure 8 shows the SEM images of spent 3DOM-Zn0.5Cu0.5 and 3DOM-Zn0.5Co0.5.
Compared to Figure 2d,g, the spent adsorbents still maintained a relatively complete
three-dimensional and well-ordered structure but the surface of adsorbents changed from
smooth to rough, with granules appearing. Moreover, it can be seen that some mesopores
between macropores were blocked by the products, even local collapse occurred. The
reason for the phenomenon is that the desulfurization of hydrogen sulfide is a process of
volume expansion. The adsorbents become denser and denser, and pore block even occurs
in some serious cases during the process [28]. Figure 9 shows the HRTEM images of the
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above two adsorbents as well as EDX mapping. Similar to Figure 8, their adsorbents still
maintained a well-ordered macroporous structure. EDX mapping images of Zn and Cu (or
Co) depicted that metal oxide was evenly distributed in the adsorbents. The results were
in good agreement with the aforementioned results. Furthermore, the mapping of S also
showed the uniform distribution of sulfur species and corresponded to the metal mapping
as well, indicating that sulfur was mainly adsorbed by the metal oxide active phase. Sulfur
species of adsorption products need to be further determined.

Table 2. Summary of the performance of metal oxide-based adsorbents for H2S removal.

Adsorbents
Proportion of

Metal Oxide (%)
Feed Gas Composition

Synthesis
Temperature (◦C)

Desulfurizaion
Temperature (◦C)

Breakthrough
Capacity (mg/g

Sorbent)
Ref.

3DOM-
CuO/SiO2

50 500 mg/m3 H2S, N2
balance

500 Room
temperature 97 [29]

3DOM-
Co3O4/SiO2

57 3% H2O, 500 mg/m3

H2S, N2 balance
500 30 75 [30]

3DOM-
Fe2O3/SiO2

71.8–72.3 300 mg/m3 H2S, 5 %
H2, N2 balance

500 350 38.92 [28]

Z30/K6 30 800 ppm H2S, N2
balance 300 Room

temperature 37.6 [48]

ZnO/SBA-15-F 15 200 ppm H2S, N2
balance 550 Room

temperature 21.8 [49]

20Cu/MSU-1 20 5% H2S, 95% CH4 450 Room
temperature 18.3 [50]

SZ-30-400 30 100 ppm H2S, N2
balance 400 Room

temperature 90.7 [43]

3DOM-Zn 30 200 ppm H2S, N2
balance 500 150 45.9 This work

3DOM-
Zn0.5Cu0.5

30 200 ppm H2S, N2
balance 500 150 102.5 This work

3DOM-
Zn0.33Co066

30 200 ppm, H2S, N2
balance 500 150 72.7 This work

Figure 8. SEM images of spent 3DOM-Zn0.5Cu0.5 (a) and 3DOM-Zn0.5Co0.5 (b).
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Figure 9. HRTEM images and EDX mapping of spent 3DOM-Zn0.5Cu0.5 (a); 3DOM-Zn0.5Co0.5 (b).

XRD and XPS analysis was performed to study sulfur species after the adsorption test.
The XRD patterns of spent and regenerated 3DOM-Zn0.5Cu0.5 and 3DOM-Zn0.5Co0.5 are
shown in Figure 10. As shown in Figure 10a, there was almost no copper oxide and zinc
oxide in 3DOM-Zn0.5Cu0.5-R after adsorption and the XRD pattern was in good agreement
with the characteristic of copper sulfide (JCPDS PDF no. 06-0464), indicating copper
sulfide was the main product during the adsorption process. However, in the pattern of
3DOM-Zn0.5Co0.5-R, after the adsorption of H2S, the peaks of Co3O4 became weak and
only a few peaks corresponded to cobalt sulfide in the pattern of 3DOM-Zn0.5Co0.5-R.
The relatively high kinetics and low limitation of thermodynamics of cobalt oxide and
H2S made the reaction occur almost exclusively on the solid surface, and a quantity of
cobalt oxide remained unreacted [30]. The XPS spectra of spent adsorbents are shown
in Figure 11. Similar to the fresh adsorbents, two distinguished peaks could be noticed
in Zn 2p spectra, which was consistent with characteristic Zn 2p3/2 and Zn 2p1/2. This
indicated that the oxidation state of Zn in both fresh and spent adsorbents were Zn2+ and
no metallic Zn was produced in the adsorption process. Figure 11b shows Cu 2p spectra of
3DOM-Zn0.5Cu0.5-R. Compared to Figure 6b, the Cu 2p main peaks were shifted to lower
binding energies (933.2 to 932.5 eV, 953.5 to 952.3 eV), which could be attributed to the
appearance of CuS [47,51]. Besides, the weak peaks at 933.2 eV and 953.5 eV, together with
a satellite peak indicated few CuO still existed. As shown in Figure 11c, S 2p spectrum
curve could be fitted by three characteristic peaks, with the binding energies at 161.8 eV,
162.7 eV, and 169.5 eV, respectively, which suggested the formation of ZnS, CuS, and metal
sulfate [52,53]. In the XPS spectrum of Co, multiple peaks could be observed, and the two
peaks around 782.5 eV and 798.0 eV were ascribed to Co 2p1/2 and Co 2p3/2, respectively.
The curve was fitted with four peaks with a binding energy of 778.8 eV, 782.5 eV, 786.1 eV,
and 798.0 eV, respectively. The peaks at 778.8 eV and the satellite peak at 804.3 eV were
characteristic of CoO [54]. In addition, two peaks at 782.5 eV and 798.0 eV were regarded
to be CoS. Also, no metallic Co could be found from the spectrum. For sulfur species of
3DOM-Zn0.5Co0.5-R, as shown in Figure 11e, the spectrum had a great difference from that
in Figure 11c. The curve could be fitted into three peaks with the binding energy of 162.7 eV,
164.8 eV, and 169.0 eV, corresponding to CoS, element S, and sulfate, respectively [55].
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Figure 10. XRD patterns of spent (a) and regenerated (b) 3DOM-Zn0.5Cu0.5 and 3DOM-Zn0.5Co0.5.

Figure 11. XPS spectra of different element: Zn 2p of 3DOM-Zn0.5Cu0.5 and 3DOM-Zn0.5Co0.5 (a),
Cu 2p (b) and S 2p (c) of 3DOM-Zn0.5Cu0.5; Co 2p (d) and S 2p (e) of 3DOM-Zn0.5Co0.5.
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Based on the XPS analysis of 3DOM-Zn0.5Cu0.5-R and 3DOM-Zn0.5Co0.5-R and previ-
ous literature, both the copper oxide and cobalt oxide have good desulfurization kinetics [7].
3DOM structures could avoid pore blockage caused by rapid grain growth. In the desulfur-
ization of 3DOM-ZnxCo1-x, a quantity of elemental S was produced, and S would attach to
the surface of the adsorbents, which will slow down the reaction and prevent H2S from
reacting with the active phase inside. This resulted in a smaller sulfur capacity than that of
3DOM-ZnxCu1-x.

3.4. Successive Sulfidation-Regeneration Performance

Taking into account the economy and convenience of the adsorbents, the regeneration
ability of 3DOM-Zn0.5Cu0.5 and 3DOM-Zn0.5Co0.5 was investigated. The spent adsorbents
were regenerated in a tube furnace at 650 ◦C with the flow air at the rate of 100 mL/min
for 3 h. Figure 12 shows the sulfur capacities of the above two adsorbents within six
adsorption/regeneration cycles. It can be clearly seen that the sulfur capacities of 3DOM-
Zn0.5Cu0.5 significantly decreased by more than 30% after the 1ST cycle. From the 2nd to 6th
cycles, sulfur capacities almost remained unchanged. A similar phenomenon occurred on
3DOM-Zn0.5Co0.5, but the decline rate was about 25%, less than that of 3DOM-Zn0.5Cu0.5.
Based on the SEM, XRD, and XPS analysis above, the reason for the sulfur capacity decline
might be the formation of metal sulfate during the adsorption, which occupied the active
phase site, destroyed well-ordered structure and it was hard to be reduced. However, a
quantity of elemental S was produced during the adsorption process of 3DOM-Zn0.5Co0.5,
which will attach to the surface of the adsorbent. In the regeneration process, the attached
S was removed by reducing to sulfur oxide and the active phase was exposed again. Sulfur
capacity was restored to a certain extent. However, the degree of regeneration is related to
the regeneration conditions, such as temperature, moisture, and so on. To find a proper
regeneration condition, further work needs to be done.

Figure 12. Sulfur capacity of 3DOM-Zn0.5Cu0.5 and 3DOM-Zn0.5Co0.5 during cycles.

4. Conclusions

In summary, a series of 3DOM adsorbents containing two active phases (ZnO, CuO
or ZnO, Co3O4) were synthesized via a colloidal crystal template method. These adsor-
bents possessed uniform and inter-connected macropores, large surface area, and highly
dispersed active phase. The results of the adsorption test showed that the relative con-
tent of Zn and (Cu or Co) had a significant influence on desulfurization performance.
Among the three adsorbents containing Cu, the 3DOM-Zn0.5Cu0.5 showed the highest sul-
fur capacity (102.5 mg/g), while 3DOM-Zn0.33Co0.66 performed the largest sulfur capacity
(72.7 mg/g) among adsorbents containing Co. In addition, the results of successive adsorp-
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tion/regeneration indicated that the 3DOM-Zn0.5Cu0.5 and 3DOM-Zn0.5Co0.5 could retain
most of the desulfurization ability after regeneration. The sulfur capacity still remained
more than 65% of the original value after six times regeneration. This work will provide
some reference for the preparation of novel and efficient adsorbents in the future.
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Abstract: The exploration and rational design of easily separable and highly efficient sorbents
with satisfactory capability of extracting radioactive uranium (U)-containing compound(s) are of
paramount significance. In this study, a novel magnetic hydroxyapatite (HAP) composite (HAP@
CoFe2O4), which was coupled with cobalt ferrite (CoFe2O4), was rationally designed for uranium(VI)
removal through a facile hydrothermal process. The U(VI) ions were rapidly removed using HAP@
CoFe2O4 within a short time (i.e., 10 min), and a maximum U(VI) removal efficiency of 93.7%
was achieved. The maximum adsorption capacity (Qmax) of the HAP@CoFe2O4 was 338 mg/g,
which demonstrated the potential of as-prepared HAP@CoFe2O4 in the purification of U(VI) ions
from nuclear effluents. Autunite [Ca(UO2)2(PO4)2(H2O)6] was the main crystalline phase to retain
uranium, wherein U(VI) was effectively extracted and immobilized in terms of a relatively stable
mineral. Furthermore, the reacted HAP@CoFe2O4 can be magnetically recycled. The results of
this study reveal that the suggested process using HAP@CoFe2O4 is a promising approach for the
removal and immobilization of U(VI) released from nuclear effluents.

Keywords: cobalt ferrite; adsorption; hydroxyapatite; mineralization; uranium(VI)

1. Introduction

Uranium (U), a long-persisting and highly hazardous radionuclide, is generally re-
leased from uranium mining, nuclear weapon testing, and nuclear accidents. Uranium
released from untreated wastewater poses serious threats to aquatic life and human
health [1–4]. Because of the high mobility of uranium(VI) ions under oxidizing conditions
and the consequent environmental risks, the retardation and immobilization of UO2

2+,
which is the most stable uranium specie, have attracted considerable attention [5]. Adsorp-
tion is the most facile and promising approach to the treatment of metal ions because of its
low cost, high efficiency, and ease of operation [6–10].

Many cost-effective and ecofriendly adsorbents with components ubiquitous in the en-
vironment have been fabricated to remove U(VI) or other heavy metal ions, including iron
and manganese oxides or hydroxides, organic matter, silicates, phosphate minerals, clay
minerals and their modified forms [11–17]. Hydroxyapatite [Ca10(PO4)6(OH)2, HAP] is a
promising absorbent material because it can effectively immobilize considerable amounts
of U(VI) due to its unique physical, chemical, mechanical, and biological properties [18,19].
Because UO2

2+ exhibits a strong affinity for PO4
3−, and their product uranyl phosphate

generally has low solubility under most conditions, the phosphate group in the HAP
structure dominates the transport and transformation behavior of U(VI) in nature [5,20–22].
Autunite, meta-autunite, torbernite, meta-torbernite, and uranyl selenite are the principal
uranyl minerals, and phosphorus can be used to promote the mineralization and retention
of U(VI) to form stable secondary uranium minerals to mitigate U pollution in the environ-
ment [23]. Numerous studies have been performed on the morphology control, synthesis,
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and adsorption applications of HAP. Zhou et al. [24] reported the synthesis of strontium
(Sr) doped hydroxyapatite (HAP) for the increased Cr(VI) adsorption through a hydrother-
mal method. Ma et al. [25] found that the addition of a certain amount of alendronate
in the synthesis of hydroxyapatite helped to form a loose porous nanospheres with low
crystallinity, showing good adsorption capacity for Pb2+, Cu2+, and Cd2+. Xiong et al. [26]
and Su et al. [27] revealed that HAP with a porous structure can remove U(VI) ions from
an aqueous solution. Although such HAP materials can remove pollutants, a key problem
is the separation of granular absorbents. Therefore, the rational design of a fast, efficient,
and easily separable emergency material is critical for the purification of U(VI)-containing
wastewater from the nuclear industry or in case of accidents.

CoFe2O4, a compound with excellent magnetic and unique properties, has been widely
used in applications, such as permanent magnets, storage devices, magnetic recording,
electronics, and pigments [28–31]. Compared with Fe3O4, CoFe2O4 has more advantages,
such as simpler synthesis, more hydroxyl groups on the surface, and excellent chemical
inertness [32–35]. Many researchers have verified the potential of CoFe2O4 and its magnetic
recovery [36–38]. To effectively recover the adsorbed material and maintain the stability of
the target material, nano CoFe2O4 and HAP can be coupled through a facile hydrothermal
process. The as-synthesized HAP@CoFe2O4 exhibits superior composition uniformity,
narrow particle size distribution, and can be therefore magnetically separated from reaction
systems [39]. To the best of our knowledge, the use of a rationally designed HAP@CoFe2O4
composite as a sorbent to abate and fix U(VI) has been rarely reported.

This study aims to (I) synthesize easily separable and highly efficient HAP@CoFe2O4
through a facile hydrothermal method, (II) investigate the interaction between HAP@CoFe2O4
and U(VI) ions, (III) determine the mechanisms toward U(VI) removal using magnetic
HAP@CoFe2O4 and (IV) develop a preliminary process for the U(VI) removal. The U(VI)
adsorption behavior by HAP@CoFe2O4 was discussed in detail based on the outcomes
from equilibrium and kinetics analysis. The findings of this study provide a promising and
economic material for the treatment of uranium-contaminated sites.

2. Materials and Methods

2.1. Materials

Citric acid (C6H8O7, 99%) was obtained from Tianjin Fuchen Chemical Reagent Fac-
tory (Tianjin, China). Salts of calcium (II) (Ca(NO3)2, 99%), iron (III) (FeCl3·6H2O, 99%),
and cobalt (II) (CoCl2·6H2O, 98%) were purchased from Tianjin Fuchen Chemical Reagent
Factory (Tianjin, China) and Shanghai Aladdin Biochemical Technology Co., Ltd. (Shang-
hai, China). Both diammonium hydrogen phosphate ((NH4)2HPO4) and aqua ammonia
(NH3·H2O, 25–28%) were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shang-
hai, China). Ethylene glycol ((CH2OH)2, ≥99.5%) were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. A stock solution containing 1 g/L of uranium was
prepared by dissolving UO2(NO3)2·6H2O in ultrapure water.

2.2. Synthesis and Characterizations of HAP@CoFe2O4

Nanosized HAP that was used as a precursor was prepared using a chemical precipi-
tation method described in our previous study [40]. The HAP@CoFe2O4 composite was
hydrothermally fabricated (Text S1 in Supplementary Materials). The initial mole ratio
of HAP/CoFe2O4 is 0.5/1. First, 30 mL of ethylene glycol and 20 mL of ultrapure water
were added to the beaker, and subsequently, 0.5 mmol of HAP precursors were added
to the beaker and sonicated for 15 min to ensure uniform dispersion. Then, 2 mmol of
ferric chloride and 1 mmol of cobalt chloride were added to the beaker and stirred until
they were dissolved. Aqua ammonia was titrated to increase the pH of the solution to 10.0
with magnetic stirring at room temperature for 1 h. The mixed solution was transferred
into a 100 mL Teflon-lined, stainless-steel autoclave and stored at 180 ◦C for 24 h to facili-
tate reactions in an oven. Then, the autoclave was cooled to room temperature naturally,
and the precipitates were obtained. The precipitates were centrifuged and washed with
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alcohol and ultrapure water 3–4 times, and finally, the obtained solid was placed in a
constant-temperature oven and dried at 60 ◦C for 4 h.

The prepared adsorbent samples’ phases and crystal structures were determined
through an X-ray diffraction (XRD) instrument with Cu Kα radiation (λ = 1.5418 Å) op-
erated at a 2000 W power and 10◦/min scanning rate in the 2θ range from 10◦ to 90◦.
Additionally, the specific surface area, magnetic properties, and functional groups of the
as-prepared samples were analyzed using the Brunauer–Emmett–Teller specific surface
analyzer (ASAP 2020, Micromeritics, Norcross, GA, USA), magnetometer (VSM, Dexing,
Model: 250), and Bruker Tensor 27 FT-IR spectrometer (Bruker Tensor27, Germany), respec-
tively. The surface morphology and elemental compositions of the HAP@CoFe2O4 samples
were characterized by a transmission electron microscope (JEOLJSM-2100F, Japan) and
X-ray photoelectron spectroscopy (Thermo Fisher Scientific ESCALAB250Xi spectrometer,
Waltham, MA, USA). The point of zero charge (pzc) of the HAP@CoFe2O4 was measured by
a Zeta potentiometer (NanoBrook Zeta PALS Potential Analyzer, Brookhaven Instruments,
Holtsville, NY, USA).

2.3. U(VI) Removal Experiments

A series of batch sorption experiments were performed to investigate the U(VI) re-
moval performance of HAP@CoFe2O4. The solution volume was 50 mL. The influence of
pH was investigated in the range of 2.0–6.0. The dosage of the sorbent varied from 0.1 to
0.3 g/L. A dosage of 0.2 g/L of HAP@CoFe2O4 exhibited excellent U(VI) removal ability
and was thus selected as the optimal dosage for the experiments, while the initial U(VI)
concentration and contact time varied. The residual U in the solution after filtration was
determined using a uranium microanalyzer. The amount of U(VI) ions adsorbed by the
adsorbent at time t was estimated using Equation (1):

Qt =
(C0 − Ct)V

m
(1)

In Equation (1), Qt, C0, Ct, V, and m denote the adsorption capacity of HAP@CoFe2O4
for U(VI) at time t, initial U(VI) concentration (mg/L), U(VI) concentration measured at
time t, volume of the reaction system, and the adsorbent’s mass, respectively.

3. Results and Discussion

3.1. Characterization

The X-ray diffraction (XRD) patterns of the HAP@CoFe2O4 are illustrated in Figure 1a.
The diffraction characteristic peaks of the HAP@CoFe2O4 located at 25.338◦, 31.740◦,
and 49.463◦ corresponded to the (201), (211), and (213) planes, respectively, of typical
hydroxyapatite (PDF no. 09-0432). The characteristic peaks of the HAP@CoFe2O4 were
located at 29.946◦, 35.270◦, 42.862◦, 56.672◦, and 65.422◦, which corresponded to the planes
of (220), (311), (400), (511), and (531) of CoFe2O4 (PDF no. 22-1086), respectively. The
average microcrystalline size of the CoFe2O4 calculated by Scherer equation (Equation S1)
is 10.60 nm. The HAP@CoFe2O4 almost preserved the crystal structure of the HAP during
the preparation process. The XRD results indicated that a hybrid material composed of
HAP and CoFe2O4 was obtained.

Figure 1b indicated that the HAP@CoFe2O4 exhibited a specific surface area of
12.161 m2/g, which suggested that the as-obtained HAP@CoFe2O4 could be beneficial
for interface reactions because of the sufficient active sites. The N2 adsorption-desorption
isotherm of HAP@CoFe2O4 was a type IV curve and belonged to the H3 type hysteresis
loop, which indicated that HAP@CoFe2O4 is a flat slit structure. The average pore size
of the product calculated according to the Barrett–Joyner–Halenda (BJH) method was
15.292 nm.

A broad peak near 3448.3 cm−1, which can be attributed to the stretching vibration
of the –OH groups, was observed in the Fourier-transform infrared (FT-IR) spectra of the
HAP@CoFe2O4 (Figure 1c). This spectrum, which exhibited bands at 2360.99 cm−1 and
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between 1476.14 and 1383.85 cm−1 could be explained by the adhesion of CO2 from the
atmosphere during the synthesis of the HAP in highly alkaline conditions [41–43]. The
peak at 1638.06 cm−1 was related to the –COO group, possibly because of the citric acid
added during synthesis. The peaks at approximately 572.89 and 602.94 cm−1 represented
asymmetric bending vibration, and the peak at 1044.82 cm−1 represented symmetric
stretching vibration; these were attributed to the tetrahedron PO4

3− groups of HAP. For
FT-IR, Co/Fe–O bonds are typical in the 580–598 banding [44–46]. In this case, the peak of
the Co/Fe–O bond may have overlapped with the typical vibration of the PO4

3− group
of HAP. The charge on the surface of the material affects its adsorption performance. As
displayed in Figure 1d, the pHpzc of the HAP@CoFe2O4 was approximately 2.8, even in
the solution with 15 ppm U(VI).

Figure 1. XRD patterns (a) of HAP, CoFe2O4 as well as HAP@CoFe2O4, (b) the nitrogen adsorption-
desorption isotherm (calculated from the Brunauer–Emmett–Teller [BET method] and pore size
distribution (calculated from the BJH method), (c) Fourier transform infrared [FT-IR] spectrum, (d)
zeta-potential and (e) transmission electron microscopy (TEM) image, and (f) the hysteresis loop of
HAP@CoFe2O4 (inset of Figure 1f displays the separation of HAP@CoFe2O4 with and without an
additional magnet).

Because the morphology including size and shape of nanomaterials considerably
affected the physical and chemical properties of the product, the morphology of the
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HAP@CoFe2O4 was investigated through transmission electron microscopy (TEM). As
presented in Figure 1e, HAP@CoFe2O4 morphology showed a typical bundle-like structure
with numerous CoFe2O4 nanoparticles. CoFe2O4 was evenly dispersed and tightly adhered
to the surface of the HAP. The results from hysteresis loop analysis showed that the
as-prepared HAP@CoFe2O4 possessed excellent magnetic properties, suggesting that
HAP@CoFe2O4 could be easily separated using an extra magnet within a short time after
the reaction (Figure 1f). Compared with other separation technology (e.g., filtering and
centrifugal separation) applying an external magnetic field and using magnetic material(s)
allows the adsorbent to be more quickly recovered from the reaction system and thus
saving time and cost. These results revealed that the HAP@CoFe2O4 composites were
successfully synthesized and can be applied in the treatment process of eliminating U(VI)
from the aqueous solution.

3.2. U(VI) Removal by Magnetic HAP@CoFe2O4

Dosage experiments were conducted for confirming the optimal dosage of adsorbents.
As shown in Figure 2a, with an increase in the dosage, the adsorption sites increased in the
solution, which were more conducive to the binding of UO2

2+, leading to the improvement
of removal efficiency. The HAP@CoFe2O4 maintained the high efficiency adsorption of
U(VI). The HAP considerably dominated the adsorption process, whereas the adsorption
contribution of the CoFe2O4 to U(VI) was insignificant.

Figure 2. (a) Effect of dosage on the U(VI) adsorption of CoFe2O4 and HAP@CoFe2O4 at various
dosages (Reaction conditions: initial U(VI) concentration = approximately 15 mg/L, pH = 3.0,
adsorbent dosage = 0.1–0.3 g/L, T = 298 K); (b) Removal rate of U(VI) by magnetic HAP@CoFe2O4

under various pH (Reaction conditions: initial U(VI) concentration = approximately 15 mg/L,
pH = 2.0–6.0, adsorbent dosage = 0.2 g/L, T = 298 K); (c) Effect of initial U(VI) concentration (reaction
conditions: initial U(VI) concentration = 15–170 mg/L, pH = 3.0, adsorbent dosage = 0.2 g/L,
T = 298 K); (d) Effect of contact time (reaction conditions: initial U(VI) concentration = approximately
15 mg/L, t = 0–120 min, pH = 3.0, adsorbent dosage = 0.2 g/L, T = 298 K).
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Because pH is a critical factor affecting the interaction between HAP@CoFe2O4 parti-
cles and U(VI), experiments were performed to investigate the effect of the solution pH on
U(VI) adsorption by changing the pH value (2.0–6.0) of the solution (Figure 2b). When the
pH value was less than 3.0, U(VI) was mainly present in the form of uranyl ions (UO2

2+)
in the solution [47]. Moreover, HAP@CoFe2O4 is not stable under the conditions with a
pH below 3.0 because the HAP might dissolve. A higher pH reduced protonation in the
solution, and the U(VI) changed. At a low pH, the high H+ concentration of the solution
competed intensely with the UO2

2+, which limited the UO2
2+ adsorption by the HAP@

CoFe2O4. At pH = 3.0, the adsorption capacity considerably increased and reached the
maximum. As the pH increased, the adsorption of U(VI) by HAP@CoFe2O4 weakened
marginally. When the pH was 3.0 or higher, the charge of as-fabricated HAP@CoFe2O4
composite decreased and became negative [19]. Meanwhile, under high pH conditions, the
UO2

2+ began to hydrolyze and form new species, such as (UO2)2(OH)2
2+, (UO2)3(OH)5+,

(UO2)4(OH)7+, UO2(OH)+, and (UO2)3(OH)7−. The affinity of these species is generally
lower than that of the UO2

2+ [48]. Therefore, the HAP@CoFe2O4 composite does not easily
absorb these species. Nevertheless, the HAP@CoFe2O4 particles still maintained high
adsorption of U(VI), which indicated that the composite material could efficiently adsorb
U(VI) in a wide pH range, making it capable of removing uranium from contaminated
wastewater under various conditions.

The reaction system comprising 0.2 g/L of sorbent and approximately 15 mg/L U(VI)
exhibited the highest removal efficiency (Figure 2c). Figure 2d indicated that the adsorption
efficiency of the HAP@CoFe2O4 was as high as 93% in 10 min. Initially, sufficient active
surface sites were present, which resulted in a high adsorption efficiency and intensive
interaction between the HAP@CoFe2O4 and U(VI). On prolonging the contact time, U(VI)
ions occupied most of the active sites of the HAP@CoFe2O4, and the adsorption reached
equilibrium at 30 min. Even when the time was increased, stable adsorption efficiency
was maintained.

3.3. Adsorption Isotherms and Kinetics

To investigate the adsorption behavior, Langmuir (Equation (S2)) and Freundlich
(Equation (S3)) isotherm models were used to simulate the adsorption process of the
HAP@CoFe2O4 for U(VI). The correlation coefficients (R2) of the HAP@CoFe2O4 were
0.9390 and 0.8663 for the Langmuir and Freundlich isotherm models, respectively (Figure 3a
and Table 1). This result indicated that the adsorption process of U(VI) onto HAP@CoFe2O4
could be better interpreted using the Langmuir isotherm model than the Freundlich
isotherm. On the basis of the Langmuir isotherm model, the Qmax of the HAP@CoFe2O4 for
U(VI) was 338 mg/g, which was almost consistent with the experimental results. The two
lower correlation coefficients may be due to the combined effects of physical adsorption
and surface precipitation. In the process of the HAP@CoFe2O4 absorbing uranium, the
dominant adsorption mechanism is related to the initial uranium concentration. Surface
adsorption may contribute considerably to the total uranium adsorption at low uranium
concentrations [49].

Table 1. Freundlich and Langmuir isotherm constants for the U(VI) adsorption onto the as-fabricated
HAP@CoFe2O4 composite.

Materials
Langmuir Isotherm Freundlich Isotherm

qm(mg/g) KL(L/mg) R2 KF(L/mg) 1/n R2

HAP@CoFe2O4 338 0.91 0.9981 145.64 0.20 0.8465

The fitting constants for pseudo-first-order (Equation (S4)) and pseudo-second-order
(Equation (S5)) kinetic models are displayed in Figure 3b and Table 2. The pseudo-second-
order kinetic model exhibited greater R2 (0.9922) than that of the pseudo-first-order kinetic
model (0.9790), which indicated that the kinetic process of the HAP@CoFe2O4 for U(VI)
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was well described by the pseudo-second-order kinetic model. Furthermore, the adsorp-
tion capacity (67.61 mg/g) calculated using the pseudo-second-order kinetic model was
consistent with the experimental result (68.85 mg/g), which indicated that the adsorption
process of U(VI) by the HAP@CoFe2O4 was controlled by chemical adsorption.

Table 2. Kinetic parameters for the adsorption of U(VI) onto HAP@CoFe2O4.

Kinetics Model Parameter Values

Pseudo-first-order
k1 (L mg−1) 1.539

R2 0.9790
qe 65.83

Pseudo-second-order
k2 (L mg−1) 0.44

R2 0.9922
qe 67.61

Figure 3. Isotherms and kinetics of U(VI) adsorption onto the as-fabricated HAP@CoFe2O4 composite: (a) Langmuir
isotherm and Freundlich isotherm models, (b) pseudo-first-order and pseudo-second-order kinetics.

3.4. U(VI) Removal Mechanisms

XRD, FT-IR, and XPS were performed to understand the adsorption mechanism of
U(VI) by the HAP@CoFe2O4 composite. The XRD patterns (Figure 4a) revealed that a
uranium-containing compound was formed. After adsorption, numerous diffraction peaks
were observed at 2θ = 10.523◦, 18.009◦, 20.903◦, 24.738◦, 25.576◦, 27.724◦, 35.880◦, 40.972◦,
and 44.581◦, which corresponded to the crystal planes of (001), (110), (111), (102), (200),
(201), (212), (310), and (302) of the meta-autunite 9A [(Ca(UO2)2(PO4)2(H2O)6, PDF no.
72-2117]. These results were in good agreement with the standard pattern of autunite,
which could be explained by the dissolution of the HAP and then precipitation of the
autunite on the surface of the HAP [50]. The presence of autunite indicated a successful
fixation of uranium on the adsorbent. The XRD pattern also illustrated the presence of
CoFe2O4 in the adsorbed material, which proved that the adsorbent was still magnetic
after the reaction.

FT-IR analysis (Figure 4b) revealed that both the adsorbents before and after the
reaction exhibited a distinct single and wide peak at approximately 3445 cm−1, which
was attributed to the –OH groups. This result indicated that the existence of –OH groups
in the HAP@CoFe2O4 is a typical feature of HAP [51]. The peak at 1616 cm−1 is char-
acteristic of –COO, which could be attributed to the absorption of CO2 in air during
the test [40,41]. The peaks at 1044.82 and 602.94 cm−1, (before adsorption) and 1007.83
and 600.90 cm−1 (after adsorption) were attributable to the PO4

3− group in the adsor-
bent [40,52], and the position and intensity of the characteristic peaks in the adsorbent
changed considerably before and after the reaction. The results revealed that the PO4

3−
in the HAP@CoFe2O4 is involved in the reaction. After the adsorption reaction, a new
peak appeared at 546.327 cm−1, which corresponded to Co/Fe–O bonding [53,54]. A new
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absorption peak of the HAP@CoFe2O4 after the reaction appeared at 911 cm−1, which was
characteristic of UO2

2+, providing strong evidence of uranium loading. The essence of
removing U(VI) by using the HAP@CoFe2O4 is the chemical reaction between UO2

2+ and
the HAP. The UO2

2+ was adsorbed and eventually incorporated into the Ca2+–PO4
3−–OH

according to Equation (2):

Ca2+ + 2PO4
3− + H2O + 2UO2+

2 → Ca(UO2)2(PO4)2(H2O)6 (2)

Figure 4. X-ray diffraction patterns (a) and FT-IR spectrum (b) of HAP@CoFe2O4 and U(VI)-loaded HAP@CoFe2O4.

 
Figure 5. X-ray spectroscopy (XPS) full-survey spectra (a) as well as the (b) U 4f, (c) O 1s, (d) P 2p.

The XPS survey spectra (Figure 5a) revealed the peaks of C 1s, O 1s, Ca 2p, P 2p, Fe
2p, and Co 2p, which indicated that the CoFe2O4 was successfully loaded on the HAP. A
new strong double peak for the antisymmetric vibration of [O=UVI=O]2+ appeared in the
XPS spectra of the HAP@CoFe2O4 reacted with U(VI), which was consistent with the EDS
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elemental mapping results (Figure S1), suggesting that uranium was successfully adsorbed
on the surface of the material. The high resolution of the U 4f spectrum (Figure 5b) can
be well fitted at binding energies of 383.3 (U 4f7/2) and 394.0 eV (U 4f5/2), indicating
that the valence of uranium did not change during the adsorption process [55,56]. The
Co spectrum (Figure S2a) revealed two peaks at binding energies 782.58 and 786.84 eV,
which were attributed to Co 2p3/2 and its shake-up satellites, respectively, whereas peaks
at higher binding energies (~797.81 and 804.44 eV) corresponded to Co 2p1/2 and their
shake-up satellites, respectively [57]. The Fe 2p spectrum (Figure S2b) displayed into two
peaks at binding energies of 712.13 and 726.02 eV, which respectively correspond to Fe
2p3/2 and Fe 2p1/2, evidencing the existence of Fe3+ [58–60]. As displayed in Figure 5d,
after reaction with U(VI), the P 2p peaks shifted slightly towards higher binding energy,
which indicated that the presence of phosphorus considerably affected the adsorption
of uranium [19]. The spectra of O 1s (Figure 5c) can be divided into four peaks, namely,
anion oxide (530.64 eV, Fe2O4

2−), phosphate group (531.53 eV, PO4
3−), hydroxyl groups

(532.50 eV, −OH), and adsorbed groups (H2O, 533.57 eV), respectively. The peak area ratio
of –OH varied considerably (from 50.33% to 40.26%) before and after U(VI) adsorption,
which evidenced that the surface hydroxyl groups (–OH) played a key role in the adsorption
of U(VI) through the sharing of electrons to form U–O bonds [61,62].

3.5. Preliminary Evaluation of the U(VI) Removal Process

The suggested schematic of the removal of the U(VI) from wastewater using HAP@CoFe2O4
is presented in Figure 6, 93.7%, where the U(VI) was removed within 10 min. As a magnetic
separable material, the advantage of using HAP@CoFe2O4 is that the adsorption/separation
is a simple and efficient process, U(VI) can be effectively removed from wastewater and the
U(VI) loaded can be easily separated from water using magnetic field, which is beneficial
for the minimization of secondary waste. The process using HAP@CoFe2O4 as an adsorbent
for the removal of U(VI) has economic feasibility. The use of HAP@CoFe2O4 for the U(VI)
removal/separation could result in a significant reduction of costs due to easier separation of
the solid phase and energy savings. HAP@CoFe2O4 can be considered to be an effective and
environmental material for the elimination of U(VI) from mining wastewater.

 

Figure 6. Schematic of the removal of U(VI) using HAP@CoFe2O4. The dashed lines present the solid phases.
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4. Conclusions

This study developed a promising and easily separable composite material, HAP@CoFe2O4,
for removing uranium ions from radioactive wastewater. A U(VI) removal efficiency of 93.7%
can be achieved by the HAP@CoFe2O4 in 10 min, and the maximum adsorption capacity was
338 mg/g. Therefore, HAP@CoFe2O4 can be used as an emergency material to treat uranium-
containing radioactive wastewater generated in nuclear accidents. The UO2

2+ were transferred to
the HAP@CoFe2O4 by reacting with dissolved calcium and phosphate, thereby forming a more
stable compound-autunite [Ca(UO2)2(PO4)2(H2O)6]. The adsorption and incorporation are the
main ways for U(VI) removal. Simulation of the interaction process between the HAP@CoFe2O4
and UO2

2+ by using adsorption isotherm models and adsorption kinetic models revealed that the
adsorption process followed the Langmuir isotherm and pseudo-second-order dynamic model,
which indicated that the adsorption of U(VI) by the HAP@CoFe2O4 was mainly controlled by
chemical adsorption. Moreover, the magnetic property of the as-prepared HAP@CoFe2O4 was
measured and found to be used for magnetic separation. Therefore, the developed process
using HAP@CoFe2O4 as an adsorbent is promising to mitigate uranium pollution generated in
a nuclear accident, and a pilot scale test for process optimization is planned in the future.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pr9111927/s1, Figure S1: EDS image of U(VI) loaded HAP@CoFe2O4. Figure S2: (a) Co 2p,
and (b) Fe 2p XPS spectra of the HAP@CoFe2O4 composite before and after the removal of U(VI).
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17. Krajňák, A.; Viglašová, E.; Galamboš, M.; Krivosudský, L. Application of HDTMA-intercalated bentonites in water waste
treatment for U(VI) removal. J. Radioanal. Nucl. Chem. 2017, 314, 2489–2499. [CrossRef]

18. Wen, H.; Pan, Z.Z.; Giammar, D.; Li, L. Enhanced uranium immobilization by phosphate amendment under variable geochemical
and flow conditions: Insights from reactive transport modeling. Environ. Sci. Technol. 2018, 52, 5841–5850. [CrossRef] [PubMed]

19. Zheng, N.C.; Yin, L.Y.; Su, M.H.; Liu, Z.Q.; Tsang, D.C.W.; Chen, D.Y. Synthesis of shape and structure-dependent hydroxyapatite
nanostructures as a superior adsorbent for removal of U(VI). Chem. Eng. J. 2020, 384, 123262. [CrossRef]

20. Kong, L.J.; Ruan, Y.; Zheng, Q.Y.; Su, M.H.; Diao, Z.H.; Chen, D.Y.; Hou, L.A.; Chang, X.Y.; Shih, K.M. Uranium extraction using
hydroxyapatite recovered from phosphorus containing wastewater. J. Hazard. Mater. 2020, 382, 120784. [CrossRef]

21. Chen, B.D.; Wang, J.; Kong, L.J.; Mai, X.X.; Zheng, N.C.; Zhong, Q.H.; Liang, J.Y.; Chen, D.Y. Adsorption of uranium from uranium
mine contaminated water using phosphate rock apatite (PRA): Isotherm, kinetic and characterization studies. Colloids Surf. A
2017, 520, 612–621. [CrossRef]

22. Cumberland, S.A.; Douglas, G.; Grice, K.; Moreau, J.W. Uranium mobility in organic matter-rich sediments: A review of geological
and geochemical processes. Earth-Sci. Rev. 2016, 159, 160–185. [CrossRef]

23. Burns, P.C. U6+ minerals and inorganic compounds: Insights into an expanded structural hierarchy of crystal structures. Can.
Mineral. 2005, 43, 1839–1894. [CrossRef]

24. Zhou, Y.; Li, W.; Jiang, X.; Sun, Y.; Yang, H.; Liu, Q.; Cao, Y.; Zhang, Y.; Cheng, H. Synthesis of strontium (Sr) doped hydroxyapatite
(HAp) nanorods for enhanced adsorption of Cr (VI) ions from wastewater. Ceram. Int. 2021, 47, 16730–16736. [CrossRef]

25. Ma, J.; Xia, M.; Zhu, S.; Wang, F. A new alendronate doped HAP nanomaterial for Pb2+, Cu2+ and Cd2+ effect absorption. J.
Hazard. Mater. 2020, 400, 123143. [CrossRef]

26. Xiong, T.; Li, Q.; Liao, J.; Zhang, Y.; Zhu, W. Highly enhanced adsorption performance to uranium(VI) by facile synthesized
hydroxyapatite aerogel. J. Hazard. Mater. 2022, 423, 127184. [CrossRef] [PubMed]

27. Su, M.H.; Tsang, D.C.W.; Ren, X.Y.; Shi, Q.P.; Tang, J.F.; Zhang, H.G.; Kong, L.J.; Hou, L.A.; Song, G.; Chen, D.Y. Removal of U(VI)
from nuclear mining effluent by porous hydroxyapatite: Evaluation on characteristics, mechanisms and performance. Environ.
Pollut. 2019, 254, 112891. [CrossRef]

28. Ghaffarian, F.; Ghasemzadeh, M.A.; Aghaei, S.S. An efficient synthesis of some new curcumin based pyrano[2,3-d] pyrimidine-
2,4(3H)-dione derivatives using CoFe2O4@OCMC@Cu(BDC) as a novel and recoverable catalyst. J. Mol. Struct. 2019, 1186,
204–211. [CrossRef]

29. Dey, C.; Baishya, K.; Ghosh, A.; Goswami, M.M.; Ghosh, A.; Mandal, K. Improvement of drug delivery by hyperthermia treatment
using magnetic cubic cobalt ferrite nanoparticles. J. Magn. Magn. Mater. 2017, 427, 168–174. [CrossRef]

30. Tartaj, P.; Morales, M.D.; Veintemillas-Verdaguer, S.; Gonzalez-Carreno, T.; Serna, C.J. The preparation of magnetic nanoparticles
for applications in biomedicine. J. Phys. D: Appl. Phys. 2003, 36, R182–R197. [CrossRef]

31. Chandra, G.; Srivastava, R.C.; Reddy, V.R.; Agrawal, H.M. Effect of sintering temperature on magnetization and Mossbauer
parameters of cobalt ferrite nanoparticles. J. Magn. Magn. Mater. 2017, 427, 225–229. [CrossRef]

508



Processes 2021, 9, 1927

32. Zhu, H.; Shen, Y.; Wang, Q.; Chen, K.; Wang, X.; Zhang, G.; Yang, J.; Guo, Y.; Bai, R. Highly promoted removal of Hg(II) with
magnetic CoFe2O4@SiO2 core–shell nanoparticles modified by thiol groups. RSC Adv. 2017, 7, 39204–39215. [CrossRef]

33. Coutinho, T.C.; Malafatti, J.O.D.; Paris, E.C.; Tardioli, P.W.; Farinas, C.S. Hydroxyapatite-CoFe2O4 magnetic nanoparticle
composites for industrial enzyme immobilization, use, and recovery. ACS Appl. Nano Mater. 2020, 3, 12334–12345. [CrossRef]

34. Ansari, S.M.; Ghosh, K.C.; Devan, R.S.; Sen, D.; Sastry, P.U.; Kolekar, Y.D.; Ramana, C.V. Eco-friendly synthesis, crystal chemistry,
and magnetic properties of manganese-substituted CoFe2O4 nanoparticles. ACS Omega 2020, 5, 19315–19330. [CrossRef]
[PubMed]

35. Cao, Z.; Zuo, C. Direct synthesis of magnetic CoFe2O4 nanoparticles as recyclable photo-fenton catalysts for removing organic
dyes. ACS Omega 2020, 5, 22614–22620. [CrossRef] [PubMed]

36. Dos Santos, J.M.N.; Pereira, C.R.; Pinto, L.A.A.; Frantz, T.; Lima, E.C.; Foletto, E.L.; Dotto, G.L. Synthesis of a novel
CoFe2O4/chitosan magnetic composite for fast adsorption of indigotine blue dye. Carbohyd. Polym. 2019, 217, 6–14. [CrossRef]

37. Foroughi, F.; Hassanzadeh-Tabrizi, S.A.; Amighian, J.; Saffar-Teluri, A. A designed magnetic CoFe2O4–hydroxyapatite core–shell
nanocomposite for Zn(II) removal with high efficiency. Ceram. Int. 2015, 41, 6844–6850. [CrossRef]

38. Elizalde, M.L.M.; Acha, C.; Molina, F.V.; Antonel, P.S. Composites of poly(3,4-ethylenedioxythiophene) and CoFe2O4 nanoparti-
cles: Composition influence on structural, electrical, and magnetic properties. J. Phys. Chem. C 2020, 124, 6884–6895. [CrossRef]

39. Manikandan, V.; Mirzaei, A.; Vigneselvan, S.; Kavita, S.; Mane, R.S.; Kim, S.S.; Chandrasekaran, J. Role of ruthenium in the
dielectric, magnetic properties of nickel ferrite (Ru-NiFe2O4) nanoparticles and their application in hydrogen sensors. ACS Omega
2019, 4, 12919–12926. [CrossRef]

40. Shi, Q.P.; Su, M.H.; Yuvaraja, G.; Tang, J.F.; Kong, L.J.; Chen, D.Y. Development of highly efficient bundle-like hydroxyapatite
towards abatement of aqueous U(VI) ions: Mechanism and economic assessment. J. Hazard. Mater. 2020, 394, 122550. [CrossRef]
[PubMed]

41. Champeau, M.; Thomassin, J.M.; Jerome, C.; Tassaing, T. In situ FT-IR micro-spectroscopy to investigate polymeric fibers under
supercritical carbon dioxide: CO2 sorption and swelling measurements. J. Supercrit. Fluids 2014, 90, 44–52. [CrossRef]

42. Tsuru, K.; Yoshimoto, A.; Kanazawa, M.; Sugiura, Y.; Nakashima, Y.; Ishikawa, K. Fabrication of carbonate apatite block through
a dissolution–precipitation reaction using calcium hydrogen phosphate dihydrate block as a precursor. Materials 2017, 10, 374.
[CrossRef]

43. Tchoffo, R.; Ngassaa, G.B.P.; Tonlé, I.K.; Ngameni, E. Electroanalysis of diquat using a glassy carbon electrode modified with
natural hydroxyapatite and β-cyclodextrin composite. Talanta 2021, 222, 121550. [CrossRef] [PubMed]

44. Crocella, V.; Cavani, F.; Cerrato, G.; Cocchi, S.; Comito, M.; Magnacca, G.; Morterra, C. On the role of morphology of CoFeO4
spinel in methanol anaerobic oxidation. J. Phys. Chem. C 2012, 116, 14998–15009. [CrossRef]

45. Debnath, B.; Bansal, A.; Salunke, H.G.; Sadhu, A.; Bhattacharyya, S. Enhancement of magnetization through interface exchange
interactions of confined NiO nanoparticles within the mesopores of CoFe2O4. J. Phys. Chem. C 2016, 120, 5523–5533. [CrossRef]

46. He, Q.M.; Rui, K.; Che, C.H.; Yang, J.H.; Wen, Z.Y. Interconnected CoFe2O4–polypyrrole nanotubes as anode materials for high
performance sodium ion batteries. Acs Appl. Mater. Inter. 2017, 9, 36927–36935. [CrossRef] [PubMed]

47. Camacho, L.M.; Deng, S.G.; Parra, R.R. Uranium removal from groundwater by natural clinoptilolite zeolite: Effects of pH and
initial feed concentration. J. Hazard. Mater. 2010, 175, 393–398. [CrossRef]

48. Li, X.L.; Wu, J.J.; Liao, J.L.; Zhang, D.; Yang, J.J.; Feng, Y.; Zeng, J.H.; Wen, W.; Yang, Y.Y.; Tang, J.; et al. Adsorption and desorption
of uranium (VI) in aerated zone soil. J. Environ. Radioact. 2013, 115, 143–150. [CrossRef] [PubMed]

49. Guan, D.X.; Ren, C.; Wang, J.; Zhu, Y.; Zhu, Z.; Li, W. Characterization of lead uptake by nano-sized hydroxyapatite: A molecular
scale perspective. ACS Earth Space Chem. 2018, 2, 599–607. [CrossRef]

50. Fuller, C.C.; Bargar, J.R.; Davis, J.A.; Piana, M.J. Mechanisms of uranium interactions with hydroxyapatite: Implications for
groundwater remediation. Environ. Sci. Technol. 2002, 36, 158–165. [CrossRef]

51. Han, M.N.; Kong, L.J.; Hu, X.L.; Chen, D.Y.; Xiong, X.Y.; Zhang, H.M.; Su, M.H.; Diao, Z.H.; Ruan, Y. Phase migration and
transformation of uranium in mineralized immobilization by wasted bio-hydroxyapatite. J. Clean. Prod. 2018, 197, 886–894.
[CrossRef]

52. El-Maghrabi, H.H.; Younes, A.A.; Salem, A.R.; Rabie, K.; El-shereafy, E.-S. Magnetically modified hydroxyapatite nanoparticles
for the removal of uranium (VI): Preparation, characterization and adsorption optimization. J. Hazard. Mater. 2019, 378, 120703.
[CrossRef]

53. Teng, Y.; Liu, Z.Y.; Yao, K.; Song, W.B.; Sun, Y.J.; Wang, H.L.; Xu, H.H. Preparation of attapulgite/CoFe2O4 magnetic composites
for efficient adsorption of tannic acid from aqueous solution. Int. J. Environ. Res. Public Health 2019, 16, 2187. [CrossRef]

54. Deng, L.; Shi, Z.; Peng, X.X. Adsorption of Cr(VI) onto a magnetic CoFe2O4/MgAl-LDH composite and mechanism study. RSC
Adv. 2015, 5, 61. [CrossRef]

55. Guo, Y.; Gong, Z.; Li, C.; Gao, B.; Li, P.; Wang, X.; Zhang, B.; Li, X. Efficient removal of uranium (VI) by 3D hierarchical
Mg/Fe-LDH supported nanoscale hydroxyapatite: A synthetic experimental and mechanism studies. Chem. Eng. J. 2020, 392,
123682. [CrossRef]

56. Feng, Y.; Ma, B.; Guo, X.; Sun, H.; Zhang, Y.; Gong, H. Preparation of amino-modified hydroxyapatite and its uranium adsorption
properties. J. Radioanal. Nucl. Chem. 2018, 319, 437–446. [CrossRef]

57. Tan, L.C.; Liu, Q.; Jing, X.Y.; Liu, J.Y.; Song, D.L.; Hu, S.X.; Liu, L.H.; Wang, J. Removal of uranium(VI) ions from aqueous solution
by magnetic cobalt ferrite/multiwalled carbon nanotubes composites. Chem. Eng. J. 2015, 273, 307–315. [CrossRef]

509



Processes 2021, 9, 1927

58. Zhou, L.C.; Ji, L.Q.; Ma, P.C.; Shao, Y.M.; Zhang, H.; Gao, W.J.; Li, Y.F. Development of carbon nanotubes/ CoFe2O4 magnetic
hybrid material for removal of tetrabromobisphenol A and Pb(II). J. Hazard. Mater. 2014, 265, 104–114. [CrossRef]

59. Xiong, S.Q.; Ye, S.D.; Hu, X.H.; Xie, F.Z. Electrochemical detection of ultra-trace Cu(II) and interaction mechanism analysis
between amine-groups functionalized CoFe2O4/reduced graphene oxide composites and metal ion. Electrochim. Acta 2016, 217,
24–33. [CrossRef]

60. Dong, Y.C.; Chui, Y.S.; Ma, R.G.; Cao, C.W.; Cheng, H.; Li, Y.Y.; Zapien, J.A. One-pot scalable synthesis of Cu-CuFe2O4/graphene
composites as anode materials for lithium-ion batteries with enhanced lithium storage properties. J. Mater. Chem. A 2014, 2,
13892–13897. [CrossRef]

61. Chen, L.; Zhang, K.S.; He, J.Y.; Xu, W.H.; Huang, X.J.; Liu, J.H. Enhanced fluoride removal from water by sulfate-doped
hydroxyapatite hierarchical hollow microspheres. Chem.Eng. J. 2016, 285, 616–624. [CrossRef]

62. Wu, F.C.; Pu, N.; Ye, G.; Sun, T.X.; Wang, Z.; Song, Y.; Wang, W.Q.; Huo, X.M.; Lu, Y.X.; Chen, J. Performance and mechanism of
uranium adsorption from seawater to poly(dopamine)-inspired sorbents. Environ. Sci. Technol. 2017, 51, 4606–4614. [CrossRef]
[PubMed]

510



materials

Article

Construction of BiOCl/Clinoptilolite Composite Photocatalyst
for Boosting Formaldehyde Removal

Yonghao Di, Xiangwei Zhang, Xinlin Wang and Shuilin Zheng *

Citation: Di, Y.; Zhang, X.; Wang, X.;

Zheng, S. Construction of

BiOCl/Clinoptilolite Composite

Photocatalyst for Boosting

Formaldehyde Removal. Materials

2021, 14, 6469. https://doi.org/

10.3390/ma14216469

Academic Editors: Avelino

Núñez-Delgado, Zhien Zhang,

Elza Bontempi, Mario Coccia,

Marco Race and Yaoyu Zhou

Received: 7 October 2021

Accepted: 21 October 2021

Published: 28 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

School of Chemical and Environmental Engineering, China University of Mining and Technology (Beijing),
Beijing 100083, China; 18910320633@163.com (Y.D.); zhangxiangwei0613@126.com (X.Z.);
wangxinlin8426@163.com (X.W.)
* Correspondence: zhengsl@cumtb.edu.cn; Tel.: +86-10-62339920

Abstract: Binary composite was synthesized via coupling BiOCl with alkali leached natural clinoptilo-
lite (40B0/CN), which showed retarded recombination of photo-generated carriers. The clinoptilolite
was pretreated with alkali leaching, resulting in a larger pore size and high cation exchange capacity.
The modified clinoptilolite was more feasible for the growth of BiOCl and to promote the adsorption
ability for formaldehyde (HCHO). In addition, the cation exchange capacity was conducive to anchor
Bi3+, further leading to the reduction of the particle size of BiOCl. The carrier effect of alkali leached
natural clinoptilolite promoted the amorphous transformation of BiOCl at low temperature, which
simultaneously produced more distortions and defects in the BiOCl lattice. The 40B0/CN composite
exhibited the superior light absorption ability with a narrower band gap. The photocatalytic degra-
dation rate for HCHO of 40B0/CN under solar light reached 87.7%, and the reaction rate constant
was 0.0166 min−1, which was 1.6 times higher than that of BiOCl. This paper gave a deep insight
into photocatalytic technology to efficiently degrade formaldehyde.

Keywords: BiOCl; clinoptilolite; formaldehyde; photocatalysis

1. Introduction

Owning to the increasing attention to the living environment, indoor air quality
(IAQ) has traditionally been regarded as an important factor that affects the health of
humans [1–3]. In particular, formaldehyde, as one of the most concerned volatile organic
compounds (VOCs), has emerged as being one of the main reasons causing cancer due to
its widespread source and high toxicity [4–6]. To date, massive research efforts have been
devoted to the development of adsorption [7], biodegradation [8], thermal catalysis [9], and
photocatalysis [10] technologies to remove formaldehyde. Due to uncomplicated processes
and an efficient treatment effect, adsorption technology has recently been widely studied.
As a kind of natural zeolite and an efficient and environmental adsorption material, natural
clinoptilolite (NC) has received widespread attention owing to its abundant resources, low
price, and its massive mesoporous structure, which could promote the diffusion and mass
transportation of formaldehyde and active species [11,12]. However, its formaldehyde
adsorption capacity is limited. On the other hand, when external environmental conditions
change, formaldehyde molecules are easily desorbed from the surface of NC, resulting
in secondary pollution. Therefore, to make NC more feasible for practical application, it
is very necessary to endow NC adsorbents with formaldehyde degradation function to
ensure the continuous purification ability of materials to formaldehyde.

Among various degradation technologies for formaldehyde purification, photocataly-
sis has been proven to be effective in degrading or mineralizing formaldehyde. Thereinto,
BiOCl is an inexpensive and promising photocatalyst with the advantages of a suitable band
gap (3.40 eV), its non-toxicity, and being cost-effective and environmentally friendly [13,14].
Moreover, BiOCl displays the typical layered structure, which is conducive to the separa-
tion and migration of electron and hole pairs, and so it shows better photocatalytic activity.
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Massive reports have been proved that formaldehyde could be degraded by BiOCl under
ultraviolet or solar light irradiation [15,16]. However, it is currently constrained by the
shortcoming of lower degradation efficiency under solar light irradiation and tendency
to form larger particle size, which inevitably decreases the number of active sites [17]. In
view of the large specific surface area, NC is a promising carrier candidate for BiOCl to
construct a coupling system with a higher formaldehyde adsorption capacity, adsorption
selectivity, and efficient formaldehyde degradation performance. However, the smaller
pore size of NC may hinder the diffusion of BiOCl into the holes. Previous studies have
been proved that alkali leaching process could enlarge the pore size significantly [18,19].
Predictably, the NC after alkali leaching treatment would be more feasible for the deposition
of BiOCl. Based on the above assumptions, combining alkali leached natural clinoptilo-
lite and BiOCl is a satisfactory strategy to enhance the removal of formaldehyde, which
would not only possess superior adsorption performance, but also exhibit formaldehyde
degradation performance.

Overall, the BiOCl/alkali leached natural clinoptilolite was successfully prepared
via facile liquid-phase hydrolysis method and well characterized by various instruments.
The catalytic performance was examined by degrading formaldehyde in different systems.
Meanwhile, the effect of preparation parameters such as reaction temperature and mass
ratio of BiOCl were studied as well. Besides, the mechanism of the composite was fully
explored and proposed.

2. Experimental

2.1. Materials

Sodium hydroxide (NaOH), bismuth nitrate (Bi(NO3)3), glycol (C2H6O2), sodium
chloride (NaCl), and formaldehyde solution (37 wt%) were purchased from Beijing Reagent
Co. (Beijing, China). All the above reagents were analytical reagent grade without any
further purification. The natural clinoptilolite was provided by Bayannur City, Inner
Mongolia Province, China. Deionized water was used throughout the experiments.

2.2. Composites Preparation

Alkali leached natural clinoptilolite (labeled as NC-Na-3.0) was prepared via impreg-
nation method. In a typical synthesis, the NC and NaOH (3.0 mol/L) solutions were
transformed into deionized water and the solid/liquid ratio was 1:10. The above suspen-
sion was further stirred for 6 h in a water bath at 60 ◦C. Then, the suspension was filtrated,
dried in an oven (DHG-9240A, Huiyi Sifang Technical Service Co., Beijing, China) and
collected for further use.

BiOCl/alkali leached natural clinoptilolite was synthesized through liquid-phase hydrol-
ysis. Typically, 2.0 g NC-Na-3.0 was added into 61.42 mL Bi(NO3)3 ethylene glycol solution
with the molar concentration of (m = 0.0125, 0.025, 0.0375, 0.05, 0.0625 mmol/L) under mag-
netic stirring to form a homogeneous suspension, then the suspension was continuously
stirred in a water bath under different temperatures. After that, 92.13 mL sodium chloride
solution with the same molar concentration of Bi(NO3)3 was added into the above suspension
through the peristaltic pump (BT100M, Chuangrui Pump Co., Baoding, China), and finally
the suspension was further reacted for 1 h. Then, the powder was collected after washing and
drying. The composites with a different mass ratio of BiOCl were marked as XBY/CN (X and
Y present the mass ratio of BiOCl and reaction temperature, respectively. X = 10%, 20%, 30%,
40%, and 50%, Y = 0, 25, 50, 75, and 90 ◦C). Moreover, pure BiOCl (labeled as B25 and B0) was
obtained according to the abovementioned method at 25 ◦C and 0 ◦C water bath, respectively,
without using NC-Na-3.0.

2.3. Characterizations

D8 advance X-ray diffractometer (Bruker, Karlsruhe, Germany) equipped with Cu-
Kα radiation (λ = 0.154056 nm) was applied to investigate the phase structure of as-
prepared composite. The range of 2θ was from 5◦ to 80◦ with a scanning rate at 8◦/min.
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The morphology was studied on a scanning electron microscopy (SEM) (S-4800, Tokyo,
Hitachi, Japan). The optical performance of composite was recorded through a UV-vis
spectrophotometer (UV-9000s, Metash Instruments Co., Shanghai, China). The specific
surface area and pore distributions were obtained by JW-BK (JWGB Sci. & Tech., Beijing,
China) at liquid nitrogen temperature (77 K). Photoluminescence (PL) spectra was recorded
through a fluorescence spectrophotometer (F-7000 PL, Tokyo, Hitachi, Japan) at 360 nm
emission wavelength.

2.4. Evaluation of Photocatalytic Activity

One gram of as-prepared composite was evenly dispersed at the bottom of a glass-
surface vessel (ϕ = 10 cm). Then, the glass-surface vessel was put on the support platform in
the reaction chamber with a volume of 60 L. After that, the reaction chamber was closed and
20 μL formaldehyde diluent (18.5 wt%) was injected through a micro syringe. The electric
heating plate and fan were employed to accelerate the volatilization of formaldehyde and
finally the formaldehyde was evenly dispersed in the reaction chamber. After 2 min, the
electric heating plate was turned off. The temperature was maintained at room temperature
and the relative humidity maintained at around 50% (when testing under high humidity
conditions, the relative humidity was maintained at about 75%). Before the simulated
sunlight irradiation, 45 min of dark reaction was conducted to achieve the adsorption-
desorption equilibrium on the surface of the composites. Then, the catalytic process
was examined with a light intensity of 50 mW/cm2 at the sample surface. Generally,
the degradation rate of formaldehyde was equal to the formation rate of CO2, thus the
degradation rate of formaldehyde could be calculated according to the following formula:

D =
M1 ×�CO2

M2 × C0
. (1)

M1 and M2 represent the relative molecular weights of formaldehyde and carbon dioxide,
respectively. �CO2 is the increment of CO2 (mg/m3). C0 represents the initial concentration of
formaldehyde (mg/m3), and the theoretical calculation value is 66.8mg/m3. The concentration
of CO2 and formaldehyde was monitored through a photoacoustic spectrum.

3. Results and Discussion

3.1. Cation Exchange Effect of Catalyst

Since NC possessed a superior cation exchange effect, it is necessary to further in-
vestigate whether the cation exchange performance is conducive to the growth of BiOCl,
which is important for understanding the mechanism of the catalyst. A certain amount of
NC-Na-3.0 was transferred into Bi(NO3)3 ethylene glycol solutions and the suspension was
dispersed evenly under vigorous stirring. Then, the suspension was transferred to a water
bath at 0 ◦C and 90 ◦C, respectively. After stirring for 2 h, the suspension was filtrated
and dried, then the as-prepared composites were marked as CN-0 and CN-90, respectively.
The chemical components of the above two samples were further analyzed. As shown in
Table 1, the content of Bi in CN-0 and CN-90 was higher than NC-Na-3.0, while the content
of Na and Ca in CN-0 and CN-90 are significantly lower than NC-Na-3.0, indicating that
ion-exchangeable reaction between the Na+, Ca2+ in NC-Na-3.0 and Bi3+ was carried out.
Moreover, there is little difference in the chemical components between CN-0 and CN-90,
indicating that a low temperature could hardly inhibit the ion exchange between Na+, Ca2+

in NC-Na-3.0 and Bi3+.

Table 1. X-ray fluorescence spectroscopy (XRF) results of clinoptilolite supports before and after ion
exchange with bismuth nitrate at different temperatures (wt%).

Sample SiO2 Al2O3 CaO MgO K2O Na2O Fe2O3 Bi2O3

NC-Na-3.0 61.39 21.46 5.35 ± 0.11 2.23 2.38 6.32 ± 0.13 0.83 0.01 ± 0.00
CN-0 64.31 22.37 3.39 ± 0.08 2.28 2.13 1.58 ± 0.06 0.63 2.86 ± 0.06

CN-90 64.25 21.92 3.23 ± 0.08 2.21 2.26 1.54 ± 0.06 0.85 2.76 ± 0.07
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3.2. Phase Structure of Catalysts

The phase structure of XBY/CN composites and the contrastive samples were in-
vestigated by XRD spectra. As shown in Figure 1a, the spectrum of B25 was basically
consistent with the standard spectrum of BiOCl (JCPDS: 06-0249), indicating that the purity
and crystallinity of BiOCl in B25 synthesized at room temperature were high [20]. The
peaks appeared at 26.0◦, 32.5◦, and 46.8◦, and could be indexed as (101), (110), and (200)
planes of BiOCl in XB25/CN, respectively, and the peak intensity gradually enhanced
with the increase of the loading ratio of BiOCl. Meanwhile, the peaks located at 26.0◦,
32.5◦, and 46.8◦, which were attributed to (101), (102), and (200) planes of clinoptilolite,
were gradually decreased. This implies that more BiOCl were successfully grafted on the
surface of NC-Na-3.0. Moreover, the peak relative intensity of (110) crystal face of BiOCl
in XBY/CN was higher than (101) crystal face of B25 and standard spectrum of BiOCl,
which revealed that BiOCl presented an evident (110) preferred orientation on the surface
of NC-Na-3.0.

Figure 1. (a) XRD spectra of B25 and XBY/CN with different BiOCl loading amounts; (b) different
reaction temperature; (c) XRD spectra of B0 and 40B0/CN before and after calcination; (d) XRD
spectra of NC and NC-Na-3.0.

The XRD spectra of 40BY/CN composites under different reaction temperatures
were shown in Figure 1b. As can be seen, compared with B25, the diffraction peaks
of BiOCl in B0 were significantly sharpened and the intensity was improved as well,
indicating that the lower temperature was beneficial to increasing the crystallinity of
BiOCl. However, the peaks’ intensity was enhanced gradually with the increased reaction
temperature, indicating that the existence of NC-Na-3.0 exhibited a significant impact on
the crystallization and actual loading amount of BiOCl.

Furthermore, the XRD spectra of B0 and 40B0/CN composites after calcination at
500 ◦C for 1 h (B0-500, 40B0/CN-500) was further studied to confirm the carrier effect of
NC-Na-3.0. As shown in Figure 1c, the diffraction peaks of B0 did not change significantly
after calcination, while the peak of BiOCl diffraction peaks in 40B0/CN were significantly
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sharpened and enhanced after calcination. This phenomenon could be attributed to the
amorphous transformation of BiOCl at low temperature caused by the introduction of
NC-Na-3.0. The induced transformation of NC-Na-3.0 might produce more distortions
and defects in the BiOCl lattice, which would effectively promote the photocatalytic
performance of the composites under solar light [21].

3.3. Pore Structure and Specific Surface Area of Catalysts

The specific surface area, pore volume, pore distributions of composites, and the
average crystallite sizes of BiOCl in composites (calculated based on the Debye-Scherrer
equation) are summarized in Table 2. NC-Na-3.0 possesses the largest specific surface area,
total pore volume, and average pore diameter, which are beneficial for the adhesion and
dispersion of BiOCl nanoparticles. Compared with B25 and B0, the specific surface area
and pore volume of XBY/CN is improved, and the average pore size decreases apparently,
suggesting that a large number of microporous pores were formed. When the mass ratio of
BiOCl is small, the crystallite size of BiOCl loaded on NC-Na-3.0 carrier increases compared
with B25, which may be due to the acid-base characteristics of the carrier surface. After
alkali leaching treatment, more active centers that can react with acid remained on the
mineral surface of natural clinoptilolite. These active centers would react with HNO3,
which was produced by the hydrolysis of Bi(NO3)3 in NaCl aqueous solution, and finally
the neutralization reaction could be realized. Therefore, the pH would be maintained to
neutral, and the higher pH value promoted the rapid nucleation and growth of BiOCl.
With the increase of the mass ratio of BiOCl, the crystallite size of BiOCl in XB25/CN
gradually decreases as well as the total pore volume and average pore size (compared with
NC-Na-3.0), indicating that the loading of BiOCl particles on the carrier may be completed
preferentially in the pores of the carrier.

Table 2. Specific surface area, total pore volume, average pore diameter, and crystallite size of
different samples.

Sample
Crystallite Size

of BiOCl
(nm)

SBET

(m2/g)

Total Pore
Volume
(cm3/g)

Average Pore
Diameter

(nm)

NC-Na-3.0 —— 61.43 0.310 16.67
B25 19.5 29.29 0.160 15.63

10B25/CN 19.9 56.63 0.283 15.43
20B25/CN 12.5 45.29 0.181 13.61
30B25/CN 12.3 43.68 0.176 12.97
40B25/CN 12.2 42.55 0.162 12.38
50B25/CN 12.9 36.75 0.158 11.57

B0 18.6 23.89 0.148 15.84
40B0/CN 11.3 65.54 0.254 12.2

40B25/CN 12.2 42.55 0.162 12.38
40B50/CN 18.1 45.78 0.206 12.72
40B75/CN 23.3 50.82 0.209 13.52
40B90/CN 26.8 55.47 0.254 15.76

When the mass ratio of BiOCl was 40%, the smallest crystallite size of BiOCl and
smaller average pore size of 40B0/CN appeared, which not only improved the photocat-
alytic activity of the composites but also facilitated the diffusion and mass transportation
of reactants and active species. Besides, the uniformly BiOCl significantly improved the
specific surface area and pore volume of 40B0/CN composite, and the surface area of
40B0/CN was 2.24 and 2.79 times as high as that of B0 and B25, respectively. It can also be
seen from Table 2 that a higher reaction temperature is unfavorable to the formation of a
smaller crystallite size of BiOCl.
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3.4. Morphology and Structure of Catalysts

The morphology and structure of as-prepared composites were investigated by SEM
images. As shown in Figure 2, the B25 sample prepared at 25 °C exhibited a flake structure
with a diameter of about 110~160 nm and a thickness of about 20~40 nm. The aggregate
exhibit flake structure with a diameter of about 2~3 μm. The B0 sample prepared at
0 ◦C was mainly composed of flake structure with a diameter of about 60~80 nm and
a thickness of about 20 nm. The BiOCl nanosheets were agglomerated into flower-like
structure with a diameter of about 500 nm. As shown in Figure 2a,b, the particle size of B0
was significantly smaller than B25, and the size of B0 aggregates was small and uniform as
well, which further indicated that a lower temperature could inhibit the growth of BiOCl
and contribute to the dispersion on the surface of NC-Na-3.0. As shown in Figure 2c, the
NC-Na-3.0 exhibited massive macropores with the pore size of 70~400 nm, while most
of the original macropores of NC-Na-3.0 disappeared after loading of BiOCl (Figure 2d),
which was ascribed to the growth of BiOCl in the macropores. As shown in Figure 2d,
massive aggregates of BiOCl with the diameter of 100~200 nm and nanosheets of BiOCl
with the diameter of 20~40 nm and a thickness of about 10 nm were dispersed on the
surface of NC-Na-3.0. The smaller size of BiOCl might be caused by the carrier effect of
NC-Na-3.0.

Figure 2. SEM images of pure BiOCl ((a) B25, (b) B0), clinoptilolite support ((c) NC-Na-3.0) and 40B0/CN (d).

3.5. Optical Properties and Photoelectrochemical Performance of Catalysts

The optical performance of the as-prepared composites was measured via UV-Vis
DRS spectra. The light absorption intensity of B25, B0, and 40B0/CN in the UV region,
especially in the UV region of 230~315 nm, increased in turn, indicating that the smaller
size of BiOCl was helpful to improve the utilization of ultraviolet light. In the region of
>355 nm, especially in the region of 355~565 nm, the light absorption ability of B0, B25,
and 40B0/CN increased in turn, indicating that the lower crystallinity of BiOCl might
facilitate improving the utilization of visible light. In addition, the band gap values (Eg)

516



Materials 2021, 14, 6469

were calculated using the Kubelka–Munk method [22], and the results were displayed
in Figure 3b. The band gap of B25, B0 and 40B0/CN were estimated as 3.41 eV, 3.46 eV,
and 3.37 eV, respectively. The narrower band gap of 40B0/CN further revealed that more
visible light could be harvested.

Figure 3. UV-Vis DRS (a) and band gaps (b) of different samples.

3.6. Photocatalytic Activity and Stability of Photocatalysts

Since the mass ratio of BiOCl could directly affect the catalytic performance of
XB25/CN composites, the degradation rate of formaldehyde with a different loading
amount of BiOCl was studied systemically. As depicted in Figure 4a, the concentration of
HCHO showed a declining trend with the extension of time under dark condition, and
gradually reached adsorption equilibrium within 45 min. Moreover, the concentration
of CO2 remained almost unchanged during the dark adsorption process, which demon-
strated that the decrease of HCHO was mainly attributed to the materials’ adsorption
rather than degradation. B25 exhibited the smallest reduction of HCHO, resulting from
poor adsorption ability. The XB25/CN composites possessed the higher adsorption of
HCHO, which revealed that the introduction of NC-Na-3.0 significantly enhanced the
adsorption performance. As shown in Figure 4b, the concentration of CO2 under different
systems increased significantly, and the formation efficiency increased with the increase
of BiOCl loading from 10% to 40%, and decreased when the BiOCl loading was excessive
(X > 40%), suggesting that higher BiOCl loading amount was not conducive to the degra-
dation of formaldehyde by composites. The corresponding first-order kinetics plot shown
in Figure 4c,d demonstrated that the 40B25/CN composite shows superior formaldehyde
purification performance under sunlight and the degradation efficiency was higher than
of pure BiOCl. The K value of 40B25/CN (0.0133 min−1) was 1.32 times higher than
that of B25 (0.0101 min−1) [23,24], further indicating that the introduction of NC-Na-3.0
significantly improves the photocatalytic performance of BiOCl.

It can be seen from Figure 5, that the formation efficiency of CO2 gradually increased
with the decrease of reaction temperature. Moreover, the reaction rate constant gradually
increased as well, which indicated that the lower reaction temperature was conducive
to the improvement of the catalytic performance of B/CN. Specifically, when the reac-
tion temperature decreased to 0 ◦C, the composite displayed the faster formation rate of
CO2, and the K value of 40B0/CN (0.0166 min−1) was 1.61 times higher than that of B0
(0.0103 min−1). Thus, 40B0/CN was selected for further use in this work.

The stability of photocatalytic performance is of great significance to the practical
application of photocatalyst. The stability mentioned in this work includes the reusability
of 40B0/CN and the photocatalytic performance of HCHO under high humidity conditions.
It can be seen from Figure 6 that the degradation rate of HCHO and the formation rate
of CO2 have no obvious reduction after three reuse experiments of 40B0/CN, indicating
that the composite possessed the superior sustainable degradation performance for HCHO
under solar light. Additionally, there was a minor reduction of HCHO and CO2 in the high
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humidity environment, which further indicated that 40B0/CN displayed good moisture
resistance and had the application conditions in the high humidity environment.

Figure 4. Variations of HCHO concentration (a), corresponding increased CO2 concentration (�CO2)
(b), the kinetic curves (c) and the reaction rate constant values (d) over different samples under
solar light.

Figure 5. Variations of HCHO concentration (a), corresponding increased CO2 concentration (�CO2)
(b), the kinetic curves (c) and the reaction rate constant values (d) over different samples under
solar light.
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The XRD spectra of 40B0/CN, B0 and B25 before and after photocatalytic reaction were
depicted in Figure 7. Obviously, the peak of BiOCl in B25 and B0 after the photocatalytic
reaction was significantly sharpened and the intensity was enhanced, suggesting that the
stability of the pure BiOCl was poor. The pure BiOCl synthesized by precipitation method
had a smaller particle size. Moreover, the structural stability and crystallinity of it were
generally lower than those of BiOCl after calcination. Therefore, it is also understandable
that the structure and crystallinity changed after receiving light radiation energy. However,
only slight changes were observed in 40B0/CN, which might be attributed to the existence
of NC-Na-3.0, which could effectively maintain the stability of BiOCl.

Figure 6. Repeated formaldehyde degradation performance of 40B0/CN in sunlight and its formaldehyde degradation
performance in a high humidity environment.

Figure 7. XRD spectra of B0, B25, and B0/CN before and after photocatalytic reaction under sunlight.

3.7. Reaction Mechanism

For the photocatalyst, the separation efficiency of photogenerated carriers was closely
related to the photocatalytic activity. Based on the above analysis and discussion, it
could be proved that the adsorption performance and photocatalytic performance of the
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composites were improved compared with BiOCl. The PL spectra was carried out to further
investigate the separation efficiency of photogenerated carriers. As depicted in Figure 8a,
the composites were excited under 290 nm and all of them revealed a wide emission peak
from 350 to 800 nm. It is clearly observed that 40B0/CN showed weaker intensity than
B25 and B0, which demonstrated that 40B0/CN possessed a lower recombination rate of
electron-hole pairs [25,26]. This is consistent with the experimental results of the HCHO
degradation rate in Figure 8b.

In conclusion, the preparation mechanism of 40B0/CN composite was as follows:
After alkali leaching, NC-Na-3.0 obtained more large pores, and due to the existence of a
strong electric field inside and around pores, more equilibrium ions Na+ and Ca2+ could be
gathered. When NC-Na-3.0 was added into Bi(NO3)3 ethylene glycol solution, NC-Na-3.0
would carry out the ion exchange between Bi3+ and Na+, Ca2+ in the pores of NC-Na-3.0.
Then, with the addition of NaCl aqueous solution, BiOCl preferentially nucleated and
deposited around Bi3+ in the pores. Due to the confinement effect of the carrier, the growth
of BiOCl would be inhibited, and the size of BiOCl would be reduced and the dispersion
would be improved [27]. Moreover, the lower reaction temperature further decreased the
deposition size of BiOCl on NC-Na-3.0 and further promoted its dispersion. The existence
of NC-Na-3.0 also induced the transformation of BiOCl nanocrystals to an amorphous state.

The possible degradation mechanism was discussed, and the conclusion was depicted
as three aspects: (1) Compared with pure BiOCl, the specific surface area of the 40B0/CN
increased significantly and the adsorption of HCOH was significantly enhanced. The
probability of collision between BiOCl particles and HCHO molecules could be greatly
increased, which promoted the efficiency of photocatalytic degradation of HCHO; (2) More
nano-scale BiOCl particles were evenly distributed on the surface of the carrier, and these
particles have the tendency of amorphous transformation, resulting in increased distortion
in the lattice. Thus, more visible light could be harvested by 40B0/CN, and the utilization
of solar light was improved; (3) The combination of BiOCl and NC-Na-3.0 effectively
promoted the separation and migration of photogenerated carriers, further improving
photocatalytic performance.

Figure 8. Photoluminescence spectra (a) and formaldehyde degradation rate under sunlight (b) of
B25, B0 and 40B0/CN composites.

4. Conclusions

The BiOCl/alkali leached natural clinoptilolite with superior photodegradation per-
formance of gaseous formaldehyde were successfully prepared via facile liquid-phase
hydrolysis method. There were a large number of BiOCl nanosheets with a diameter of
20~40 nm and a thickness of about 10 nm growth in the pores of NC-Na-3.0. The photo-
catalytic degradation rate of HCOH under solar light reached 87.7%, and the reaction rate
constant was 0.0166 min−1, which was 1.6 times higher than that of BiOCl. Moreover, the
composites possessed superior adsorption properties, good reusability, and moisture resis-
tance. The introduction of NC-Na-3.0 as the carrier enhanced the adsorption performance
for HCHO, promoted the directional deposition of BiOCl, and reduced the particle size of
BiOCl. On the other hand, the improvement of dispersion and the induced transformation
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of BiOCl effectively reduced the band gap value, which enhanced the solar light absorption
and boosted the separation and migration of photogenerated carriers.
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