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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.
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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 CEX (from 0 to 50 umol 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 umol kg 1) to 98.6% (928.0 umol 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 R? 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 umol kgfl) in those
devoted to agricultural production, and between 74.6% and 93.5% (between 109.9 and
116.71 pumol kg~!) 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 Ca,ClI (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 umol L~1) was added, also containing 0.005 M of CaCl, 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 pm 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 um particle
size) was used, provided by Phenomenex (Madrid, Spain), as well as a pre-column (4 mm
long, 2 mm in diameter, 5 um particle size) packed with the same material as the column.
The injection volume was 50 uL and the flow rate was 1.5 mL min~!. 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 CaCl, (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.

e = KFCeq" (1)
. gmKrCeq

o= e @

Kd = q./Cg 3)

where g, 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); C is
the concentration of antibiotic present in the solution at equilibrium; Kr is the Freundlich
constant related to the adsorption capacity; 1 is a parameter of the Freundlich model asso-
ciated with the degree of heterogeneity of the adsorption; Kf, is the Langmuir adsorption
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constant; g;; is the maximum adsorption capacity according to the Langmuir model; and
Kj 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; Xr:
total content of the element (X); Al,, Fey: 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 cmole kg’1 7.95 5.38 213 95.0 24.75
Mge cmole kg™! 8.53 2.70 7.15 3.26 0.72
Nae cmol kg ! 1.36 0.46 1.42 12.17 4.37
Ke cmole kg™! 12.93 4.60 11.09 250.65 0.38
Ale cmole kg ™! 0.13 1.78 2.15 0.07 0.03
eCEC cmol kg ! 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 ! 262.84 70.45 217.95 462.83 54.17
Nar mg kg’l 242.31 68.92 271.54 2950 5174.00
MgT mg/kg 840.96 473.55 653.40 26,171 980.66
Al mg kg ! 80.58 561.50 246.95 14,966 433.24
Kt mg kg~ ! 4464.10 737.84 4123.44 99,515 202.07
Car mgkg™! 2262.96 2318.81 538.96 136,044 280,168
Crr mg kg ! 0.13 1.88 0.74 36.28 451
Mnr mg kg~ ! 614.92 30.19 356.28 10,554 33.75
Fer mg kg ™! 4313 169.78 4727 12,081 3535
Cor mg kg ! 0.03 0.20 0.38 17.25 1.02
Nir mg kg~ ! 2.17 1.86 0.93 69.25 8.16
Cury mgkg ! 2.80 <LD 3.81 146.33 6.72
Znt mg kg ! 7.66 6.98 5.78 853.00 7.66
Ast mg kg ! 0.02 <LD 0.02 8.36 1.12
Cdr mgkg™! 0.0 0.13 0.05 19.93 0.07
Al mg kg ! 45.0 315.0 169.0 8323 178.33
Fe, mg kg ! 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 cmol. kg~! for pine needles to 361.15 cmol. kg ! 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 (Fe,, Al), followed by mussel shell
(Table 1).

3.2. Adsorption and Desorption of CFX
3.2.1. Adsorption

Figure 1 shows the adsorption curves of CEX 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 pmol kg ™! of pine bark and 927.95 pmol kg ! 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 umol 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 (pK,) 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 (pK,; = 3.15
and pK,; = 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 pK,, value of the antibiotic
(10.97), so CEX 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 Ca?* 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. Kp (L™ pumoll 1 kg’l); Kp
(L umol~1); n (dimensionless); g, (tmol kg 1); K (L kg™ 1). -: standard error values too high for fitting.

Freundlich Langmuir Linear Model
Adsorbent Kr Error n Error R? Kp Error Gm Error R? K, Error R2
Eulceaal\):gstus 66.94 18.00 0.72 0.13 0.955 0.067 0.056 862.05 458.17 0.951 36.41 245 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 27.35 043 0.07 0.967 0.202 0.067 700.09 75.87 0.974 34.25 431 0.748
Wood ash - - - - - - - - - - 597.15 181.51 0.145
Mussel shell 93.25 3491 0.77 0.18 0.909 0.077 0.067 122347  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 R? values were lower than 0.90 in all materials (with the
exception of eucalyptus leaves, R? = 0.929), with R? being very low in the case of wood ash.
On the contrary, in the Freundlich and Langmuir models, R? 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 Kr parameter, related to the adsorption capacity, varied between
66.9 and 162.0 L™ umol! ™ kg~!. 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 umol 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 umol kgfl) and pine bark (ranging between 8.4 and 157.0 umol kgfl). Regarding the
rest of the adsorbents (pine needles, mussel shell, and wood ash), the desorbed quantities
did not exceed 20.7 umol kg~! 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

10
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correspond to the presence of higher contents of noncrystalline Al and/or Fe compounds
(Aly, Fey) in these bio-adsorbents (Table 1).

Table 3. CFX desorption, expressed in pmol kg ! (and in a percentage, between brackets), for the five different sorbents, as
a function of the concentration of antibiotic added (Cy, in umol L~1). -: no data. Average values (1 = 3), with coefficients of

variation always <5%.

Cp (umol L-1)

Sorbent 5 10 20 30 40 50
Eucalyptus leaves 6.4(19.8) 16.3(20.2) 41.1(22.2) 65.9(19.5) 141.127.5)  16450249)  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 15.4(20.5) 20.7(13.0) 19.5(5.9) - - -
Wood ash - - 0(0 - 0(0) 0(0)
Mussel shell 0.3(12.2) 0.6(34) 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 CEX 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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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 um [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]:

@ = %/; B(v1,v —vy)n(vy, t)n(v — vy, t)doy — /0‘00 B(v1,v)n(v, t)n(vy, t)dvy (1)

where n(v, t) is the number density function of the particles with volume from v to v + dv at
time t; B(v, v1) is the collision frequency function between particles with volume v and v;.

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

Processes 2021, 9, 1218. https://doi.org/10.3390/pr9071218 15

https:/ /www.mdpi.com/journal/processes



Processes 2021, 9, 1218

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 j3 are represented as [1]:

1/2, 1/Ds vl/sz

Bem = Bi(v; '+ o) (v, o) 2)

1/D
Bcr = Ba(v;

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

1/Ds,, —1/D ~1/D
f—&-v]. f)(vi f+v]. h 3)

1
continuum regimes, respectively; the constants By = (%—‘;T) : (37 47'[)2/ Dp=1/ 2a;86/Df and
By =2kgT /31, with kg the Boltzmann’s constant; T is the temperature; y is the gas viscosity;
pop is the particle density; g, is the radius of a primary particle; v is the particle volume;
Dy s called the fractal dimension, which can be related to the arrangement of the primary
particles within an agglomerate. It should be noted that Dy < 2 is not applicable for Equation

(2) in physics [1], thus the following discussions are limited to a range of 2 < Dy < 3.

2.2. Taylor Series Expansion Method of Moments
With the definition of k-th order moment My,

M, = /:o vkn(v)dv 4)

Equation (1) can be converted into a system of original differential equations by
multiplying both sides with v¥ and then integrating over all particle sizes:
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aM
—k = / / (w+uv) vk —v ]ﬁ(val) (v, t)n(vy, t)dvdoy @)
dt 2

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 (v;” 1y vT1)1/2 in Equation (2) can be expanded with respect to mean
volume u = M1 /M)y; (2) and all the higher and fractional moments are approximated by the
polynomial equation with respect to the first three moments:

My = (6)

Mk 1 Kk=1)(Mc - 1)
ME1 2
Here the dimensionless moment M = MgM,/M;? is the function of geometric stan-

dard deviation o which can be noted as In(Mc¢)/9 = In ¢ [6]. The moment equations
based on TEMOM in the free molecule regime are obtained [11]:

4-D

f
dM, V2B M? [ My \ 2D
TtO‘FMf_W#O<Mé> F (ayMc? + a;Mc + a3)
M
T |y = )
4-D
dM, _ _V2BiME (M Zfo biM~2 + by M b
T)FM—*W<MO) (b1Mc? + baMc + b3)

where the coefficients aq, a,, as, by, by, b3 are:

a; = D% — 24D% + 70D% — 48D; + 16

f f f
_ 4 3 2 _
ay = 54D} — 144D} + 52D% + 96Dy — 32
a3 = 73D} + 168D% — 122D — 48Dy + 16
f f f ®)
_ 4 3 2 _
by = 3D} +16D3 +10D7 — 16Dy — 16
_ 4 3 _ 2
by = 2D} — 96D} — 212D% + 32D + 32

by = —133D} + 80D} +202D7 — 16Dy — 16

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

dM _B My?
| op = jDi’ (p1Mc? + paMc + p3)

d

Wl =0 ©)
dM, By M2

ar ‘CR 2D4 (leC + paMc + p3)
where the coefficients pq, py, p3 are:
p1=1-D%py = —2+6DF; ps = 1-5DF + 8D} (10)

2.3. Principle of Maximum Entropy

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

17



Processes 2021, 9, 1218

ds _ 9S dMo+8id£+ dS dM,
dt ~ oMy dt  oU dt = oM; dt
According to the thermodynamic analysis [18], the rate of change for S can be arranged
and then correlated with that of M), the particle kinetic energy k., and the particle specific

surface area s:
dMy 1 (dke ds)

(11

das 3

ar — keInMody) 5=+ 7 (G g
in which Ay, is the thermal wavelength and 1 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]:

(12)

2./
Akg:fkb—T<lf UM) <0 (13)
2 [ %]
dk, o kgT [ [® 2,/0103
e T/O /0 <1 o1t 7 B(v1, v2)n(vy, t)n(vy, t)dvadvy (14)

Assuming that v; is the larger particle, the relative loss of k. increases with a larger
ratio of v; to vy, which is illustrated in Figure 1. This shows that a wider range of PSD,
namely, a larger M¢, would lead to a more rapid reduction in k.. 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| o x1MZ+xMc +x3 dMo (15)
dt EM B alMC2+a2Mc+a3 dt
in which xq, x», x5 are:
— 4 3 2
X = (Df 12Df+8Df>/2
x = 15D} + 12D} — 8D} (16)
X3 = (fsw}* — 12D} + SD}) /2

e

Figure 1. The relationship between | Ak,/k. | and v /v;.

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 4k7m20,
where 4y is the radius of primary particle [20]. Obviously, it is more suitable for chain-like
structures with Dy—1 but not compact aggregates with Dy —3. In a statistical sense, the
collision radius of agglomerates composed of k monomer is [1]:

v 1/Df 1D
r= Aay (U—()) = Aayok™ ™S 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 = 4mr? = 4k P a2y = Byv?/ P (18)

2-6/D
in which the constant B; = 47(3/ 47'[)2/ Dy 0 /Ds . Thus, for chain-like structures with
Df=2,5= 4k71af,0 equals to that of an agglomerate without necking and for compact

aggregates with Dy =3, s = (36m)'/302/3 equals to that of a spherical particle. Apparently,
the agglomerates composed of the same number of primary particles with smaller Dy
would have larger specific surface area and collision radius. Now the total surface area of
this system can be expressed as:

s = /0 sn(v, t)dv = BsMa/p, (19)

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

ds ., dMa/p, 20)
at Tt
ds _ dMy/p, 1)
sdt Mz/Dfdt
where the fractional moment M, py is approximated by using Equation (6):
ﬁ _ sz/Df (22)
sdt Mz/Dfdt
and its derivative with time ¢ can be achieved:
dMyp,  (1—2/Dy) M My M3dM
f )V 0 04V
= 1/Df—1)(2 —2—Df)—— — 2
o Dy a2 (1/Dy —1)(2Mc )G M2dt @
0
Combining the first and third equations in Equation (7) gives:
dM, o ZM% blMC2 + by M¢ + bz dM (24)
at |pm N M% aiMc? +ayMc + a3 dt
Then Equation (23) can be rearranged as:
dMy/p, (1—2/Dy) MP7 [ (1/Df —1)(2Mc —2 = D)= T dm,
pn =~ b, 2D, 2(by M2 +b, M +b3) 2
FM f M, o Mc2+ay Mc+as

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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2(byMc?+byMc+b,
as|  (1=2/Dp)[(1/Dy—1)(2Mc —2 - Dy) — Alictthabicths))

dt[py Ds+ (2/Df —1)(Mc — 1) Modt

(26)

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

dke| 5 1Mc* + gaMc + q3 dMy 7)
at |cr PIMC2 + pa2Mc +ps dt
ds|  (1=2/Dp)[(1/Dy = 1)(2Mc —2-Dp) +2] sap o5
dt|cp Df+ (2/Df —1)(Mc — 1) Moyt
where g1, q2, g3 are noted as:
q1 = (9D} +12D3)/16
= (34D} - 24D}%) /16 (29)
g3 = (—25D;% + 12DJ2[)/16
Finally, the rate of change for S can be found:
as 1 vs dM
= f(—kBTln(Mo)\f’h) +kgTCy + MOQ)W (30)

in which C;, C; are functions of the dimensionless moment M¢ and fractal dimension Dy:

2(by Mc?+byMc+bs)
(1-2/Dy) [(1/Dy ~ 1)(2Mc — 2 - Dy) — e e inl|

Cl‘FM = Df+(2/Df_1)(MC_1) (31)
(1—2/Df)[(1/Df—1)(2MC—2—Df)+2]
Cl‘CR - Df+(2/Df_1)(MC_1) (32)
_ le%-O-szc-O—xg
ColeM = o T ¥ e T 43 (33)
Mc? + g2 Mc +
Caoleg = Qvlc™ T g2Vlc T 43 (34)

piMc? + paMc + p3

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 My will decrease
with time due to agglomeration: dMy/dt < 0. Thus, the thermodynamics constraints for
Brownian agglomeration at a certain temperature and pressure can be obtained:

s Mo(In(Mph,) — Go)

S
ksT G 9

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
M; /My 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:

ZDf

kg|FM =C3+ kaCZMO — kaC2 [glt]_wf*4 (36)

where C3 = k,(t1) — keTCo(t1)My(t1) is the integral constant, ¢; 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 M in the continuum regime, which can
also be available in the free molecular regime. Now the effect of primary particle size ap
on k. can be obtained, which is as the same as that on Mj:

12—-4D
kelppr o apo ™ (37)
Thus, its relative dissipative rate becomes:
dk d 2D
L Nl (38)
kedt|py  Modt — 3D;—4

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):

2/D 2/Df —1)(Mc — 1 2
Sleat — BaMy f{H( ! D)f( SR (39)
-~k
Sl a0 (40)
and its relative dissipative rate becomes:

Df—2 2Df—4
ds| o _Zym2dMo | 2PrmR (41)

sdt M Df Modf 3Df_4

For simplification and without loss of generality, the calculation can be non-dimensionalized
through the following relations: My * = My /My, My * = My /My, My * = McoMa /My,
tr = By MG PTG PIIDT ok Mook T), 5* = sME 2T M, 2%/ / By, 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 Moo = 1,
Mg =1, My =4/3, koo = 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 k.
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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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|cg — kpTCaMy = kyTCogy 't (42)

Iil;et R 16\1/1]::;0;5 =t (3)

Slex = BaMy” {1 i 7;)]‘(MC U gagror? (44)
R @)

where g5 is a function of Dy 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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as _1
dt T

Ds—
(—kBTMoln(MOAfh)—i-ke-&- =
1

And the corresponding thermodynamics constraints are:

o Mo (In(MpA3,) — C2)

kgT — 1—2/Df
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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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2/Dy 3
M (2/Dy=1)(Mc=1)] _ (In(MA3,) — C2)
yBz—L 1+ = th k, T (48)
M(Z)/Df Df 1_2/Df

For liquid pure substance, Moy usually takes the value as V), in the free molecular
regime and My /My =V, /Na, where Vy, is the molar volume and N is the Avogadro
constant. A modification coefficient ., 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:

ky
L e (49)
where k; is a function of the temperature and fractal dimension:
2/D¢
ky = Vi — Co) Na "Dy kT (50)
2/D;—2/3
Vi Pr B3<1—2/Df> [Df+(2/Df—1)(MC—1)}

The surface tension increases as molar volume increases and tends toward the constant
Y 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 V,, = M/p,

ko
M2/

7= Yo (51)

by — (In(M/p) = Cy) (eNa)*PrD;
M/ Pr=2/3 g, (1 - 2/Df> [Df +(2/Df = 1)(Mc — 1)]

ky T (52)

where M is the molecular weight and p 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 k; is illustrated in Figure 4 for n-alkanes at 0 °C, where
apo = 0.2 nm is equal to the radius of methane and # 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 k;. In the
range of 2.7 to 2.8, the result is mostly close to the value k, = 360 of least-squares fitting
based on experimental data [24].
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Figure 4. The effect of fractal dimension on the slope k; 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
M approaches a constant as time advances, thus we have:

dMc _ MpdMo | Mo dM,

_ V2 Al
dt M? dt M? dt 0 (AD

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:

ClMC3 + Cchz +c3Mc+cq4 =0 (A2)
In which ¢1, ¢, 3 and ¢4 are functions of Dy:

¢; =a; = D} —24D3 + 70D — 48Dy + 16

f f f
0 =ap+2b = 60D;£ — 112DJ% + 72D} +64D; — 64
A3
c3=az+2by = 77D§ - 24Df, - 546D} +16D; + 80 (A3)

€y = 2by = 7266Dj‘; + 160D§*r + 404D§ —32Dy — 32

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

MCl‘FM = é ((dl +d2)1/3 _ o 4d3 —2C2>

(dy+d)'"?
1/3 4d
Malp = s (e + )"+ (0 ey ) (A%)
—c3ty/c3—4
Mcslppy = = 222 =

where dq, d, and d3 are:
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dy = 12¢; \/3(27c%cﬁ — 18c1coc3cq + 4163 + 4cies — c3c3)
dy = —108c%¢:4 + 36¢c1cp03 — 8c§ (A5)
d3 = 3C1C3 — C%

Then the asymptotic solution of My can be obtained:

2D,
—3D,—4
Molpy — (&1t) (A6)
where g7 is a function of Dy
V2Bi(3Df —4) 1 0f
g1 = 7@1\41 P (a1 ME + a;Mc + a3) (A7)
128D Ji
And its relative agglomerate growth rate is:
M 2D¢ 1
L i A (A8)
Modt | pp 3D - 4t
Analogously, the asymptotic solution of Mc in the continuum regime is:
Mclcgr =2 (A9)
And the asymptotic solution of My and its relative growth rate are:
-1
MO‘CR — (got) (A10)
dM 1
L (A11)
Modt |-r t
where g5 is a function of Dy:
2 4
= By(1+3D2 +8D%) (AL2
4D*
f
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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, PMjj 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 PM;g, 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 pm, 0.5 um, 1.0 pm, 2.0 um, 5.0 pm and 10 pm
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 um. 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 PMy, 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 pm 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 um 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 um 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].
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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 um).

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.
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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 PM;
(particulate matter with diameter lower than 10 pm), 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 PMjg expressed in pg/m? 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 PM;p number into the
PMj expressed in mass per volume is close to reality, the obtained data present a large
number of maximum limit (50 ug/ m?) 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 PM;y measurements in the same city of Galati [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 ug/ m? in Warsaw,
Poland [11]; 578 ug/m? in Beijing, China [39] and 322 pg/m? in Castellén, Spain [12].
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Figure 4. Hourly mean values of PMjg, expressed in ug/m?, 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 PM;g transformed into ug/ m?, 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.
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Figure 5. Daily mean values of PMj, expressed in pg/m?, 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-GL2-52 and RN-GL2-53) 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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References

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 Galati. 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~ and 98.00% for
MB-CCSs and 4.480 mg g~ and 91.43% for MB-CCPs. Kinetic studies revealed that MB adsorption
onto CCSs obeys pseudo-first order kinetic model (K; = 0.0274 min~!), while MB adsorption onto
CCPs follows the pseudo-second order kinetic model (K; = 0.0177 g mg~! min~!). 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: C;4H13CIN3S) 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 um,
600-1180 pm and >1180 pm, 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 x mag-
nification. Infrared spectra of the biosorbents and MB-loaded biosorbents were recorded
over 4000-400 cm ™!, using Thermo Scientific Nicolet iS50 FI-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 um, 600-1180 pm and >1180 pum), adsorbent dosage (0.5 g/L-10 g/L),
pH (2-12), and temperature (2060 °C). The solution pH was adjusted by adding 0.1M
NaOH or 0.1M HCI 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):

G -G

i

R% =

x 100 1)

where C; and C; are the MB dye concentration (mg/L) before and after the adsorption, re-
spectively.
The equilibrium biosorption loading qe (mg g~') of MB adsorbed by CCSs and CCPs
was assessed using Equation (2):
q@ = <—Ci ;Ce) XV @

where C, 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 1 1
e )
9e quLCe Im

In addition, the linear form of Freundlich equation is described by Equation (4) [26]:
1
Inq, = InK¢ + HlnCe 4)

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

de = gant + ElnCe )
¢ b by

where ge is adsorbent-phase concentration of adsorbate (mg g~1) and Ce is the aqueous-
phase concentration of adsorbate (mg/L) at equilibrium. qy, is the maximum adsorption
capacity (mg g~ !) and K¢ is the Langmuir constant (L/mg) related to the free adsorp-
tion energy. K; (mg g~ 1) (L g~")}/" 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 ] mol~! K~1), T is the absolute temperature (K), and b ( mol~!) and K; (L mg ') 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 Rp,,
which is a dimensionless factor, by using Equation (6):

1

R=———
'TIFKG

6)
According to Ry, values, the biosorption process can be either favorable (0 < Ry, < 1),
linear (Ry, = 1), irreversible (Ry, = 0) or unfavorable (R, > 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]:

In(q, —q;) = Inq, — kit @)

where g is the adsorption capacity (mg g~ 1) at equilibrium time and q; is the adsorption
capacity at any time t (min), k; (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 1 1
— = +—t ®)
% kg

where e is the adsorption capacity (mg g~!) at equilibrium and q is the adsorption capacity
at any time t (min), k; (g mg~! min~!) 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]:

AG®° = —RTInKy ©)
—AH®  AS°
INKg = e+ (10)

where k4 = qe/Ce is the apparent equilibrium adsorption constant at temperature T (K),
AG® is Gibb’s free energy, AH® is the enthalpy and AS° 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 A, 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 A, 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]. Tt
was revealed that the degradation temperatures of these components were in the range
of 200-350 °C for hemicellulose, 250400 °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.

90 - —CCS
B0 1 ——CCPs
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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 FI-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 (% AI)
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=0 and C-O bonds appeared
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% Transmittance

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.

Wavnumber (cm™)

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

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

CCSs  CCSs-MB % Al CCPs CCPs-MB % Al Suggested Assignments Reference
3092 3002 _13.66 3328 3308 1157 stretching vibration of -OH (alcohols and (36]
phenols)
2923 2924 —3.42 2917 2917 —1.05 asymmetric stretching of -CH group
i i ibrati ~ [37]
2854 2854 338 2847 2847 o4 symmetric stretching vibrations of -CH
group
C=0 stretching vibration of carboxylate
1739 1739 7.68 1735 1731 6.25 (-COO™) / (-COOR) [38]
B stretching vibrations of aromatic -C=0 and [39]
1635 1636 7.93 -C=C bonds in carboxylic acid anions. [40]
1538 1540 —-8.9 1596 1596 —13.58 aromatic ring vibrations [41]
1455 1456 623 phenolic -OH and -C=0 stretching of
carboxylates [42]
1370 1370 —12.04 stretching vibration of -COO
1237 1236 —2.19 1235 1232 —8.24 C=0 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].
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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 pum, 85.64% for
600 um-1180 pum and 75.62% for >1180 pum). 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 pum to <600 pm,
the MB removal efficiency was increased from 54.17% to 68.20%. However, the particles of
the size 600-1180 um 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 (um) R% (CCSs) R% (CCPs)
<600 97.80 68.20

600 um-1180 um 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.
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=
» —e—MB-CCPs
8500 - /
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[
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Figure 6. Effect of adsorbent dosage on MB removal efficiency using CCSs and CCPs.
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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.

100.00 - - 100.00
—a—MB CC8s
—a—MB-CCPs - 90.00
95.00 -
L 80.00
90.00 - - 70.00
=
= - 60.00
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L 50.00
80.00 ; : ; : ; 40.00
0 2 4 & 8 10 12
pH

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 < pHpyzc, 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 = PHpyzc 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].
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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.
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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 (R? = 0.9753 and R? = 0.9503
respectively). Unfortunately, the Temkin model is not well suited to the equilibrium
data because of the moderate value (R? = 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 (R% = 0.9982 and 0.9776, respectively). The
Freundlich model could not fit well to the adsorption of MB onto CCPs based on the
R? 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 g1 18.832 4367
Ky (L/mg) 0.0698 1.8438
R? 0.9753 0.9982
Freundlich
K¢ (mgg~1) (Lg~H/n 1.2054 2.6485
n 1.0625 2.8910
R? 0.9503 0.9456
Temkin
K¢ (L/mg) 20.884
bt (k] mol—1) 2.682
R? 0.8642 0.9776

The Freundlich constants K¢ 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 K¢ and b; from the Temkin isotherm
model were 20.884 L/mg and 2.682 k] mol~! 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 Ry, listed in Table 4 varied between 0 and 1,
suggesting the favorable MB biosorption on CCSs and CCPs.

Table 4. Dimensionless separation factor Ry .

MB (C;, 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*l 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 Om (mgg™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.
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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 (C;, mg/L) 6 4

e, exp (Mg g™1) 18.832 4367
Pseudo-First Order
K; (min~1) 0.1113 0.0274
Gel, cal (Mg g~") 14.036 3.681
R? 0.991 0.9947
Pseudo-Second Order

Ky (g mg~! min~1) 0.0177 0.0061
qe2, cal (Mg g~ h) 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 (R? = 0.9994) rather than pseudo-first order (R> = 0.991).
Moreover, there was only a small difference between geexp (18.832 mg g*]) 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 R? (0.9947), compared to pseudo-
second-order (R? = 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 AH® and AS°® were deduced from the slope and the intercept of the linear plot of
Van't Hoff, i.e., In K4 versus 1/T, and were further used to calculate AG® at a given temper-
ature. The mentioned plots are presented in Figure 11 and the estimated thermodynamic
parameters are outlined in Table 7.

280 - i
230 A
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130 -
T #MB-CCPs
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030 1

0200029 00030  0.0031 1}_3@1}----1}%’3—5 0.0034  0.0035
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Figure 11. The plot of In K4 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 AH°(kJmol~1)  AS°(Jmol-1K-1)  Temperature (K) AG°(K]J mol—1)

293 —3.62
303 —4.53
CCSs 23.09 91.17 313 —5.44
323 —6.36
333 —7.27
293 -0.29
303 0.25
CCPs —16.25 —54.47 313 0.80
323 1.34
333 1.89

The negative values of AG® 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 AH® (23.09 k] mol~!) indicated that MB biosorption
by CCSs is an endothermic and chemical process [48]. The positive value of AS°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 AH® > 0 and AS° > 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 AG® was obtained at
293 K, and it was observed that AG® increased positively between 303 and 333 K. The
negative value of AH’ shores up the exothermic comportment of the adsorption process.
The negative value AS°® 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 (RZ > 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 C1~ groups and ad-
sorbents increased at pH > pHpyc 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 ammao-
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— 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—m 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.
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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~ !, which is considered relatively high, compared with many biosorbents,
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while MB maximum adsorption by CCPs was 4.480 mg g~ !. 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 HCI) 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 CO, 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., NaySiO3, NaOH and KOH) or and acidic solutions (e.g., HCI) 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 AlO, and SiOy tetrahedral units
that polysialate disiloxo (Al-O-5i-Si-Si chain), Al-O-Si chain, and siloxo Al-O-5i-Si-Si chain.
Some studies also believe that instead of forming polymers, SiO4*~ and AlO,>~ 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 Cu?*, Cd?* Zn?*, and
Pb%* [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 Ca?*, Mg?* 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 (KAISiO4) 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.
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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 ! [31]. Meanwhile, the Al-O and Si-O-Al vibration from
kaolinite can be found at 915 and 900 cm~!. In this region of low wavenumbers, there
are characteristic peaks of quartz: 1098, 1035, 1010, and 781lcm™! (Si-O-Si vibration). FTIR
spectra of CCG treated with KOH showed the characteristic patterns of kalsilite, where
the appearance of 987 cm ™! and 689 cm ™! 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 Cls, Ols, 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].

Intensity (a.u.)

Al2p Al2p

si2p

si2p

Si2p

Intensity (a.u.)

11'5 11'0 165 100 _db g5 %0 75
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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 m?/g and a pore volume
of 0.03 cm®/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 (m?/g) Pore Volume (cm>/g) Pore Size (nm) Standard Deviation of Fit (cm®/g)

CCG

21.34 0.03 7.43 0.112

HCG

447

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 UO,** 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 AI-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’l) 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 UO,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.

Pseudo-First-Order Pseudo-Second-Order
Adsorbents R? e K¢ R? e K,
(mg/g) (g/mg/min) (mg/g) (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 (R? = 0.999). Moreover, the calculated ge 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 UO,%* 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) UO,%* moved to the surface of the HCG and KCG; (ii) UO,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-UO,2*, AIO-UO,2*, and
UO,%*-Si-O-Al-UO,2* [40]. The kalsilite formed in KCG had strong interactions with U(VT),
and thus prominently improved the adsorption capacity, which can be confirmed by PXRD.
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Figure 7. The FTIR (left) and PXRD (right) before and after UO,%* 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.
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Figure 8. The XPS analysis before and after U0, 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.
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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/
10.3390/5u13158421/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 PM; 5 and TSP
(total suspended particulate) caused by earthwork construction were 55.06 and 375.17 ug/m? at the
construction site, respectively. The concentration increment of PMj 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 x 10*~4 x 10*m? 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 ug/ m?3 [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 m?, 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-YCO01, and the inhalable dust con-
tinuous tester, PC-3A and PC-3B were used to measure the concentration of particulate
matter. The PH-YCO1 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
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Protection Technology Co. Ltd. (Qingdao, China) Among the inhalable dust continuous
testers, PC-3A was used to monitor the concentration of PM, 5, while PC-3B was used to
monitor the concentration of TSP.

125m

P@SA/PC-3B
IXBS-3000-ZSNE
PH-YCO1

150m

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 m>. 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 Construction Monitoring Construction
Interval Section Time (min) Time (min)
Start time 1 25 October 20:30 25 October 21:05
Endtimel 26 October 03:38 26 October 03:04 428 369
Start time 2 26 October 19:30 26 October 20:05
Endtime2 27 October 02:45 27 October 02:14 435 365
Start time 3 27 October 20:00 27 October 20:40
Endtime3 28 October 03:41 28 October 03:10 46l 390
Start time 4 28 October 20:30 28 October 20:50
Endtime4 29 October 03:13 29 October 02:43 403 353
Start time 5 29 October 19:00 29 October 19:33
Endtime5 30 October 03:19 29 October 23:37 499 244

2.3.2. Monitoring Indicators

At present, detection indicators aimed at the concentration of dust in construction
projects mainly include dust fall, PM; 5, PM1y 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 PM; 5 and PM;( was very high [34,35], and the changing trend and the change
range were almost the same; thus, PM; 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 X X X Vv Vv
Weather Sunny Sunny Sunny Sunny Rain
Table 3. Weather condition.
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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.

125m

150m

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 PM, 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 PM; 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.

. qs . Number of Soil
Temperature Humidity Atmospheric Pressure Shipments
Pearson correlation —0.193 0.238 0.185 0.814 **
PMy 5 Sig. (two-tailed) 0.210 0.120 0.230 0.000
Number of cases 44 44 44 44
Pearson correlation —0.202 0.211 0.075 0.843 **
TSP 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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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 PM; 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.

Average Concentration during Construction (ug m3)

Median Concentration
during Construction (j1g m~3)

Sites

PM; 5 TSP PM; 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
02 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 PM, 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 PM, 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 PM; 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{T;} > Min{Med, Avg} x 80% (1)

Avg{T;11} > Min{Med, Avg} x 80% ()

where T; denotes the average value of the dust concentration for 10 min in a certain period,
T;11 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 PM; 5 and TSP to reach the steady-state level is inconsistent, and the time re-
quired for the concentration of PM, 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 PM; 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.

25-26 October 26-27 October 27-28 October
Site 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
Bl 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):

Avg(xipm25 + XoPM2.5 + X3PM2.5) — AVE(XgpM2.5 + X5PM2.5)
Avg(xipm25 + XopM2.5 1 X3PM2.5)

Rypm2s = 3
Avg(x11sp + X215P + X315P) — AVE(X4TSP + X5TSP)
Avg(xqTsp + Xo1SP + X3TSP)

4)

Ryrsp =

where Rypyv 5 and Rypsp are, respectively, the PM; 5 and TSP dust removal rate of moni-
toring point x. xipm2.5 and xqsp are the average dust concentrations of PM; 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 PM; 5 in Table 7. Overall, the dust
removal efficiency of TSP was slightly higher than that of PM; 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 PM; 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 PM; 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 PM; 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.

Sit Average Concentration during Construction (j1g m~3) Dust Removal Efficiency (%)

i

es PMy 5 TSP PMy 5 TSP
W1 111 479 34.8 443
W2 103 458 379 472
W3 87 406 423 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 58 202 494 495
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 - -
02 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:

Kia — CéAavePMz.s 5)
1AaveTSP
Kia + Kop + K
K, — KA ;A 3A ©)

where Cyaavgpm2 5 is the average value of all the PM, 5 concentration values before con-
struction and Cjaavetsp is the average value of all the TSP concentration values before
construction. Kja indicates the percentage of PM; 5 in the TSP before the first day of
construction. K, indicates the proportion of PM; 5 in the TSP in all monitoring data before
construction. In the same way, according to the above rules, the proportions of PM; 5 in
the TSP, K and K¢ 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 K¢, 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:
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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; (¢) 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,
PM,; 5 accounted for a higher proportion of the TSP concentration, and the main
pollution source was fine particles (PM; 5), with fewer coarse particles (PMy5_109)-
However, coarse particles (PMj 5_1¢p) increased sharply and were significant pollution
sources due to the impacts of the construction operations. Therefore, in dust fall

82



Sustainability 2021, 13, 8451

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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Avg{dust concentration value at each sampling point} — background concentration value

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 =

@)

Relative increment of dust concentration at sampling point =
dust concentration increment at sampling point « 100% 8)
background concentration value °

Average concentration increment of dust at constrution site =
Y)Y increment of dust concentration at sampling points )
number of sampling points Xxnumber of monitoring days

Relative increment of average dust concentration at construction site =
L) relative increment of dust concentration at sampling points (]-O)
number of sampling points xnumber of monitoring days

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 PMy 5 is 55.06 pg/m? at
the construction site, and the average TSP concentration increment is 375.17 ug/ md, respec-
tively, without taking any dust control measures. According to Formula (9) and (10), the
average relative increment of the PM; 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 PM; 5 almost doubled compared with the
shutdown period, and the TSP concentration increased by 4.25 times. PM, 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 pm. 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 PM; 5 was 32 pg/ m? and that of TSP
was 224.67 ug/m? 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 PM; 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 PM; 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 pg/m?, and the daily average
concentration limit of PMy 5 is 75 pg/m®. 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
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Concentration increment
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should take proper protective measures, and the staff at the construction site should take
safety precautions to avoid bodily harm caused by dust pollution.
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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 = x 100% (11)
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Figure 7. Schematic diagram of the concentration curve.

According to the data shown in Table 8, 0.82~3.76% of PM, 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 PMj 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.

Retention Fraction

Date
PM, 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 PM; 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 PM; 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 PM, 5. Where the two measures were used
at the same time, the dust removal efficiency of PM; 5 and TSP could reach about 50%;

(4) The time required for the concentration of the two pollutantsPM, 5 and TSP—to reach
the steady-state level was inconsistent. The time for the PMj 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, PMy 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 PM; 5 at the construction site caused by
earthwork construction was 55.06 (1g/m?, and the average concentration increment
of TSP was 375.17 ug/ m?3. 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 PM; 5 was 32 pg/ m?
and that of TSP was 224.67 ug/m? when the dust-proof measures of the spray system
and artificial water sprinkling were adopted. Due to the use of dust control measures,
the PM, 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:PM; 5 = 1:0.147;

(6) Half an hour after the completion of construction, 0.82-3.76% of PM; 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.
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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 SiO, 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 H,O.
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 ®Co source at room temperature for measurements of the lifetime
of the positron. To study the activity of 15 uCi of 22Na, the sample was deposited and
dehydrated upon Kapton foil (7.6 um 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 (11, T2, and 13). The
1st lifetime item 7; is produced due to the P-positronium (p-Ps) atom (fixed at 0.125 ns). The
2nd lifetime item T, is produced during the positron annihilation via free electrons inside
the material. Finally, the 3rd lifetime item (73), 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, T3 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 = R,) and the free volume of radius R, and no electrons were found
below it, as shown in the following equation [33,34]:

To — Ps =05 x [1 — (R/Rp) + (1/27) Sin (27R/Ry)] 1)

where §R = R,—R = 1.656 A is the fitted empirical electron layer thickness. With this value
of 8R, the free volume radius (R) was calculated from Equation (1), and the average size of
the free volume holes (V¢) was calculated as V¢ = (4/3) R5 (in A3).
Furthermore, the free volume hole fraction, fy, can be estimated using the empirical
equation [35]:
fy = CVil3 (2)

where V¢ 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 y-
line (1.33 MeV) of ®°Co. 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 uCi 2*Na 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 ??Na source in a 47t 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 (600x 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 = (C; — C¢)/C; x 100 ®)

Amount Adsorbed (Q.) = (C; — Cp)/W x V (4)

where C;j is the initial metal ion concentration in the solution (mg/L), C¢ is the final metal
ion concentration in the solution (mg/L), W is the adsorbent weight (g), V is the solution
volume (L), and Qg 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 20 = 28.23°, which corresponds to (111), while other peaks
appeared at 20 = 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 20 = 23.128°. There are no impurity peaks in the pattern, meaning that it is
corroborative of the high purity of the prepared NPS powder.
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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™!. The
peaks within the wavelength range of 1000-1300 cm ! are assigned to Si-O asymmetric
stretching in Si-O-Si, and the peak at 449 cm ! corresponds to Si-O bending. In addition,
the formation of an NPS product peak is recorded at 1072 cm~!. The broad peak at
3449 cm~! corresponds to the presence of interstitial water and the hydroxyl group. The
peak at 1662 cem~! 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,
Ty, Tp, T3, while the intensities are Iy, I, 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, T; 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 (T, = 0.351-0.497 ns)
and its relative intensities (I;) 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 T, and I, values are found to be in the same order as those commonly
seen in the literature [20,24]. The longest-lived one, T3, 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 T3 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 Sonication o o o

Composition Time (h) T2 (ns) T3 (ns) Iy (%) 12 (%) I5 (%)
2 0.359 £ 0.004 1.780 £ 0.055 57.22 4+ 0.50 40.56 & 0.50 2.214+0.10
7 g Si Powder + 3 0.378 £ 0.002 1.648 £ 0.019 68.20 £ 0.17 29.00 £ 0.17 2.79 +0.043
6 wt.% KOH 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
2 0.351 £ 0.004 1.78 £ 0.055 57.2 +0.50 40.6 +0.50 2214+ 0.10
7 g Si Powder + 3 0.369 £ 0.006 1.73 £0.043 63.3 +0.93 345+ 093 2.18 +0.10
4.5 wt.% KOH 4 0.372 £ 0.002 2.19 £ 0.026 55.8 +0.53 41.7 +£0.53 245+ 0.03
4+ No. F* 0.470 £ 0.009 1.54 £0.014 36.6 - 0.83 4424+ 0.70 19.3 £0.43
2 0.376 £ 0.009 1.58 + 0.080 61.0 £1.40 36.0£15 2.79 £0.20
7 g Si Powder + 3 0.358 & 0.004 1.97 + 0.038 58.9 &+ 1.00 388 £1.0 2.32+0.08
3 wt.% KOH 4 0.373 £ 0.007 1.86 £ 0.050 64.4 +1.00 333+ 1.0 233 +£0.11
4+ No. F* 0.497 £ 0.011 1.42 £0.015 43.9 4+ 0.88 37.14+0.8 18.9 £ 0.50
2 0.351 £ 0.003 2.15 £ 0.05 57.7 £0.95 40.06 £ 0.95 2.28 £0.07
5 g Si Powder + 3 0.353 £ 0.004 1.63 + 0.05 62.7 £ 0.48 35.66 £ 0.48 1.63 £+ 0.07
3 wt.% KOH 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 £ 091 21.47 £ 0.6

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

Table 1 contains the calculated values of the T3 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, T3, 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
0-Ps lifetime (73 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 (73 ns) in Table 1 were used to calculate
the radius R of the free volume V; (A%) according to the free-volume model [12]. Figure 4
shows the variations of mean free volume V; (A%) 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 V¢ (A3
has the same trend as the o-Ps lifetime, T3 (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.
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Figure 4. The variation of mean free volume, Vf (A3), 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 (Fy) 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 F,, 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 (0-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 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.
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90 as
80 — s
70 —
5
260 .
E 50 31
g4 § 15
En i
0
10— 05 1
0 4 . , o d . .
0 15 00 13 0 0 5 10 15 PR by »
dose of KPS (/) doseof NP3 (g/1)

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

Athigh 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 NO,, CO,, 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 WO; thin-film sensor whose response was about 10 towards 5 ppm NO, and about
131.75 towards 100 ppm NO,. Choi et al. [14] fabricated a SnO, nanowire gas sensor.
When the NO, 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 H,S 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 NiCo,Oj4 structures and improved the
response to O3 gas. Additionally, they also researched the feasibility of binary metal oxides
in gas sensing. The yolk-shelled ZnCo,O4 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 «-Fe,O3 nanopar-
ticles via a hydrothermal reaction and calcination treatment (Figure 1a). The x-Fe,Os
nanoparticles could detect H,S gas whose concentration is 0.05 ppm at 300 °C.

—Ilum

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 Ga,O3 nanowire
gas sensors (Figure 1b). The experimental results indicated that the response to 5 ppm O,
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 NO,; the responsivity of the latter
was 237, and that of the former was only 6.5. When the concentration of NO, 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.

ZnO ALD

ZnO ALD

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 H; (Figure 1c). At 425 °C, the gas
sensing response was 3.56 corresponding to the H, concentration of 25 x 10~. They also
proved that post-annealing treatment improved the crystal quality and enhanced the Hy
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 InyO3 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 SnO,
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 SnO, nanofibers was
5.9.) in the experiment of detecting up to 10 ppm Hj. The surface metallization of ZnO
nanograins induced by H, 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 SnO,
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 SnO; 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 NO, 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 VO, nanowire sensor and bilayer WO3 nanoporous thin-film sensor, respectively.
This was useful to improve response and selectivity for NO, gas. Moreover, decoration
with Ag nanoparticles had the same effect. Kamble et al. [59] improved the performance of
WO; film in sensors by modification with silver nanoparticles. The response speed was
increased by 6 times. Xiao et al. [26] manufactured a Ag-In,O3 nanosphere sensor. The
best response was 58 toward NO, gas with a concentration of 10 ppb, while the pristine
InyO3 nanospheres’ response was 25.5 at 120 °C. The selectivity of the sensor to NO, was
more significant than that to some volatile organic compounds (VOCs). Additionally, this
sensor exhibited several responses under different concentrations of NO, 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 CozOy4 nanoparticles. This improved response and selectivity to NO, and
C,H50H. Ko et al. [67] synthesized SnO, nanowires decorated with V,05 nanoparticles
with a better response to NO,. 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 NO, or CO [23,31], while Ag nanoparticles are
sensitive to NO, 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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(a) Energy band diagrams of Au and VO2
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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 VO,; (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 NO, 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 SnO, 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.

—1 pm

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.

. - . Conductivity
Semiconductor Type Majority Carrier Target Gas Performance
Oxidizing Gas Reduce
-t
riype Free Electron Reducing Gas Increase
e Hol Oxidizing Gas Increase
pyp ole 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-SnO, C-S nanowire gas sensors with different thicknesses of the SnO, shell
layer. The dynamic curve of resistance changes showed that the sensor has the properties
of an n-type semiconductor for detecting the C¢Hg, C7Hg, and CO gas with concentrations
of 1, 5, and 10 ppm respectively. Then, they explored how the thickness of the SnO, shell
layer affects the ZnO-SnO, C-S nanowire gas sensor’s properties. The shell thickness of
40 nm is an important parameter for the gas sensing performance of ZnO-5nO, 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

113



Materials 2021, 14, 4263

—
o
P2

arrive at the peak [77]. The influencing factor of the optimum shell thickness is the Debye
length (AD) of the shell layer. When the shell layer’s thickness is close to the Debye length
(AD) 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].
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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

114



Materials 2021, 14, 4263

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-NiCo,0, 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-Co304 C-S nanostructure. At the best
temperature (200 °C), the response to ethanol (100 ppm) gas was 38.87. Compared with
single shell ZnO-Coz04 nanostructure, the best temperature had decreased 40 °C and the
response had increased 25.07. Majhi et al. [109] produced a PAO-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, PAO 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
®-MoO3 nanobelts to synthesize x-MoO3-NiO-2 C-S nanobelts and x-MoO3-NiO-1 C-S
nanobelts. The a-M0oO3-NiO-2 and x-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 x-MoOj structure. Compared with pristine NiO structure, «-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 NO,. They used ALD techniques to produce SnO,-Cu,O C-S nanofibers.
When the thickness of CuyO was 30 nm and the concentration of NO, was 10 ppm, SnO;-
CupO C-S nanofibers’ response time and recovery time had been shortened by 137 and 46 s
compared to the pristine SnO, 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 CeO,-Fe,O3 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 CeO, nanoparticles and pristine Fe;O3
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 Fe,O3 nanoparticles
also helped in the shortening of response/recovery time. In Yin et al.’s work [106], a
WO3-5n0O; nanosheet was synthesized by the hydrothermal method, and its properties and
sensing mechanism were investigated. Taking the WO3-5nO; nanosheet whose particle
density of SnO, 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
WOj3 nanosheets and SnO; nanoparticles improved, which accelerates the reaction of target
gas and sensor [106]. Wan et al. [112] used the hydrothermal method and electrospinning
to produce InyO3-SnO, C-S nanofibers. At 120 °C, their response to formaldehyde gas
with a concentration of 100 ppm reached 180.1. Compared with pristine InpO3 nanofibers
and SnO, nanofibers, this represents an increase by 9 times and 5 times, respectively.
Diao et al. [90] synthesized ZnO-CeO, 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 H,S. 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 PAO-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 PAO-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).

Oy (gas) — 20(ads), (@))]

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
PdAO-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.

Heter{ﬂ)}]’ 11;1e1ct10n Main Carrier Target Gas Main Depletion Layer Types Th[idcal{re;ss
Electron Increase
Oxidizing Gas Depletion Layer
p—n Type Free Electrons and Holes HOle Reduce
Depletion Layer
Electron Reduce
Reducing Gas Depletion Layer
Hole Increase
Depletion Layer
n-n Type Free Electrons Oxidizing Gas Electron Increase
Reducing Gas Depletion Layer Reduce
p—p Type Holes Oxidizing Gas Hole Reduce
Reducing Gas Depletion Layer 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 MoS, to produce a p-ZnO-MoS; 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 MoS,. 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-MoS; 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 x 100% 3

In their latest article, UV irradiation was introduced to hollow p-ZnO-MoS, C-S
nanosheets [93]. Compared with hollow p-ZnO-MoS, C-S nanosheets, UV-irradiated
hollow p-ZnO-MoS, 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-TiO,
C-S nanowires. The response of these nanowires to ammonia was 200 at 240 °C. Compared
with pristine TiO, nanowires, the operation temperature decreased by 20 °C. Besides, the
response time of pristine TiO, 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 NO,
sensor based on Au-WOj3 C-S nanospheres. The response of the nanosphere to 5 ppm NO,
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 WO;
nanosphere is 218 s, and their recovery times are 59 and 2649 s. Moreover, they verified the
sensor could maintain good NO; 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-TiO, 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 TiO; shell layer.
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Because the work function (4.3 eV) of TiO, is smaller than that of Ag (4.6 eV), free electrons
begin to flow. The electron depletion layer (side of the TiO; shell) is generated on the
contact interface between Ag nanowires and the TiO; shell layer. Then, when the sensor is
exposed to oxygen, the ionized oxygen ions capture electrons from the TiO; layer and form
adsorbed oxygen. During the process, the Ag nanowires continuously provide electrons
to the surface of TiO,. 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 NHs, the ionized oxygen ions
react with NH3. The trapped electrons are released from the surface of TiO; 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-SnO, 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 SnO; shell and the n—n het-
erojunction between the ZnO layer and SnO, layer. Kim et al. [1] loaded Au nanoparticles
on the SnO,-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
20V, 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 BiO3-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
BipO3 (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 SnO,-ZnO C-S nanowires with CuO; combined with
the self-heating effect, this could also improve the selectivity to H,S.

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-5nO, 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 SnO, (side of the SnO, shell) when Au nanoparticles
are loaded on the surface of SnO,-ZnO C-S nanorods. The electrons will flow from the SnO,
shell to Au nanoparticles, which leads to the Schottky junctions forming on the contact
interface of Au and SnO;. Then, the flow of electrons widens the depletion layer on the
SnO;. Besides, due to the existence of Schottky junctions and heterojunction, the electron
depletion layer of the SnO; 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 SnO, 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.
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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, SnO,, and Au; (b) Schematic diagram of energy bands for Au-SnO,/ZnO heterojunction; (c¢) Schematic
diagram of Au-SnO,/ZnO sensor exposed to air; (d) Schematic diagram of Au-SnO,/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 «-M0O3-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 CozO4 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 Co’* 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 TiO, microspheres by the hydrothermal method, and the p—n heterojunction
formed between n-type TiO; 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 H,O 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 NO, 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 NH; (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.
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Figure 8. rGO-In,O3 gas sensor. Adapted from [130] copyright (2017), with permission from Elsevier. (a) The morphology

of rGO-InyO3 composite nanostructure; (b) the response of rGO-In,O3 composite nanostructure to NO,.
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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 NHj.

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)-CeO, C-S nanoparticles to detect NHj3 (Figure 10). At room temperature, the
response to 65 ppm of NH; 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 SnO; and polypyrrole (Ppy) in their research, and it could detect 20 ppb of H,.

0 500 1000 1500 2000 2500 3000 3500 4000
Time (s)

- == 50 ppm —e= 25 ppm

_______

Figure 10. PANI-CeO, gas sensor polymers. Adapted from [135] copyright (2014), with permission from American Chemical
Society. [135]. (a) The morphology of PANI-CeO, nanoparticles; (b) the response of PANI-CeO, nanoparticles to NHj3.

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 M0S;-SnO, heterostructure gas sensor. It was able to detect NO,
at room temperature, and the response to 5 ppm of NO, 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 WS;-5nO, C-S nanosheets by ALD. At the
optimum shell thickness, this sensor indicated a good selectivity to CO. MoSe; was used to
manufacture the gas sensor. Abun et al. [139] designed a MoSe,-ZnO heterostructure gas
sensor to detect Hy. Compared with pristine ZnO and MoSe,, the selectivity and response
were greatly increased.
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Figure 11. Mo0S,-SnO; heterostructure gas sensor. Adapted from [137] copyright (2019), with permission from Elsevier.
(a) The morphology of M0S,-SnO, heterostructure; (b) the response of M0S,-SnO; heterostructure to NO;.

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
MoQO3/MoS, /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
SnO,/Au-SnO, / Au and Pd-SnO; nanocrystalline gas sensor selectivity (Figure 12).
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Figure 12. Schematic diagram of temperature modulation. Reprinted from [142] copyright (2021),
with permission from Elsevier. (a) SnO, sensors towards air, methane, and propane at differ-
ent concentrations during a temperature modulation cycle; (b) Au-SnO; sensors towards air,
methane, and propane at different concentrations during a temperature modulation cycle; (¢) Au/Pd-
SnO; 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 NO, 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 SnO; nanowires that can detect a NO,
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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.

SEI 15.0kV X30 100um WD 18.0mm

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.
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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 NO, gas sensors
based on Al-Al,O3-p-Si and Al-TiO,-Al,O3-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 TiO, 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.
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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 MnO, nanoflower/graphene oxide composite (MnO, NF/GO) was proposed for
adsorption removal of BbFA. The physicochemical properties of MnO, NF/GO were characterized
by SEM, TEM, XRD, and N, adsorption/desorption and XPS techniques. Results show that the
MnO;, NF/GO had well-developed specific surface area and functional groups. Batch adsorption
experiment results showed that adsorption capacity for BoFA 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 7-7t interaction and 7t complexation played vital
roles in BbFA removal onto MnO, NF/GO. The study highlights the promising potential adsorbent
for removal of PAHs.

Keywords: MnO; 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 7t 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 7- 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 T complexation in carbon-based materials [20]. MnO, nanoflowers (MnO, 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 MnO; NFs for pollutant removal [23,24]. In addition, there is little literature on
the performance and mechanism of PAHs using MnO;, 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 MnO, nanoflower/graphene
oxide (MnO, NF/GO) composites was developed to remove BbFA from wastewater. The
objectives of the research are (1) to prepare MnO, NF using a direct reduction of KMnOy
with poly-(dimethyl diallyl ammonium chloride) (PDDA) and to synthesize MnO, NF/GO
in a hydrothermal reactor; (2) to characterize the physicochemical properties of MnO,
NE/GO; and (3) to evaluate the BbFA adsorption performance and mechanism of the MnO,
NF/GO composite by batch adsorption experiment.

2. Results
2.1. Structural and Morphology Characterization of MnO, NF/GO Composites

Based on the SEM and TEM observations and analyses of MnO, NEF, the nano-
agglomerated structure can be observed in Figure 1lab, which is consistent with the
experimental anticipation and similar research results [26]. As displayed in Figure 1c,
the morphological characteristics of MnO, 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 1le) confirm that the MnO, 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. MnO, NF had weak diffraction
peaks ascribed to the fact that MnO, NF possess insufficient crystalline property. The peaks
at 26 values of 37.28 and 67.94 in MnO, NF were observed, which could be assigned to
the (—111) and (114) planes of the MnO; structure (JCPDS card No: 80-1098) [26]. The
diffractogram peak at 26 the value of 23.5 in MnO, 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

137



Materials 2021, 14, 4402

diffraction peak at the 26 value of 45 in MnO, 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 MnO, NF; SEM (c¢) and HRTEM (d) images of MnO, NF/GO composites; and
(e) HAADEF-STEM image of MnO, NF/GO composites and corresponding elemental mapping images of C, O and Mn.
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Figure 2. XRD (a); the pore size distributions and Ny adsorption/desorption isotherms (b) of as-synthesized composites.

As displayed in Figure 2b, the adsorbent pores of MnO, NF and MnO, NF/GO
composites mainly contain micro-mesoporous structures (diameter < 2 nm) according
to the IUPAC classification [29]. The N, adsorption/desorption isotherms for MnO, NF
and MnO; NF/GO composites showed a sharp increase at low relative pressure (P/Py),
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 Sgrr of MnO, NF/GO composites
(694.30 m2/ g) was larger than that of MnO, NF (87.78 m?2/ g), and the volume adsorbed
(Vo) of MnO, NF/GO composite is higher than MnO, NF at a high P/P value. These
results suggest that MnO, NF/GO composites could facilitate pollutant adsorption due to
the nano-agglomerated structure and the large specific surface area and volume adsorbed
of MnO; NF/GO composites.
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Table 1. Textural parameters of as-synthesized composites.

Identification MnO, NF MnO, NF/GO
Sper [ (m?/g) 87.78 694.30
Smic T (m?/g) 11.40 182.19
Sext [ (m?/g) 76.38 512.11
Viot [ (em®/g) 0.3584 0.9606
Viic ¥ (em®/g) 0.0046 0.0778
Vines 7 (em®/g) 0.3538 0.8828

[a] BET surface area, [/ micropore surface area, [e] external surface area, [/ total pore volume, el micropore volume,
[T external volume.

2.2. Chemical Characteristics of MnO, 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 MnO, NF/GO composites. Moreover, the Mn 2
spectrum for MnO, NF/GO illustrated the successful fabrication of MnO;, 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 (MnO;) on the MnO, NF/GO composites, consistent
with experimental expectations. As displayed in Figure 3c, the high-resolution wide-range
Mn 2py/; (652.9 eV) and Mn 2p3,, (641.1 eV) peaks using the XPS best peak fitting with
Gaussian modes were caused by the overlap of Mn3* and Mn** ions [31]. Additionally, the
separation value (>5.9 eV) between Mn 2p3,, and Mn 2p; /, 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 MnO, NF/GO
composites in Figure 3d.
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Figure 3. XPS survey spectra of MnO, NF and MnO; NF/GO composites (a); O 1s (b); Mn 2p (c);
and C 1s (d) spectra of MnO, 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 MnO, NF/GO composites
was six times higher than that of MnO, NF due to MnO, 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].
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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)):
In(ge — q¢) = Inge — kqt (1)

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

t 1 1

7 k@ ®
where ge (mg/g) and q; (mg/g) are adsorption capacities at equilibrium and time ¢, respec-
tively. k1 (1/h) are the rate constants of the pseudo-first-order model, and k, (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 (R > 99%) and the excellent agreement between the experimental (ge)
and calculated values (g.,) 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 MnO, 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 MnO, NF MnO, NF/GO
Qecal (Mg/g) 5272 40.62
Pseudo-first-order parameters Ky (1/min) 0.042 0.053
R? 0.9522 0.9721
Qe,cal (Mg/g) 9.9 74.07
Pseudo-second-order parameters K, (g/mg/min 10~%) 299 48.73
R? 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):

_ QOKLCe
Q=17 K. C. ®)

1
nQ, = InKp + ;lncg 4)

where Q, (mg/g) is the maximum adsorption capacity of adsorbents; C, (mg/L) is the
equilibrium BbFA concentration; Qg (mg/g) is the initial adsorption capacity; Ky, (L/mg)
and Kr ((mg/g)/(L/mg)1/n) are the Langmuir isotherm constant and Freundlich affinity
coefficient, respectively; and # 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 MnO, 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 MnO, NF and BbFA. Further, the Freundlich
model was the best for describing the BbFA adsorption process onto the MnO, NF/GO
composites, explaining the complex chemical and multi-layer adsorption process due to
the metal oxides” hybridization in MnO, NF/GO composites. In addition, the Freundlich
constant 1/n values were in the range of 0-1, suggesting that the MnO, NF/GO composites
can actively adsorb BbFA. As displayed in Table 3, the maximum adsorption capacities (Qe)
of MnO, NF/GO composites (74.07 mg/g) were higher than those of MnO, 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 MnO, NF MnO, NF/GO
Kp (L/mg) 5.364 74.07
Langmuir Qm (mg/g) 10.13 1.824
R? 0.9973 0.9964
K (mg/g-(L/mg)-1/n) 8.701 49.11
Freundlich 1/m 0.0582 0.1878
R? 0.9647 0.9976

y
ﬂmplexation
Hydrophobicity
Physical adsorption
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Figure 5. BbFA adsorption mechanism on MnO, NF/GO composites.
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2.5. BbFA Adsorption Mechanism

Despite the destruction of the graphene conjugated structure during the GO oxidation
process, GO still retains a unique delocalized 7 bond and surface hydrophobic properties.
The 7t bond on the MnO, NF/GO surface could form 7—7t interactions with the aromatic
ring of BbFA. Many studies have also shown that 7— 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 7
complexing bonds due to metal oxide doping; the adsorption capacity of BbFA on MnO,
NF/GO was improved by m complexation. The hydrophobic properties and multilayer
structure characteristics of MnO, NF/GO provide sufficient adsorption sites for BbFA.
Many oxygen-containing functional groups (carboxyl and hydroxyl) are introduced into
MnO; 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 MnO, 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 MnO, NF/G was
dominated by chemisorption, and the 7t-7 interaction, 7 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
(KMnOy, 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.
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3.2. Fabrication of MnO, 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 KMnO, 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 MnO, nanoflower aqueous dispersion. The partial MnO; 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 MnO, nanoflower particles, which were
defined as MnO, NFs. The rest of the MnO; 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 MnO,
NF/GO composite.

KMnO, GO

pY 3

R, .
—

L
MnO, NF aqueous dispersion gt T e MnO, NF/GO composites

Figure 6. Fabrication of MnO, 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 um), and the residual BbFA concentrations were enriched into 10 mL CH,Cl, 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=(Cy—C)V/M ©)

where Q (mg/g) represents the remove capacities; Cy and C, (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 CH,Cl, 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 4= 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

MnO, NF aqueous dispersion composed of PDDA and KMnO, was used to produce
MnO; NF/GO in a hydrothermal reactor. MnO, 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 MnO, 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 7— interaction and 7 complexation). Thus, MnO, NF/GO
composites could be cost-effective functional materials for BbFA removal. However, further
studies are required to improve oxidative degradation of MnO, NF/GO composites.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ma14164402/s1, Text S1: The fabrication method of graphene oxide (GO). Text S2: The
characterization methods. Table S1: Shimadzu GCMS-QP 2010 method parameters for BbF concentra-
tion determination. The Supporting Information is available free of charge on the ACS Publications
website at DOIL
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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 (HCIO,4, HE, HpSOy4, HCI, 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 MQ2-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.

Sampling Location

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%
(55/5 s). In the digestion cuvette, a stirrer was installed at the bottom to blend the solution
along with digestion.

Ultrasonic

‘Working Electrode
Reference Electrode Potential: 2V uxiliary Electrode
ultrasonic
goneraber
Salt Bridge
L]:

Digestion Cuvette

Auxiliary Cuvette
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 HyO, (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 = Cyapo/Cap X 100% (1)

where Cyago is the concentration of the tested element digested by the UAEO method,
while Cap 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 = (C; — Cp)/Cgpk % 100% )

where Cj is the concentration of the tested element digested by the UAEO method without
standard solution, while C; is that by standard solution. Cgpy 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 um contributed to the main particle volume (1021 um?). 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 pm, which had a much smaller particle volume (193 um?) 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
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Table 1. Concentrations and recovery rates (%) in the spiked samples digested by the UAEO method.

Element Certi(ﬁed Values Found Values (mg/L) and Recovery Rates (%)
mg/L) 20 min 45 min
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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 7. FE-SEM and OM images of undissolved solid matters before (A-C) and after (D-F)
UAEOQ 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 + HyO— (Ru-Ir)@Ti(OH) + H* + e~ 3)
Cl~ + OH—-CIO™ + H" + e~ 4)

2C1T —Cl, + 2~ (5)

Cl, + 2H,0—HCIO/CIO™ +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

154



Materials 2021, 14, 4562

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 sulfficiently 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.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/mal4164562/s1. Table S1, Operating program of the microwave apparatus. Table S2, ICP-OES
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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
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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
(CoHy, CHy, and CHy) and carbon dioxide separately [13,14]. The total number of soil
microorganisms decrease from 10* CFU/g to 10 CFU/¢g to 10> 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% CO,, while at 25 °C, 68% CO; 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 Z]2 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.

Stacking of
ly slag and

Exploitation Source of

of petroleum petroleum : !
pollutants in rom ‘?l
soils extraction

Automobiles
exhaust
emission \ " Other
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"Oil spill

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[a]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 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
(NO»), sulfur dioxide (SO,), 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%).
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Figure 2. The record number of research results of microbial remediation of petroleum pollution.
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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 (C120 and C230), AIkB, 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, w-oxidation, and 3-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 3-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.
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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]
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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 (NH,*-N) and phosphorus (PO,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.

Y
=

Figure 7. Some challenges of three microbial combined methods.

Affected by
environmental
factors

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

177



Sustainability 2021, 13, 9267

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:

e  carbon dioxide (CO,) one of the causes of the greenhouse effect;

e  carbon monoxide (CO);

e  sulphur dioxide and nitrogen dioxide (SO, and NO,), 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 CO; and CO, NOy, 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/m?, 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].

november to
| summer months subtropical zones temperate chmatic January
| one (sometimes

March)

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
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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.

agriculture other
4%

energy 5og 6
0

production
5%

low emission:
road transport

ow emission:

local boiler
houses,
industry domestic
17% heating cookers
56%

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 (CO,), carbon monoxide (CO),
sulphur dioxide (50,), nitrogen oxides (NOy; NO,, NO), polycyclic aromatic hydrocarbons
such as benzo(x)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(o)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(x)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.

AN
natural
environment

N

BASIS

Vi

TOOL economy
N

N
the prosperity of
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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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e restricting the use of renewable resources to the limit of their recovery;

e reducing the consumption of non-renewable resources to a level that allows them to
be gradually replaced by suitable substitutes;

e the progressive elimination of hazardous and toxic substances from economic processes;

e  keeping emissions of pollutants within the limits set by the assimilative capacity of
the environment;

e  restoration and permanent protection of biological diversity at landscape, ecosystem,
species, and gene levels;

e  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-TiO,, 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-TiO, to building materials. This additive, after absorbing UV
radiation, is able to effectively decompose organic compounds such as VOCs (volatile
organic compounds), microorganisms, and NOy 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-TiO, 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 NOy pollution by
photocatalysis of concrete pavements.
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Figure 4. The use of nano-TiO, products (developed by the author).

0, ——{0; }

+NO, = NO7
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+ Gy 0, = €Oy + Hy0

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
NO; is considered a secondary pollutant as it is mainly formed in the atmosphere due to
the interaction of NO with O, 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-TiO, 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 CO5,
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 facades, coatings, or
paints [21].

3.1.1. Facades

There are fagade 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 facade 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 fagade 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 m?. 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 facades to reduce smog is the Manuel
Gea Gonzalez Hospital in Mexico City. The facade 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 m? fagade 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 fagade 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 m?) 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 facade 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 TiO; can be used to create a mural. In Poznan, Poland, a
mural depicting Poznari of the future was created on the wall of the “Wiktoria” cultural
centre in the Winograd Zwyciestwa 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 m?2. Tt 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-TiO, 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 Poznan, 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 m?
with concrete bricks containing nano-TiO, [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 S6l 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
NO; 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 m?/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 TiO; 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 fagades, and
artificial trees.
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Green roofs, green fagades, 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 facades 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 facades 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 Fagades

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

e  construction;
e the degree of independence from the facade plane.

Vegetated vertical systems include two main categories: green facades and living
walls [49]. These two categories are characterised by different locations of growing media
for plant roots. Green facades use plants placed directly on the ground at the base of the
building or in pots at different facade heights. Self-supporting plants can grow directly
stuck to the wall in the case of direct green fagades; climbing or hanging plants can climb
onto support structures placed a short distance from the wall in the case of intermediate
green fagades. 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 facades
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 facade 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
fagade. 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 fagade 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 facades 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 facade 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 m?/24 h) and produces oxygen through photosynthesis
(155 m? 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 m? will absorb 250 kg CO, per
year, a figure comparable to a row of street trees [54].

The facade 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 CO,
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 fagade is formed by a vertically planted forest. The 9000 m? of terraces are
planted with trees, 11,000 selected plants such as perennials and ground-cover plants, and
5000 shrubs. Such fagades 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 facade 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 facade 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 facade, producing
6 tonnes of oxygen per year. The flowers will be placed in special frames and then fixed
to the fagade. 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

e extensive roofs;
e 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 m?, 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 m® 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 km? 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 m? 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 m® of
air per day from an area of 10 km?. It works by drawing air into greenhouses of about
3.5 thousand m? 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 NOy oxides. Researchers have looked into activated carbon. Activated charcoal
is an adsorbent of NOy 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.

NO; can react in alkaline aqueous solutions to produce nitrite and nitrate ions [72].
Therefore, NO; reduction may be related to calcium hydroxide content. The authors of [73]
hypothesised that NO; 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), + 4 NO, => (Ca®*, 2 NO5; ™) + (Ca%*, 2 NO, ) + 2 H,0

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 NO; absorption of 20-25%.

The performance of activated carbons towards NO, has been reported by several
research groups [75-77]. It is known that the major part of NOy from power plants and car
engines is NO. Removal of NO, 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 CO, and NOy absorbed in the case of buildings with vegetated
fagades 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-TiO, and activated carbon, tests were performed.
In the case of nano-TiO,, field studies show that the absorption of NOy was around
65-70% [38]. Laboratory conditions showed 80-90%. For activated carbon, field conditions
showed 20-25% NOy absorption capacity.

Solutions using vegetation or nano-added TiO, 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 (NOy), 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 facades 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 facades 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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