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Preface to ”Various Adsorbents for Water Purification
Processes”

Water resources in the world are becoming increasingly scarce, and the demand for water

is constantly increasing due to the growing population, rapid industrial development, or the

resulting climate changes. On the other hand, the quality of available water is threatened not

only by natural processes taking place, e.g., weathering of rocks, ocean evaporation, volcanic

eruptions, etc., but primarily by anthropogenic human activity, which contributes significantly to

the deterioration of water quality. Direct discharge of wastewater from municipal and industrial

treatment plants without going through any treatment processes, or only after preliminary treatment,

leads to many environmental problems, including deterioration of aerobic conditions for aquatic

organisms, eutrophication of water bodies, and increase in pathogens and toxic compounds causing

serious diseases [1]. Soil and water are most often contaminated with heavy metals, polycyclic

aromatic hydrocarbons, chlorophenols, petroleum compounds, organic compounds, pesticides,

pharmaceuticals, hormones, etc. Pb(II), Cd(II), Cr(III), Co(II), As(V), Zn(II), Hg(II), and Ni(II) are

the most common heavy metals in wastewater. Like organic compounds, they can penetrate the

human food chain. The non-biodegradability and bioaccumulative properties of these pollutants

cause serious health problems in the human body, such as bone defects, elevated blood pressure,

chronic asthma, and coughing [1–3]. Therefore, the treatment of wastewater before it is discharged

into water bodies has become a necessity, and the development of effective treatment methods or the

synthesis of new effective adsorbents capable of selective sorption of toxic substances is now widely

and intensively studied [1]. Over the past few decades, physical, chemical, biological, as well as

electrochemical and mixed methods have been used to remove organic and inorganic contaminants.

Each of these has its advantages as well as disadvantages, so further research is needed to overcome

them, and the topic of wastewater treatment is still very much in the news.

This Special Issue contains 12 articles [1–12] on wastewater treatment topics and is available

online at: Processes | Special Issue: Various Adsorbents for Water Purification Processes (mdpi.com)

(accessed on 26 May 2022). Among the papers, the vast majority are devoted to the removal of heavy

metal ions, i.e., Ni(II) [2, 6], Pb(II) [3–5], Cu(II) [3, 8], Co(II) [7], As(V) [8], and Cd(II) [9] from synthetic

and real solutions, and two papers on the removal of anabolic hormones, i.e., trenbolone [11] and

β-estradiol [12] from water and wastewaters. Here, a comprehensive review concerning heavy metal

ions removal by nano-adsorbents [1], as well as cost estimation of activated carbon production from

waste nutshells by physical activation [10] could be found.

It was shown that the efficiency of the removal process of the above mentioned contaminants

on synthetic ion exchangers [2], natural and synthetic aluminosilicates [3], zeolites [3], magnetic

multiwall carbon nanotubes [4], leaves [5], date seeds powder [6], K2HPO4-pretreated Duckweed

Lemna gibba [7], chitosan [8], fungi [9], imprinted polymer [10], and magnetic nano-Akaganeite [12]

depends on many factors, including the chosen sorbent and its properties, as well as experimental

conditions and the type and concentration of pollutants, but the proposed solutions are effective and

interesting from a cognitive point of view. We invite you to take a detailed look at this work.

We are hoped that the papers collected in this Special Issue will inspire you for further studies

on development of wastewater treatment techniques and may provide a basis for developing other

creative approaches.

We congratulate and thank all the authors who made valuable contributions to this Special Issue.

We also sincerely thank all the expert members and reviewers who spent their valuable time and

ix



make an effort in reviewed all the papers. The Guest Editors thank Amelia Qie for her dedicated and

assistance in the development of this Special Issue. Thank you and best wishes for continued success.
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Abstract: Heavy metal pollution of aquatic media has grown significantly over the past few decades.
Therefore, a number of physical, chemical, biological, and electrochemical technologies are being
employed to tackle this problem. However, they possess various inescapable shortcomings curbing
their utilization at a commercial scale. In this regard, nanotechnology has provided efficient and cost-
effective solutions for the extraction of heavy metals from water. This review will provide a detailed
overview on the efficiency and applicability of various adsorbents, i.e., carbon nanotubes, graphene,
silica, zero-valent iron, and magnetic nanoparticles for scavenging metallic ions. These nanoparticles
exhibit potential to be used in extracting a variety of toxic metals. Recently, nanomaterial-assisted bio-
electrochemical removal of heavy metals has also emerged. To that end, various nanoparticle-based
electrodes are being developed, offering more efficient, cost-effective, ecofriendly, and sustainable
options. In addition, the promising perspectives of nanomaterials in environmental applications are
also discussed in this paper and potential directions for future works are suggested.

Keywords: nanomaterials; heavy metals; remediation; bioelectrochemical systems; wastewater;
adsorption; nanocomposites

1. Introduction

Even though 70% of the Earth’s surface is composed of water, freshwater resources
are rapidly dwindling. The latter accounts for approximately 1% of total water bodies. In
addition, the contamination of these aqueous resources with a broad range of pollutants
due to rapid industrialization and lifestyle changes has further reduced the availability
of clean fresh water sources. In particular, mining, volcanic eruptions, farming, and
excessive dumping of hazardous chemicals has resulted in a significant invasion of organic
compounds, pharmaceuticals, customer care products, pathogens, and heavy metals into
water reservoirs [1]. Among the persistent pollutants, the existence of heavy metals in water
is considered as a prime global concern due to their considerable role in environmental
degradation [2,3].

In general, heavy metals (HM) can be defined as a group of transition metals, met-
alloids, actinides, and lanthanides with a density greater than 4000 kg/m3, and can be
further categorized into the groups of essential and non-essential metals [4]. Under both
categories, they are heavily involved in a vast number of industries and crafts and are
an essential part of various biological processes/reactions [5]. However, long-term, and
sometimes short-term, exposure to them, even in trace amounts, can lead to serious health
implications [6]. The most commonly-encountered heavy metals in water include Pb, Cd,
Cr, Co, As, Zn, Hg, and Ni. They are considered as particularly problematic due to their
non-biodegradability and bioaccumulation behavior when ingested; thus, they are listed in
the Environmental Protection Agency’s list of priority pollutants [7,8]. More specifically, the
intake of Cd, Pb, Hg, Cr, and As beyond the standard limits can give rise to serious health
implications such as bone defects, increased blood pressure, lung cancer, nervous system
damage, neurological depositions, gastrointestinal disorders, and many more significant
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diseases [9–11]. Therefore, considering the complex chemistry and carcinogenicity of HM,
there is an urgent need to develop appropriate methods for their extraction from water
sources. Several physical, chemical, biological, and electrochemical methods, along with
their combinations, which have been studied and researched for HM removal over the past
few decades are briefly summarized in Table 1.

Table 1. Conventional approaches for the remediation of heavy metals and their associated advantages and disadvantages.

Technology Advantages Disadvantages References

Physical

1. Membrane separation
2. Adsorption/Physiosorption
3. Filtration
4. Sedimentation

1. Very effective in treatment of a
variety of metals.

2. Easily applicable
3. Economically acceptable

1. Production of hazardous
by-products.

2. Energy intensive

[12,13]

Chemical

1. Adsorption/Chemisorption
2. Ion-exchange
3. Chemical precipitation
4. Flocculation/Coagulation

1. Easy to apply and very
effective.

2. Applicable to a broad range of
inorganic/organic pollutants.

1. Applicable at small scale.
2. Formation of more toxic

chemical by-products.

[14–16]

Biological
(Microbes assisted remediation)

1. Environmental-friendly and
cost effective.

2. Applicable at large scale.
3. Less disruptive.

1. Well-defined growth
conditions required for
microbes.

2. Slow process.
3. Continuous monitoring

required.

[17–19]

Electrochemical

1. Very effective and efficient in
treating a vast variety of
pollutants including heavy
metals.

2. Production of energy.

1. Energy and cost intensive
process.

2. Applicable at small scale.
3. Chemically intensive

process.

[20–22]

The conventional technologies summarized in Table 1 are effective but present some
unavoidable drawbacks, such as high costs, energy intensiveness, tediousness, low effi-
ciency, metal specificity, and unsustainability, thereby rendering them ineffective in meeting
environmental standards and, in turn, too difficult to implement at the industrial scale [23].
Therefore, considering the negative impacts of HM on human health and the environment,
one deems it necessary to introduce a cost-effective, environmental-friendly and efficient
processes for the removal of HM from the contaminated water. Adsorption is a mass
transfer process, where the adsorbate molecules are attracted to the surface of an adsor-
bent, resulting in either a physical or chemical interaction. It is one of the most favored
processes in the water treatment industry, especially due to the regenerative capacity of the
adsorbents [24]. Therefore, among the technologies reviewed, adsorption is considered the
most efficient, safe, and technically feasible process due to its facile operation and higher
efficiency [25]. In fact, the adsorption capacity varies with the type of adsorbent. Generally,
activated carbon based adsorbents are widely used for the removal of heavy metals but due
to their clogging, inability to recover them from the treated water, waste generation, and
biofouling, they are ineffective for large scale applications [26,27]. Therefore, the search
for new and effective adsorbent materials has always been an active field of research [28].
Nanomaterials, due to their nanoscale dimensions (ranging from 1–100 nm), show some
unique physical, chemical, and biological properties. These properties result in the mod-
ification of their structure and specific surfaces [29]. Different kinds of nano-adsorbents
and nanocomposites have been extensively researched and are used for the treatment of
organic dyes, inorganic compounds, heavy metals, and other micropollutants (customer-
care products, biocides and hormone active substances) from water/wastewater [30]. This
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manuscript will firstly provide a review of the different types of nanomaterial-based adsor-
bents used for heavy metal extraction. The main focus of this review is to provide a basic
insight of the conventional nanomaterials used (CNT-GO, silica-based, ZVI) and show how
magnetic NP exhibit a significant advantage over these nanomaterials. However, the main
disadvantages of magnetic nanomaterials are also considered and discussed. The possible
combination of these nanomaterials with existing technology is then discussed and the
last part of the review particularly discusses the industrially active adsorbents and how
the electro-chemical technologies combined with nanomaterials can provide a sustainable,
cost effective, and ecofriendly approach in the future. The second part of the review will
the concentrate on the nanomaterial assisted bioelectrochemical remediation of metallic
ions with an emphasis on the current developments and next generation nanoadsorbants.
Several studies suggest that there are improvements in the metal reduction efficiency when
nanomaterials are introduced in bioelectrochemical systems (BES).

2. Nanomaterials Applied for the Removal of Metallic Ions from Water

Nanomaterials (NM), due to properties such as high specific surface, porosity, surface
functionalities, and ion binding capabilities, have been widely researched over the past
two decades in water and wastewater treatment applications. In fact, they also show a high
potential in the removal of metallic ions even in trace amounts [31,32]. Nanomaterials are
classified into different categories, i.e., carbon based, silica based, metal and metal oxide
nanoparticles, including zero-valent iron (ZVI), iron-oxide based magnetic nanomaterials,
and nanocomposites, as shown in Figure 1. There are several factors, such as concentration
of adsorbent, contact time, and flow rate, that control the adsorption process of metallic
ions. However, the concentration of nanoparticles (adsorbent) plays a crucial role in
the removal process. Some studies suggest an increase in the removal efficiency when
the adsorbent dosage increases, whereas some studies report a decrease in the removal
when the adsorbent concentration increases due to a possible agglomeration process.
For example, Lei et al. reported a decrease in the ad-sorption capacity of Cd2+ ions
when the amount of Dopamine-Modified Magnetic Nano-Adsorbent was increased from
10–50 mg [33]. The probable reason mentioned was the agglomeration of the adsorbent
at higher concentrations which inhibits the adsorption process due to surface adsorption
decrease. In fact, in another study an increase in the removal efficiency of Cd2+ ions (83% to
89%) was observed when the concentration of gas industry-based adsorbent was increased
from 0.25–1.25 g/100 ML [34]. In gas phase, it was found that no agglomeration takes
place, so the adsorption only depends on the amount of adsorbent added. Based on these
studies, it can be concluded that the concentration of adsorbent affects the removal process,
but it depends on the nature and chemical properties of the ad-sorbent itself, suggesting
that either an increase or decrease in the removal will occur. However, higher and lower
volumes of NP with equal concentration will lead to the same results.

Figure 1. Nanomaterials for heavy metal remediation in aqueous media.

2.1. Carbon Based Nanomaterials

Carbon-based NM, such as carbon nanotubes, Fullerenes, activated carbon, graphene,
and graphene oxide, have been widely used in energy storage, sensors, electronics, water
purification, drug delivery, and disease diagnosis [35]. In addition, their unique properties

3
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also allow the removal of both organic and inorganic pollutants, making them a promising
alternative for treating wastewater. They are therefore considered as one of the most
promising adsorbents for metallic pollutants [36,37].

2.1.1. Carbon Nanotubes

Carbon nanotube (CNT) adsorbents are widely employed for metallic pollutant ex-
traction [38]. They are broadly classified into single walled carbon nanotubes (SWCNT)
and multi-walled carbon nanotubes (MWCNT), and both are extensively tested for the
removal of heavy metals [39–41]. In the case of CNT, the adsorption process is usually
controlled by four possible active sites: (i) the hollow interior of individual CNT designated
as internal sites; (ii) the interstitial channels between CNT in the stacks; (iii) the grooves
between adjacent CNT; and (iv) the external surface of individual CNT [42,43] (Figure 2).
The sites of interstitial channels and grooves are responsible for initializing the process of
adsorption, which is then followed by the adsorption of the contaminants on the external
walls and the accumulation of molecules on internal axial sites. From a kinetic point of
view, internal sites are more inclined to acquire the equilibrium state than the external sites
under the same conditions. Therefore, increasing the binding sites on the CNT surface
can undoubtedly enhance the saturation capability and kinetic rate. The applicability
of CNT in wastewater treatment is dependent on several factors including the cost to
complexity of CNT functionalization, the necessity for solid and liquid segregation, the
type of wastewater, and the recycling cost and efficiency.

Figure 2. Possible active adsorption sites on the carbon nanotubes (CNT) surface.

Many studies have been performed on CNT-based composites for the remediation of
trace elements in water such as heavy metal ions (See Table 2).
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Table 2. Summary of the types of CNT used for the removal of different metallic ions.

Type of CNT Target Metal/s Initial Concentration (mg/L) %Removal Efficiency References

SWCNT Hg2+ (1–2000) mg/L 4.16% [44]

MSWCNT-CoS Hg2+ (1–2000) mg/L 166.6% [39]

MWCNT-SH Hg2+ 10 mg/L 15.15% [45]

SWCNTs-polysulfone
nanocomposite-based

membrane
Pb2+, As3+ 1 mg/L 94.2%, 87.6% [46]

MWCNT-COOH
functionalized nanotube Pb2+ (10–100) mg/L 99.1% [47]

Acidified MWCNT Pb2+, Cu2+, Ni2+ 100 mg/L 93%, 78%, 83% [48]

MWCNT Mn7+ (50–800) mg/L 71.5% [49]

MWCNTs Cd2+ 100 mg/L
10.7% (pH = 2)
94.2% (pH = 7)
100% (pH = 10)

[48]

Oxidized MWCNT Cu2+ 100 mg/L 78% [48]

MWCNT Fe2+ 200 mg/L 52% [49]

Oxidized MWCNT Ni2+ 100 mg/L 83% [48]

The adsorption affinity of CNT towards HM ions varies as a function of the ionic radius
of metallic ions, electronegativity of metals, and solubility of metal hydroxides. These
factors play an important role in understanding the interaction between metal ions and
adsorbents. The ionic radii, in increasing order, are Pb2+ (120 pm) > Sr2 + >Ca2+ (100 pm)
> Cd2+ (99 pm) > Mn2+ (80 pm) > Cu2+ (77 pm) > Zn2+ (74 pm) and Co2+ (72 pm) >
Ni2+ (69 pm) [50]. This suggests that higher ionic radii generate higher steric overcrowding,
which in turn, lowers the maximum adsorption capacity. For example, Brasquet et al.
investigated the adsorption affinities of Pb2+ and Cu2+ towards activated carbon cloth and
established a higher adsorption capacity for Cu2+. The larger ionic radius of Pb2+ induces
a quicker saturation of the adsorption sites, probably due to overcrowding of Pb2+ ions
on the adsorbent surface [51]. On the other hand, the surface adsorption available for
the Cu2+ ions are larger, due to its smaller ionic radius, resulting in its higher maximum
adsorption capacity. The metal ions that exhibit higher electronegativity will have a
stronger adsorption capacity towards the negatively charged sites on the CNT surface.
The adsorption capacities of Pb2+ and Cu2+ were investigated in regard to MWCNT and
since Cu2+ has a lower electronegativity (1.99) than Pb2+ (2.33), it therefore leads to weaker
interactions towards the CNT surface and maximum adsorption levels of Cu2+ decreased
by approximately 12% in comparison with Pb2+ [52]. Various functionalized and pure CNT
have been extensively investigated, and authors report an efficient extraction of heavy
metals from contaminated water (discussed in Table 2). They present high adsorption
efficiencies in comparison with activated carbon, which is widely used in various water
treatment industries. Moreover, their regeneration and reuse provide a special benefit
over other conventional adsorbents such as activated carbon, clays, and biosorbents [53].
Besides their notable potential for HM extraction, there are some unavoidable shortcomings
associated with them. One of the main problems of using CNT is associated with their
agglomeration or bundling resulting in a lower specific surface for adsorption. Moreover,
when it comes to their applicability at an industrial scale, their attachment to filters should
be strong enough to prevent their release into treated waters [54].

2.1.2. Graphene Based Adsorbents

Graphene is another carbon-based material with high adsorption capabilities in re-
moving HM from wastewater [55–57]. It is a 2D material in which carbon atoms are
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arranged in a hexagonal, honeycomb lattice. Graphene can be classified into two major
forms, graphene oxide (GO), the oxidized form, and reduced graphene oxide (RGO); the
latter shows potential towards remediation of various environmental pollutants [58]. In
fact, the availability of several functional groups, i.e., hydroxyl, carboxyl, and epoxide
on the surfaces of GO and RGO serve as the active sites for the removal of metallic ions
from water [59,60]. The functional groups, e.g., –CH(O)CH–, –OH, and –COOH have
high negative charge densities along with hydrophilic characteristics, which promote
their interactions with positively charged metal ions in order to facilitate the extraction
mechanisms [61]. Graphene and GO/RGO-based materials have been extensively studied
and are reported to have excellent properties for heavy metal ion extraction from wa-
ter/wastewater (Table 3) [61]. For example, few-layered graphene oxide nanosheets were
investigated for the adsorption of Cd2+ and Co2+ from the contaminated water in batch
mode [62]. This study highlighted a strong influence of pH and the presence of humic acid
in adsorption of Cd2+ and Co2+. However, the maximum adsorption capacities of Cd2+

and Co2+ were found to be 106.3 mg/g and 68.2 mg/g respectively. Wang et al. studied
different factors including pH, the dosage of the adsorbent, contact time, temperature,
and competing ions on the adsorption performance of GO for the removal of zinc ions
and observed an adsorption capacity of 246 mg/g of Zn2+ [63]. The removal of Pb2+

ions from water was investigated using a nanocomposite of Fe3O4 and reduced graphene
oxide (Fe3O4@RGO). This study showed an adsorption capacity of 373.14 mg/g with an
initial Pb2+ concentration of 97.68 mg/L [64]. Figure 3 shows different thermodynamic
parameter values represented by the Van’t Hoff curve at room temperature, confirming
that the adsorption is a spontaneous exothermic process with a relatively low entropy. The
absolute value of ∆H was found to be higher than 20 kJ.mol−1, implying a strong chemical
interaction between adsorbent and adsorbate. The experimental data fitted Temkin’s model
which assumes the adsorption heat of all the molecules in the layer decreases linearly
with coverage due to chemical interactions between adsorbent and adsorbate, and that
the adsorption is characterized by a uniform distribution of the binding energies, up to
a maximum binding energy. Based on this assumption, they concluded that monolayer
chemisorption is the main adsorption mechanism. In fact, in addition to the latter, liquid
film diffusion was also found to have interplay with this mechanism. Porous graphene
was designed and studied for the adsorption of As3+ from water [65]. This synthesized
adsorbent showed an adsorption capacity >90% and retained its water treatment prop-
erties even after regeneration and recycling. However, porous graphene applied to the
cleaning of real wastewater that contains various competing elements poses a notable
disadvantage in the case of large-scale applications. The authors concluded that monolayer
chemisorption takes place during the extraction process. Functionalized reduced graphene
oxide with 4-sulfophenylazo (RGOs) was studied for the removal of heavy metal ions from
aqueous solution. The nanomaterial designed showed a maximum adsorption capacity
of 689 mg/g, 59 mg/g, 66 mg/g, 267 mg/g, and 191 mg/g for the Pb2+, Cu2+, Ni2+, Cd2+,
and Cr3+ respectively [66]. The adsorption of RGOs for Pb2+, Cd2+ and Cr3+ was ascribed
to coordination reaction of N atoms with heavy metal ions. Awad et al. found a significant
increase in the adsorption capacity of Hg2+ onto the modified GO surface with COOH
groups (24 mg/g to 122 mg/g), which suggests stronger interactions of Hg2+ ions towards
negatively charged COOH groups [67].
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Table 3. Graphene derived nanoparticles for the removal of heavy metals.

Adsorbate Target Metal Initial Concentration Removal % References

Tea polyphenols—rGO-ZnO Pb2+ 20 mg/L 98.9% [68]

Porous Graphene As3+ 130 mg/L >90% [65]

rGO-Fe3O4 Pb2+ 20 mg/L 37.314% [64]

rGO-Sulfophenylazo Cu2+, Ni2+ 40 mg/L 5.9 %, 6.6 % [66]

GO embedded calcium alginate
(GOCA) beads Pb2+, Cd2+, Hg2+ 50 mg/L 60.2%, 18.1%, 37.4% [69]

rGO-Sulfophenylazo Cd2+ 40 mg/L 26.7% [66]

GO-alpha
cyclodextrin-polypyrrole Cr6+ 100–700 mg/L 66.67% [70]

rGO-Sulfophenylazo Cr3+ 40 mg/L 19.1% [66]

-COOH functionalized GO Hg2+ 400 mg/L 12.2% [67]

Chitosan/GO composite
nanofibrous adsorbent Cr6+ 10–1000 mg/L 31.04% [71]

Figure 3. Van’t Hoff fit curve (inset at the upper left corner: dependence of adsorption on temperature,
at the lower right corner: values of adsorption thermodynamic functions). Reproduced under creative
commons agreement from [64].

2.2. Silica Based Nanomaterials

Another important category of nanomaterials are Silica-based nanomaterials, which
are widely used for removing HM ions owing to their non-toxicity and excellent surface
characteristics [72,73]. The different possible interactions between mesoporous silica and
metallic ions are shown in Figure 4. The surface of the mesoporous silica can also be
functionalized with groups, such as amine (–NH2) and thiol (–SH), which enhance interac-
tions with heavy metal ions and their possible extraction from water. Table 4 summarizes
previous studies reporting the functionalization of mesoporous silica applied to heavy
metal ion removal.
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Figure 4. Adsorption sites of a mesoporous silica nanoparticles and functionalization with differ-
ent groups.

The efficiency of amino-functionalized silica gel, silica hollow nanospheres, and amino-
functionalized hollow silica nanospheres was investigated for the removal of Cd2+, Ni2+,
and Pb2+ in batch mode. The adsorption capacity was found to decrease in the order of
Pb2+ > Cd2+ > Ni2+ for all of the adsorbents, which was attributed by the authors to the
higher electronegativity of Pb2+ leading to stronger interactions with the negatively charged
adsorbent surface. The maximum adsorption capacities (qm) for uncoated silica hollow
nanospheres as an adsorbent were found to be 8.375 mg/g (Ni2+), 25.924 mg/g (Cd2+),
and 31.291 mg/g (Pb2+). This adsorption increased to 26.858 mg/g, 54.351 mg/g, and
96.786 mg/g for amino-functionalized silica gel [74]. In another study, Nanopolyaniline
and crosslinked nanopolyaniline based nanocomposites were studied for the removal of
Cu2+, Cd2+, Hg2+, and Pb2+ using a batch technique [72]. The adsorption capacity values
for Pb2+, Cu2+, Hg2+, and Cd2+ were found to be 341.4 mg/g, 289.8 mg/g, 162.9 mg/g, and
146.7 mg/g respectively. Selective Hg2+ removal by thiol-functionalized, porous, organic
polymer-based nano-trap has an adsorption capacity of >1000 mg/g. Particularly, the
material showed high stability in water under a wide pH range, which was attributed
to its stable C–C bond; it also remained stable at high temperatures of up to 270 ◦C. The
removal of 10 ppm of Cu2+ and cationic thiazine dyes using 3-aminopropyl and phenyl
groups-based silica nanospheres was investigated in static mode. The absorption of Cu2+

ions reached 70% in 1 h, and thereafter increased to 80% after 2.5 h [75].

Table 4. Silica based materials for the adsorption of heavy metals.

Adsorbent Target Metal Initial Concentration Removal% References

Thiol and Amino
functionalized SBA-15 Silica Hg2+ 10.1 mg/L 29.2% [76]

Amino functionalized
mesoporous silica Cr6+ 40 mg/L 8.205% [77]

Functionalized silica with
–SH Hg2+ - 50.5% [78]

Amino functionalized silica
gel in Tea Polyphenol

extracts
Pb2+ 5–1200 mg/L (Pb2+)

5–800 mg/L (Cu2+)
98.1% [79]

Amino-functionalized and
pure silica nano hollow

sphere (NH2-SNHS, SHNS)
and silica gel(NH2-SG)

Ni2+ 100 mg/L
0.84% (SHNS), 2.59%
(NH2-SG), and 3.13%
(NH2-SNHS) mg/g

[74]
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Table 4. Cont.

Adsorbent Target Metal Initial Concentration Removal% References

Amino-functionalized and
pure silica nano hollow

sphere (NH2-SNHS, SHNS)
and silica gel(NH2-SG)

Pb2+ 100 mg/L
26.85%(SHNS),

54.35%(NH2-SG), and
96.78%(NH2-SNHS)

[74]

Amino functionalized silica
gel in Tea Polyphenol

extracts
Cd2+ 5–800 mg/L 99.78% [74]

Organically functionalized
silica gel Cu2+ 63 mg/L 1.99% [80]

Amino-functionalized and
pure silica nano hollow

sphere (NH2-SNHS, SHNS)
and silica gel(NH2-SG)

Cd2+ 100 mg/L
2.6% (SHNS), 3.2%

(NH2-SG), and 4.1%
(NH2-SNHS)

[74]

Ionic liquid-functionalized
silica Pb2+ 50–200 mg/L 20.23% and [81]

Amino functionalized silica
gel in Tea Polyphenol

extracts
Cu2+ 5–800 mg/L 99.59% [79]

Ionic liquid-functionalized
silica Cd2+ 50–200 mg/L 15% [76]

This highlights that heavy metal ions have different affinities for organic groups and
their extraction can be tuned depending on the targeted metal ions. One shortcoming of
the silica-based materials is the poor stability of the –Si–O–Si– bond in basic conditions,
which may cause leaching of the surface-grafted functional groups.

2.3. Zero-Valent Iron Nanoparticles

Zero-valent metal nanoparticles have demonstrated their ability in remediating a
variety of pollutants in wastewaters [82]. For instance, Ag NP are more particularly
used for disinfecting wastewater owing to their antimicrobial/antifungal properties [83].
Nanoscale zero-valent iron (nZVI) can be defined as a composite consisting of Fe(0) and
ferric oxide coating [84]. The nanosize of nZVI results in a higher surface to volume
ratio or higher specific surface, which leads to an increased removal of pollutants [85].
Therefore, they have received considerable attention in the scientific community as a novel
adsorbent to remediate a variety of heavy metals, including Hg2+, Cr6+, Cu2+, Ni2+, and
Cd2+ [86–88]. In fact, nZVI is an excellent electron donor (see Equation (1)) with a reduction
potential greater than −0.447 V, highly capable of reducing pollutants; the feasibility of
the reduction depends on the redox potential of particular metal ions. For example, metal
ions such as Zn or Cd have lower or almost similar reduction potential (i.e., −0.76 V and
−0.40 V vs. Standard Hydrogen Electrode (SHE), respectively) than that of Fe, which
interrupts the surface redox phenomenon of nZVI [89]. Subsequently, the removal of
a particular pollutant (i.e., heavy metal ions) can occur through various processes such
as precipitation, complexation, adsorption, oxidation, and reduction, which are briefly
schematized in Figure 5.

Fe(II) + 2e→Fe(0); E(red) = −0.447V vs. (SHE) (1)
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Figure 5. Schematic of a ZVI depicting several interaction mechanisms with heavy metals.

In spite of the noteworthy effectiveness of nZVI in the removal of heavy metal ions,
its shortcomings cannot be neglected. For example, it was reported that nZVI oxidizes in
air and in aqueous solutions, which results in the slowdown of the reduction processes
of heavy metal ions [90]. Moreover, some scientific investigations have also suggested
a tendency to agglomerate, which consequently decreases the reaction surface area and
mobility [84]. Therefore, to improve its performance, several modification strategies, such
as surface chemical modification or doping nZVI with other metals (Pd, Cu, Ni, and Pt)
were investigated [91]. These modified nZVI showed an improvement in the removal of
metallic pollutants. For example, in order to evaluate removal capacity of Cr6+, Huang et al.
studied a surface modified nZVI material formed by combining nZVI with sodium dodecyl
sulfate (SDS). They measure an adsorption capacity of 253.68 mg/g with 300 mg/L initial
Cr6+ concentration in batch adsorption experiments. This study demonstrated an improved
adsorption capacity and a decreased aggregation of the modified nanomaterial [92]. In
another study, nZVI and Au-doped nZVI nanoparticles were investigated for the removal
of both Cd2+ and nitrates from water in batch mode [93]. They highlighted that increased
pH and negative charge contributed to a significant increase in the Cd2+ removal capacity
(from 40 mg/g to 188 mg/g) if nitrates are present in the water. The nZVI deposited
with 1 wt.% Au reduced the nitrate quantity to less than 3% of the initial value, while
maintaining a high Cd2+ removal capacity.

2.4. Magnetic Nanoparticles

Even though the nanomaterials described above showed an enormous capacity in
the extraction of heavy metals, they carry certain limitations with regards to their cost-
effectiveness, reusability, separation from aqueous solutions, and complex synthesis routes,
which impede their utilization at a commercial scale. During the last two decades, micro
and nano-scaled magnetic particles have attracted attention as adsorbents for eliminating
the biological molecules, organic pollutants, and heavy metal ions from water and wastew-
ater [94]. The major advantage with magnetic nanomaterials lies in their easy recovery
after exhaustion from the treated solution by applying an external magnetic field, as shown
in one of the studies carried out using magnetic mesoporous silica nanospheres for the
extraction of Pb2+, Hg2+, and Pd2+ (Figure 6) [95].
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Figure 6. Schematic showing the mechanism of the magnetic nanoparticles in the removal of heavy
metals. Reproduced with permission from [95].

2.4.1. Magnetic Iron-Oxide Nanoparticles

Among the magnetic materials, magnetic iron-oxide NP, i.e., magnetite (Fe3O4) and
maghemite (γ-Fe2O3) present substantial dominance over conventionally used metal and
alloy based magnetized nanomaterials in terms of facile synthesis, corrosion, and abrasion
resistance. Maghemite and magnetite NP are extensively studied for wastewater treatment
and heavy metal ion removal in particular [96]. Some studies investigating magnetic iron
oxide NP for heavy metal ion removal are summarized in Table 5. Maghemite NP possess
a large surface area, which contributes to their high adsorption capacity and are moreover
environmental-friendly [97].

Akhbarizadeh et al. studied the removal of Cu2+, Ni2+, Mn2+, Cd2+, and Cr6+ using
maghemite NP with initial concentration of 50 mg/L. They observed removal efficiencies
of 88.2% for Cu, 84.4% for Cr, 18.3% for Mn, 15.7% for Ni, and 8.4% for Cd [98]. This study
also indicated that removal of these five different metal ions by maghemite reached an
equilibrium after a short period (10 min). Moreover, the absorption showed a good fit
for Langmuir isotherm verifying the monolayer coverage of metallic ions on maghemite
surface. In fact, authors highlighted a pH dependence during the extraction, when other
effective parameters were kept constant (see Figure 7). The removal efficiency of copper
increased from 8.4% to 50% when the pH was increased from 3 to 5. This study shows that
selective removal of particular metal ions is feasible with these magnetic nanomaterials.

Figure 7. Removal efficiency with varying pH (polymer encapsulated maghemite). Reproduced with
permission from [98].
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In recent years, several reports on polymer-modified maghemite nanomaterials have
been published. For example, Madrakian et al. prepared a novel mercaptoethylamino
monomer-modified maghemite nanomaterial (MAMNPs) [99]. The maximum removal
capacities of Ag+, Hg2+, Pb2+, and Cd2+ were 260.55 mg/g, 237.60 mg/g, 118.51 mg/g,
and 91.55 mg/g respectively and the adsorption fitted the Sips isotherm model, which is
the combination of Langmuir and Freundlich models. The Sips isotherm model is used
for predicting the adsorption in heterogeneous systems and circumventing the limitation
of the rising adsorbate concentration associated with the Freundlich isotherm [100]. The
removal efficiency for cadmium increased from 8.7% to 50% when the pH was increased
from 3 to 5 (Figure 7). This illustrates the efficiency of polymer-coated maghemite NP over
pure maghemite NP. These modified maghemite NP showed good removal capabilities and
selectivity towards various heavy metal ions. The removal of Cu2+ and other metallic ions
using mesoporous magnetite NP was also investigated and the study showed a removal
efficiency of 90% for a solution containing 50 mg/L of Cu2+ ions [101]. However, the
adsorption followed the pseudo-second-order kinetic model deciphering a chemisorp-
tive adsorption of metal ions on the magnetite NP. The experimental data followed the
Langmuir isotherm, indicating the monolayer adsorption mechanism. Interestingly, the
magnetic NP could be used for five consecutive cycles, demonstrating their high removal
capacity. Shipley et al. studied the removal of Cu2+ using hematite NP and obtained a
removal efficiency of 89% for an initial metal concentration ranging from 0.016 mg/L [102],
which is lower in comparison with magnetic NP used by Fato et al., for Cu2+ removal. These
results conclude the effectiveness and efficiency of magnetic NP over other adsorbents.

Superparamagnetic iron oxide NP (Fe3O4) were investigated for the treatment of
synthetic water contaminated with Mn2+, Zn2+, Cu2+, and Pb2+ ions [103]. In their study,
the authors estimated an adsorption capacity of 11.5 mg/g 12.4 mg/g, 14.5 mg/g, and
16.4 mg/g for Mn2+, Zn2+, Cu2+, and Pb2+ ions respectively. The superparamagnetic
ascorbic acid-coated Fe3O4 NP were synthesized and studied for their potential to remove
arsenic ions from wastewater [104]. They found a maximum adsorption capacity of
46.06 mg/g and 16.56 mg/g for As3+ and As5+ respectively, as followed by Langmuir
isotherm. In another study, Fe2O3 NP encapsulated in cellulose matrix were investigated
for the removal of arsenic from aqueous solution [105]. The experimental results showed
an excellent adsorption capacity towards As3+ and As5+ (23.16 mg/g and 32.11 mg/g,
respectively) and the experimental data followed both Langmuir and Freundlich isotherms.
These studies show that cellulose encapsulated Fe2O3 NP exhibit a higher As5+ adsorption
capacity with multilayered adsorption compared to superparamagnetic ascorbic acid-
coated Fe3O4 NP. This increased adsorption might be due to the stronger interactions of
As5+ with OH groups by forming a sodium arsenate complex. However, in environmental
conditions arsenic is present in the form of hydrides. The higher adsorption for As3+ with
ascorbic acid coated magnetic NP is probably due to its higher affinity to form methyl
arsenic acid. Through these studies, we can conclude that polymer coated Fe3O4 NP can
increase the adsorption affinity for some specific metallic ions and can be used for selective
removal of heavy metals.

Table 5. Iron-oxide magnetic NP utilized for the removal of metallic ions from contaminated water.

Adsorbent Target Metal/s Initial Concentration Removal% References

Hematite-Magnetite hybrid Pb2+ 2 mg/L 97.67%, [106]

Hematite-Magnetite hybrid Cd2+ 2 mg/L 99.84% [106]

Maghemite NP As5+ 1–11 mg/L 50% [97]

Hematite-Magnetite hybrid Cr3+ 2 mg/L 99.50% [106]

Maghemite NP Cr6+ 5–200 mg/L 1.92% [107]

Biogenic nano-magnetite Cr6+ 16.69 mg/L 3.2% [108]

Magnetite NP Pb2+ 10–600 mg/L 3730% [103]
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Table 5. Cont.

Adsorbent Target Metal/s Initial Concentration Removal% References

Magnetite NP Mn2+ 10–600 mg/L 7700% [103]

Carboxyl functionalized magnetite NP Cu2+ 10 mg/L 0.983% [109]

Carboxyl functionalized magnetite NP Cd2+ 10 mg/L 1.03% [109]

Magnetite NP Zn2+ 10–600 mg/L 1046% [103]

CuFe2O4 magnetic nanoparticles were prepared from industrial sludge and used as
an adsorbent for the removal of Cd2+ ions. Experimental results show that at very low pH
~ 2.0, they observed negligible adsorption, whereas almost 99.9% adsorption occurred at
pH 6.0 [110]. They observed fast removal of cadmium ions during the initial 10 min and
thereafter a decrease in removal was observed until equilibrium was attained 20 min later.
The Cd2+-CuFe2O4 interaction was described by the pseudo-second-order mechanism.
The adsorption process followed the Langmuir adsorption isotherm with the monolayer
adsorption capacity 13.87 mg/g at 298 K, which increased slightly to 17.54 mg/g at 318 K,
indicating endothermic interactions. The removal of Ni2+ was investigated using Fe3O4
magnetic nanoparticle impregnated tea waste [111]. The removal efficiency decreased
from 99 to 87% with the increase of initial concentration of Ni2+ in solution from 50 to
100 mg/L. In addition, the adsorption of Ni2+ increased with the increasing temperature
from 303 to 323 K, which again highlights the endothermic nature of the adsorption process.
However, in this study, the experimental data fit with both Langmuir and Freundlich
models revealing a maximum adsorption capacity of 38.3 mg/g.

The efficient mixing of nanoparticles in contaminated water is seen as one of the major
challenges for magnetic extraction of pollutants. It seems complicated to use magnetic
nanomaterials for heavy metals removal at industrial scales. In fact, the efficient mixing
of magnetic nanoparticles in solution requires appropriate micromixers. With that aim,
Karvelas et al. investigated a Y-shaped micromixer to remove heavy metals from the
contaminated water [112]. They observed that a higher mixing in the micromixer leads to
slower adsorption, whereas the adsorption capacity increases with lower mixing of the NP
with heavy metals. In their study, the faster adsorption leads to lower adsorption capacity.

2.4.2. Magnetic Nanocomposites

Magnetic nanocomposites are receiving an increased attention because of their easy
recovery after exhaustion from water with the help of a magnet [113]. In general, mag-
netic nanocomposites are mostly based on magnetic iron oxide nanomaterials. In fact, the
fabrication of these magnetic nanocomposites can be achieved through three approaches:
(1) modifying the NP surface with functional groups such as –NH2 and –SH; (2) coating
the iron/iron oxide nanoparticles with other materials, such as humic acid, polyethylen-
imine, polyrhodanine, MnO2 and polypyrrole, in order to make a core-shell structure; and
(3) decorating porous materials such as graphene oxide and CNT with iron/iron oxide
nanoparticles [114,115].

Polymer-functionalized Fe2O3 nanomaterials have been investigated for the removal
of divalent Cu, Ni, and Co metal NP over a pH range of 3.5 to 10 [116]. The experimental
results showed the highest removal efficiency for Cu(II) with the adsorption capacity of
6.98 mg/g at pH of 5.3. Ferric and ferrous chlorides are usually used for the synthesis of
magnetite/zeolite nanocomposites. The synthesized nanocomposite possessed the com-
posite ratio of 3:1 (zeolite: iron oxide) with saturation magnetization of 19.03 emu/g [117].

These NC were tested for the removal of Cs+ and Sr2+. They provided a maximum
adsorption capacity of 207.4 mg/g and 83.68 mg/g for Cs+ and Sr2+ respectively. Fe@MgO
nanocomposites were investigated for the removal of Pb2+ ions and methyl orange from
contaminated water. These nanocomposites are a combination of strong magnetic nZVI
nanoparticles and MgO, which exhibit a good adsorption capacity of 1476.4 mg/g and
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6947.9 mg/g for Pb2+ ions and methyl orange respectively [118]. The experimental data
followed the Langmuir linear regression model representing monolayer chemisorption of
Pb2+ ions, as shown in Figure 8. Similarly, Guo et al. studied Pb2+ ion removal using rGO-
Fe3O4 composite and reported an adsorption capacity of 373.14 mg/g [64], which is lower
compared to other cited works. The different examples of magnetic nanocomposite-based
adsorption studies are summarized in Table 6. The efficiency of superparamagnetic Iron
Oxide Nanoparticles (SPIONs) and Chitosan-Coated SPIONs was tested for the removal of
hexavalent chromium ions (with initial concentration of 1 mg/L) [119]. The experimental
results showed a removal of 80.44% and 99.7% of Cr6+ ions for uncoated and Chitosan-
coated SPIONs, respectively.

Figure 8. Langmuir fit for lead removal using Fe@MgO nanocomposites. Reproduced with permis-
sion from [118].

However, the complexity of using magnetic nanoparticles for water purification makes
them complicated to apply at a larger scale and the overall cost-benefit ratio of magnetic
nanoparticles is very high, which is a significant barrier for utilization at industrial scale.
For this reason, research combining nanoparticles with membranes has spurred attention
at it is seen as a more promising solution for larger scale water remediation [120]. For
example, hydrogels have a 3D network structure that is capable of retaining water in
their nanoporous structure. During the recent years, various composite membrane based
nanoadsorbants were studied for the removal of heavy metals. Zhang et al. reported
the removal of Cs ions using Clay–Hexacyanoferrate composite hydrogels [121]. The
experimental results showed an adsorption capacity of 173 mg/g, even in 0.2 mg/L Cs
contaminated water. Many nanocomposites have been studied for the adsorption of
137Cs+ at larger scales [122]. Various other hydrogel such as polyacrylic acid hydrogel,
2-acrylamido-2-methyl-1-propane sulfonic acid-based magnetic responsive hydrogels,
magnetic-vinyl pyridine-based hydrogel are investigated for the removal of other metallic
ions like Cu2+, Ni2+, Cd2+, Co2+, U6+ etc. [123]. These hydrogels can be recycled and
reused, but the scientific findings reported a decrease in the removal efficiency. Therefore,
an in-depth research is required on these hydrogel-based nanoadsorbants that can sustain
their removal capacities.
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Table 6. Summary of the removal studies on heavy metals using magnetic nanocomposites.

Adsorbent Target Metal Initial Concentration or
Concentration Range Removal Efficiency (%) References

Silica coated magnetic
nanocomposites Pb2+ 5–120 mg/L 1.49% [124]

Silica based hybrid organic
inorganic magnetic

nanocomposites(MNPs@SiO2-
TSD-TEOS)

Pb2+ 100 mg/L 41.7% [125]

Silica based hybrid organic
inorganic magnetic

nanocomposites(MNPs@SiO2-
TSD-TEOS)

Ni2+ 100 mg/L 35.7% [125]

o-Vanillin functionalized
mesoporous silica–coated
magnetite nanoparticles

(Fe3O4@MCM-41)

Pb2+ 120 mg/L 15.57% [126]

Silica coated iron oxide
magnetic

nanocomposites(Fe3O4@SiO2)
Pb2+ 10 mg/L 97% [127]

Silica coated iron oxide
magnetic

nanocomposites(Fe3O4@SiO2)
Hg2+ 10 mg/L 94.12% [127]

Polythiophene modified
chitosan/magnetite

nanocomposites
Hg2+ 0.02–100 mg/L 5.28% [128]

Bismuthiol-II-immobilized
magnetic nanoparticles Cr3+ - >90% [129]

Bismuthiol-II-immobilized
magnetic nanoparticles Cu2+ - >90% [129]

Thiol-lignocellulose
sodium bentonite (TLSB)

nanocomposites
Cd2+ (0.20–1.70) × 103 mg/L 45.832% [130]

Thiol-lignocellulose
sodium bentonite (TLSB)

nanocomposites
Zn2+ (0.20–1.70) × 103 mg/L 35.729% [130]

Magnetic Chitosan
Nanocomposites Cd2+ 10 mg/L 92.1% [131]

Water-soluble magnetic
graphene nanocomposites Cd2+ NA >85% [114]

Functionalized magnetic
Fe3O4

Cu2+ 10 mg/L 96% [132]

Functionalized magnetic
Fe3O4

Hg2+ 10 mg/L 96% [132]

Fe@MgO nanocomposite Pb2+ 100 mg/L 147.64% [118]

Magnetic MWCNT Cr6+ 1–25 mg/L 1.14% [133]

2.4.3. Reusability of Magnetic Nanoparticles

Various studies have demonstrated that magnetic NP can be applied to the removal
of metallic ions from contaminated water. However, for a cost-effective adsorbent, it is
essential to study their reusability or recyclability. For example, Rivera et al. studied Cr6+

ion removal using 2 g/L of the magnetic magnetite NP. They measured an adsorption
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capacity of up to 12.4 mg/g. The regeneration cycles of the magnetic nanomaterials showed
a slight decrease (about 4%) in the removal efficiency, concluding that the nanomaterial
can be reused for up to 4 cycles continuously [134]. Tao et al., showed an effective removal
of heavy metal ions (Hg2+ and Pb2+) using thiol-functionalized magnetic mesoporous
microspheres [135]. After water treatment, the NP were separated from the water using a
magnet and washed with a suitable eluent. The recycled NP were tested against similar
heavy metals and were able to remove the metal ions with a similar efficiency. Recyclability
tests were also conducted by Chen et al. on functionalized magnetic Fe3O4 nanoparticles.
In order to study the possibility of reusing Fe3O4 NP, they were subjected to several
loading and elution operations. The elution operations were carried out by shaking
Fe3O4 NP, which contained maximum amounts of metal ions in 100.00 mL of 0.50 M HCl.
Interestingly, they showed no significant decrease in the removal efficiencies even after
seven adsorption-desorption cycles, with a decrease from 100% to 93% [132]. Fato et al.
investigated the reusability of MNP using nitric acid as eluent and reported that even after
five successive cycles, the MNP can be reused with no significant decrease in the removal
efficiency [101]. In addition, these magnetic NP can be easily separated from the treated
water, which turned out to be their major advantage over other technologies. However, the
behavior of engineered nanoparticles and their regeneration and desorption capacities in
real conditions need to be evaluated before commercialization.

3. Nanomaterial Modified Bioelectrochemical Systems for Enhanced Power
Production and the Remediation of Heavy Metals

During the past few years, a technique based on the integration of electrochemical
and biological processes, usually referred to as bioelectrochemical systems (BESs), has
emerged for wastewater treatment. A typical BES setup consists of anodic and cathodic
chambers separated by an ion-selective membrane with microorganisms as catalysts for
the redox reactions. The organic matter is oxidized in the anode chamber owing to micro-
bial metabolic activity responsible for producing electrons. These electrons then circulate
through an external circuit towards the cathode where the reduction of target species i.e.,
nitrates, H+, CO2 or HM ions occurs [136,137]. In particular, BES can be operated in two
different modes: microbial fuel cell (MFC) and microbial electrolysis cell (MEC), depending
upon the targeted process. The electrons produced on substrate oxidation at the anode,
accelerate the reduction of targeted heavy metal ions [138]. Even though BES poses a
great advantage in scavenging metallic ions, their performance is highly dependent on the
electrode material, redox potential, and substrate oxidation. These influence the reduction
efficiency of HM at the cathode and the output power of BES. During the past few years,
various electrode materials have been investigated for enhancing the overall performance,
especially for the reduction of HM in BES. Due to their unique properties, nanomaterials
have attracted significant attention in the scientific world. Therefore, researchers are in-
vestigating nanostructured bioelectrochemical systems (BESs) that utilize microorganisms
along with nanomaterials to mediate, facilitate, or catalyze the redox reactions at one or
both the electrodes, which in turn enhances the power output of the BES.

3.1. Electrode Materials for Anode in BESs
3.1.1. Conventional Anode Materials

Generally, carbon based materials, i.e., graphite plates [139], graphite rods [140],
graphite felt [141], carbon brush [142], and carbon paper [143], are widely used as anode
materials due to their good conductivity, biofilm formation, and non-corrosive behav-
ior [144]. For example, carbon brush was used as an anode in the MFC and their perfor-
mance was evaluated under different temperature conditions ranging from 300–750. The
maximum power output increased form 1160 mW/m2 to 1561 mW/m2 with variation in
temperature [142]. An enhancement in the electrical output was observed when plasma-
modified carbon paper was used as an anode in an air-cathode cylindrical shaped MFC
setup [143]. The maximum power output obtained was 107 mW/m2. However, these
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materials exhibit some limitations, such as lack of durability and higher cost. Carbon
felt with 95.5% of carbon content is considered as a good candidate for anode but simul-
taneously offers a large resistance. Graphite rods manifest certain advantages in terms
of good electrical conductivity, chemical stability, and lower costs for MFC applications.
However, the availability of large surface areas for biofilm growth and redox reactions is a
major drawback for them. Hence, anodes with graphite fiber brush were designed that
showed enhanced MFC power production [145]. However, several metal-based materials
have also been investigated for MFC anodes with advantages in terms of conductivity,
robustness, and cost-effectiveness. It has also been reported that the doping of graphite
anodes with Mn4+, Fe3O4, and Ni2+ increases power generation of MFCs [146]. Generally,
MFCs generate lower output voltage in comparison with the overall cell potential because
of several energy losses, i.e., activation, bacterial metabolism, mass transfer, and ohmic,
which effect the performance of an MFC. In this regard, strategies, such as introducing
mediators and increasing electrode surface area are employed in order to overcome these
losses. However, one of the strategies includes the invasion of nanomaterials. Nevertheless,
there are some reports on nanomaterial-based anodes that have demonstrated an increment
in the power output of the MFCs.

3.1.2. Nanomaterial Modified Anode Materials

The anode in MFC can be upgraded by using nanomaterial coatings, which provide
a high specific surface, an improved electron transfer and promote electroactive biofilm.
These enhance the power output of the MFC, as shown in Figure 9 [147]. Iron oxide can
facilitate the extracellular electron transfer through two pathways; within the biofilm in the
form of an electrical conduit or at the interface by accumulation on the cell surface [148].
Most of the metal oxides are not conductive but nevertheless promote and enhance biofilm
formation. Thus, in this regard, carbon conductive materials or fillers e.g., CNT, Graphene,
etc., can enhance the electrical conductivity of the metal oxides and thereby increase
the extracellular electron transfer from the organism to the anode. Zhao et al. studied
the possible increase of bio-current generation using ionic liquid functionalized graphene
nanosheets as an anode [149]. They showed that current density increases from 0.40 mA/m2

to 2.8 mA/m2 within 30 h if the carbon paper anode is replaced with graphene nanosheets.
The continuous testing on bare pencil graphite electrode (PGE), α-MnO2/PGE, PANI/PGE,
and α-MnO2/PANI/PGE were evaluated in glucose-fed-Escherichia coli-based MFC.

Figure 9. (a) General picture of nanomaterial modified anode and (b) graphene modified anode.
Reproduced from [147] under creative commons attribution license.
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The experimental results showed that the α-MnO2/PANI/PGE-coated anode showed
highest current and power density, which was 6 times higher than for uncoated PGE.
Polyaniline networks grown on graphene nanoribbon-coated carbon paper as anode was
reported to potentially increase the performance of MFC. When the carbon paper anode
was coated with graphene nanoribons the current density increased from 0.52 mA/2 to
1.8 mA/m2 [150]. The current density is dependent on the type of material used, as
shown in Figure 10. Reduced graphene was also coated with Polyaniline (PANI) in carbon
cloth [151]. Biosynthesized α-MnO2-based polyaniline binary composite were investigated
as a biocatalyst in MFC [152].

Figure 10. Current generation by S. oneidensis in ECs equipped with different anodes [150].

Similarly, the anode modified with reduced graphene oxide/tin oxide nanocomposite
showed a significant increase of 4.8 times in the power density of MFC compared to its
bare counterpart, as shown in the cyclic voltammetry curves reproduced with permission
from [153] (see Figure 11a).

3.2. Electrode Materials for Cathode in BESs
3.2.1. Conventional Cathode Materials

Cathode performance is considered to be the main obstacle in the development of
MFCs. Thus, the fabrication of cathode materials having high power generation and
columbic efficiency is the most crucial and challenging aspect for the development of
successful MFC technology, more particularly for the treatment of metal-contaminated
water. Graphite-based electrodes have been more extensively investigated for the removal
of various heavy metal ions in water because of their low cost, high electrical conductivity,
and biocompatibility. Several studies have reported findings that support electrochemical
reduction of heavy metal ions at the biotic and abiotic cathode, summarized in Table 7 [154].
For instance, the removal of Cu2+ ions was studied via electrodeposition process at the
cathode of MFC. A removal efficiency of >96% of Cu was estimated [155]. Moreover, the
XRD analysis confirmed the reduction of Cu2+ to Cu+ and Cu0 on the electrode surface. The
reduction was successfully achieved within 24 h of operation at the reduction potential of
0.347 V vs. Ag/AgCl. The reduced product was analyzed using ICP-MS, which indicated
the deposition of elemental mercury over the cathode surface. Huang et al. studied the
reduction of Cr (Cr6+/3+) having initial concentration of 39.2 mg/L at the bio-cathode of
MFC with a power production of 2.4± 0.1 W/m3 and at a current density of 6.9 A/m3 [156].
They concluded that initial Cr6+ concentration and solution conductivity have a clear effect
on the biocathode MFC performance. In another study, carbon fiber cathode was used
for the removal of chromium ions [157]. As a result, they observed 75.4% reduction of
chromium ions with the maximum power density and current density of 970 mW/m2 and
2462 mA/m2. During the reduction process, the pH of the catholyte increased from 2 to
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3.76, most likely due to the formation of Cr(OH)3 responsible for the basic environment.
Based on the studies discussed, the bioelectrochemical remediation brings an alternative
approach towards a cost-effective and ecofriendly degradation of heavy metals from the
water. However, the reduction efficiency can be improved by introducing nanoadsorbents
as the cathode.

Table 7. Carbon based materials as electrodes for bioelectrochemical reduction of heavy metals.

Target Metal BES Configuration Anode Cathode Power Output Reference

Cr6+ Double chambered MFC Graphite plate Graphite plate 150 mW/m2 [158]

Hg2+ Double chambered MFC Grpahite rod Graphite rod 32.6 ± 0.5 W/m2 [140]

Hg2+ Double chambered MFC Graphite felt Carbon paper 433.1 mW/m2 [159]

Cu2+ Double chambered MFC Carbon felt Carbon plate 5.5 W/m2 [160]

Ag+ Double chambered MFC Carbon brush Carbon felt 4.25 mW/m2 [161]

Se Single chambered MFC Carbon cloth Carbon cloth
13–1500 mW/m2

depending on initial
concentration

[162]

Co Double chambered MFC Graphite felt Graphite felt 258 mW/m2 [163]

Ag+ Double chambered MFC Carbon felt Carbon felt 0.109 mW/m2 [164]

3.2.2. Nanomaterials Modified Cathode Materials

There are a very limited number of studies which have reported the use of nanoma-
terials as cathodes for the reduction of heavy metals. For the first time, Alumina-nickel
nanoparticles-dispersed carbon nanofiber electrode were investigated for the removal
of chromium ion in MFC. The experimental results showed a high reduction rate of
2.13 g/m3-h with achievable maximum power density and current density of 1540 mW/m2

and 4560 mA/m2 (see Figure 11) [165]. Shi et al. investigated graphite electrode modified
with natural pyrrhotite for the reduction of Cr6+ in the MFC [166]. A removal of 99.59% was
achieved within 10.5 h of operation with a maximum power density of 45.4 mW/m2. How-
ever, the uncoated graphite cathode generated a maximum power density of 35.5 mW/m2.
This study demonstrated the efficiency of a naturally-occurring mineral in the effective
removal of Cr ions. However, it also produced a lower output power and maximum
removal was achieved at pH = 3, which suggest the use of additional chemicals to facil-
itate the reduction. Therefore, other cathode materials are explored to obtain a higher
output power under ambient environmental conditions. Recently, graphene oxide-based
catalysts were used at the cathode of MFC to enhance the recovery of Cu ions [167]. This
study showed that Cu2+ could be efficiently removed in the rGO-MFC within 8 h of op-
eration at the external resistance of 1000 Ω. The removal efficiency reached 98% with
the rGO-MFC for an initial Cu2+ concentration of 4, 8, and 12 mg/L and a maximum
power output of 1.38 W/m2. Nanocomposite-based electrocatalysts have also been investi-
gated for the extraction of some heavy metals. For example, carbon cloth modified with
α-Fe2O3/polyaniline nanocomposites were investigated for enhanced bioelectricity pro-
duction and hexavalent chromium removal at the cathode of MFC [168]. The MFC showed
a complete Cr6+ reduction at 50 mg/L with a reduction rate of 1.39 g/m3/h within 36 h of
operation. However, they reported a maximum power density of 1502.78 mW/m2, which
was 1.753 times higher than carbon cloth cathode. Besides, α-Fe2O3/polyaniline modified
electrode showed a reduction in the over-potential and favored electrocatalytic reduction
of Cr with an increase in the current density as shown in the cyclic voltammetry curves
with different electrode materials (Figure 11b). In an another study, graphite felt modified
with iron sulfide wrapped with reduced graphene oxide (FeS@rGO) nanocomposites are
investigated for the removal of Cr6+ having initial concentration of 15 mg/L in MFC [169].
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Figure 11. (a) Cyclic voltammograms of the bare CC, RGO/CC, and RGO–SnO2/CC electrodes in 10 mM K3[Fe(CN)6]
containing 0.1 M KCl (scan rate: 0.1 V/s). Reproduced with permission from [153] (b) Cyclic voltammetry curves with a
potential range from −1.0 V to 1.0 V of various cathodes at the scanning rate of 1 mV/s in catholyte. Reproduced with
permission from [165].

These nanocomposites showed 100% Cr6+ removal efficiency with the reduction rate
of 1.43 mg/L/h. Overall, the improved electrochemical performance of MFC-FeS@rGO
was expected due to the high conductivity, low internal resistance, and better reaction
kinetics of FeS@rGO nanocomposites, as shown in Figure 12. A novel study representing
the integrated setup of ZVI and MFC was investigated for the removal of As3+ with an
initial concentration of 0.3 mg/L [170].

Figure 12. Possible mechanism of Cr(VI) reduction at FeS@rGO decorated cathode in MFC. Repro-
duced with permission from [169].

This study showed a more significant decrease in the concentrations of both the As3+

and total As using MFC–ZVI hybrid process than solely using ZVI. After 2 h of operation,
the total As concentration remaining in the solution was only 9.8 µg/L and the As3+

concentration was below the detection limit in the case of the MFC–ZVI hybrid process. On
the other hand, the residual total As concentration and As3+ concentration were 180 µg/L
and 106 µg/L, respectively in the case of ZVI process. This corresponds to an improvement
of 40% in the removal efficiency of total As. These results highlight a notable increase in
the efficiency of As removal with the MFC-ZVI based hybrid. Such a combined technology
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was studied only for the lower concentrations of artificially prepared As contaminated
water. However, in real situations, the presence of other contaminants can interfere with
the selective removal of As and in turn reduce the applicability of this technology for
environmental samples.

4. Conclusions and Future Perspectives
4.1. Roadmap of the Nanomaterial Based Adsorbents for the Extraction of Heavy Metals

Due to the prevalent water crisis, nanoadsorbants are widely being investigated for the
treatment of metal-contaminated waters owing to their exceptional properties, as described
in this review. A variety of nanomaterials, including carbon-based nanotubes, graphene,
silica-derived nanomaterials, ZVI, magnetic nanoparticles, and nanocomposites have been
extensively discussed and critically analyzed. These nanomaterials exhibit a great potential
as adsorbents for heavy metal ion removal from wastewater. However, there are still some
notable shortcomings associated with these NM that need to be addressed in order to make
them suitable for wastewater treatment at the industrial scale. For instance, the natural
agglomeration of CNT results in a lower specific surface for adsorption, which reduces
their adsorption capacities. Moreover, when it comes to their applicability at an industrial
scale, their attachment to the filters should be strong enough to prevent their release in
the treated water, as their toxicity remains debatable. Graphene-based nanomaterials face
several limitations at the industrial scale. The large-scale production of GO nanoparticles
requires a suitable reaction media. It is a chemically intensive process, which generates
toxic by-products and can lead to serious environmental implications. CNT and graphene
are also subject to clogging, similarly to activated carbon. These downsides of graphene-
based adsorbents limit their large-scale implementation. Moreover, in the case of water
treatment, it is difficult to separate them from the aqueous solution swiftly and efficiently
due to their size. For this reason, the concept of nanocomposites seems to be a promising
solution to solve the shortcomings of freestanding nanoscale adsorbents. Amongst these
nanocomposites, magnetic nanocomposites possess some advantages in terms of their easy
separation from treated waters using an external magnetic field, which shows potential in
industrial applications.

4.2. Challenges and Opportunities for Large Scale Implementation of BESs for Heavy Metals Removal

Over the past few years, bioelectrochemical systems have emerged as a promising
technology for heavy metal ion removal from contaminated water. However, their utiliza-
tion at an industrial scale is still quite challenging due to their slow extraction rate and
insufficient knowledge about the electron transfer mechanisms. The major challenge for
implementing MFCs at larger scales is their inability to treat all type of metallic ions. The
MFC setup can be used to reduce some of the heavy metals, i.e., Cu, Co, Hg, Cr, and Ag. It
should be considered that only those metals which have a positive reduction potential can
be spontaneously removed without any external applied voltage. For instance, Ni2+ has
a reduction potential of −0.25 V and thus, cannot be reduced in MFC mode; therefore, it
was investigated in MEC mode. The experimental results showed 33% and 9% removal
efficiency of Ni2+ ions in MEC and MFC modes, respectively [171]. Interestingly, to over-
come such issues, an innovative reactor configuration consisting of Cr-MFC and Cd-MFC
in series was investigated for the removal of Cd ions with an achievable maximum output
of 22.5 W/m2 [172]. The MFCs in series enhance the power production and reduction
of Cd ions. Another challenge that has been holding back the application of MFCs for
the removal/recovery of heavy metals is the deterioration of performances and removal
efficiencies based on the reactor configuration [173]. Both single-chambered MFC (SCMFC)
and double-chambered MFC (DCMFC) are the most used designs for the removal of heavy
metals. SCMFC has some notable advantages in terms of easy operation, cost effective-
ness, and direct utilization of the substrate; but the lower coloumbic efficiency contributes
to the major drawback of this design [174,175]. In fact, the presence of membranes can
maintain the ion balance and reduce the oxygen diffusion, which improves the coloumbic
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efficiency. However, the pH imbalance due to this membrane leads to potential losses and
thus results in the deterioration of performances and removal efficiencies. Finally, besides
the pH imbalance, the most important downside of MFCs is possible membrane fouling.
This phenomenon occurs in the long-term operation of MFCs because of the unavoidable
growth of biofilm on and outside the membrane which directly affects the overall power
and current outputs of MFCs. Additionally, the separation membrane is expensive and con-
tributes to about 38% of the total capital cost of MFCs [176], which is an obstacle, especially
for scaling-up and future practical applications of MFCs. Owing to the interconnection
between different components including anode, cathode, biofilm formation and power
generation of MFC, the scaling-up of MFCs should not be limited to the augmentation of
the anode volume. Additionally, appropriate amplification of electrodes, membranes and
catalyst coatings should be analyzed.

4.3. Future Outlook for Nanomaterial Assisted BESs

Based on the studies reviewed, bioelectrochemical systems appear to be a promis-
ing technology for the removal of heavy metal ions. However, nanomaterial assisted
bioelectrochemical-based hybrid technology shows an improved efficiency in terms of
enhancing output power and accelerating the metal reduction reaction at the cathode. The
nanomaterial-modified cathode manifested great potential for HM remediation, but the
regeneration of the electrodes is a potential hindrance for the upscaling of this hybrid
technology. Therefore, more extensive research on suitable recyclable electrode materials is
required. Magnetic nanoadsorbants, owing to their facile recovery from treated water, are
currently studied more particularly. They demonstrate potential for the selective removal of
single component systems as well as multicomponent systems. However, despite promis-
ing pollutant removal capacities, the overall cost-benefit ratio of magnetic nanoparticles is
very high, which is a significant barrier to utilization as main mean. To improve the cost
effectiveness, it will be necessary to combine these magnetic nanoparticles with existing
technologies. Based on the critical review on the various nanomaterials and nanomaterials
based bioelectrochemical removal of HM, magnetic nanoparticles based cathodes can be
further investigated for the treatment of metal-contaminated water. This can be achieved
in two ways: (1) directly adding the MNP into the catholyte solution, which are easy to
separate using an external magnetic field; and (2) coating the cathode with MNP, which
may enhance the reduction efficiency on one hand but on the other hand, impede the
recycling of MNP. However, this combined technology can be advantageous in terms of
efficiency, cost-effectiveness, sustainability, and environmental friendliness. An additional
advantage is the possibility to harvest energy during the removal process.
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Abstract: The development of new, cheaper, and more effective technologies to decrease the amount
of wastewater containing heavy metals and to improve the quality is indispensable. Adsorption
has become one of the alternative treatment methods. A small number of studies focusing on the
batch technique for nickel ion removal by the new generation ion exchangers are described in the
literature. In this paper, the Ni(II) removal from aqueous solutions using the ion exchange resins of
different types was investigated. The experiments were conducted at different HCl and HCl/HNO3

concentrations, and the initial concentration was 100 mg Ni(II)/L. The investigation of the Ni(II)
desorption from the chosen resins were carried out. The Ni(II) removal efficiency and the rate of
removal are shown on the kinetic curves and the rate constants as well as kinetic parameters were
collected and compared. The isotherm parameters were calculated and Fourier-transform infrared
spectroscopy with the attenuated total reflection spectra was performed to determine the nature of
adsorption. The experimental results showed that the Ni(II) percentage removal is high and Lewatit
MonoPlus TP220 could be an alternative for the treatment of nickel(II) containing wastewaters.

Keywords: nickel removal; adsorption; ion exchangers; water pollution; Lewatit MonoPlus TP220

1. Introduction

Nickel is widely distributed in the environment, and can be found in water, air, soil, or
food because of its natural occurrence in nature and anthropogenic origin (Figure 1). It is
the 24th most abundant metal in the earth’s crust and accounts for about 3% of the earth’s
composition [1,2]. The natural sources of atmospheric nickel include dusts from volcanic
emissions, meteoric dust, weathering of soils and rocks, forest fires, and sea salt spray [3,4].
From 30% to 50% of natural Ni sources are generated by soil particles moved by wind,
blown from eroded areas [5], whereas almost 90% of the global anthropogenic Ni emissions
are generated by oil combustion [6]. About 6–20 ng/m3 of nickel is present in ambient air,
whereas air contaminated by anthropogenic sources could include 150 ng/m3 of nickel [4].
Solubilization of nickel compounds from soils as well as biological cycles are the main
sources of nickel in water [3]. The content and mobility of nickel in soils depends on its
compound solubility, pH, and soil types [3]. At pH < 6.5, nickel compounds are soluble in
water, whereas at above pH > 6.7, insoluble hydroxides are usually present. Nickel salts
such as chloride, nitrate, and sulfate (salts of strong acids, organic acids) are soluble in
water, whereas metallic nickel, nickel sulfides, and nickel oxides, as well as nickel salts of
weak inorganic acids, are poorly water-soluble [4]. Moreover, the use of pesticides and
fertilizer increases the nickel content in soils and could be a source of heavy metals in food.
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Figure 1. Nickel sources in the environment with division onto natural and anthropogenic origin.

The nickel content in farm soils is in the range from 3 to 1000 mg Ni/kg, soil but in the
soils collected near to metal refineries it could be much higher; in the range from 24,000 to
53,000 mg/kg [3]. The nickel contents in different areas of the environment are presented
in Table 1.

Table 1. Nickel contents in the environment as a result of its natural and anthropogenic emission.

Ni Occurrence Concentration of Ni References

water

Baltic water 0.09–1.08 µg/L

[2]

river water 0.7 µg/L

bottled mineral waters 0.71–3.20 µg/L

drinking water from Stalowa Wola
(an area affected by industrial emissions) 17 µg/L

uncontaminated water 300 ng/L

[3]
air

ambient air 6–20 ng/L

air (anthropogenic sources) 150 ng/L

soil

farm soils 3–1000 mg/L

[2]

soil 0.2–450 mg/kg

soil near metal refineries
dried sludge 24,000–53,000 mg/kg

average content of nickel in Poland 6.5 mg/kg

average content of nickel in the world 13–37 mg/kg

soil affected by industrial emissions from
Stalowa Wola 17.20 mg/kg
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Table 1. Cont.

Ni Occurrence Concentration of Ni References

soil affected by the Bolesław Mining
and Metallurgical Plant 19.62 mg/kg

[6]

fertilizer
fertilizer based on dolomite 7.6–396.0 mg/kg

11 types of fertilizer 1 0.4–295.1 mg/kg [7,8]

Where: 1 Chloride potassium salt (0.4 mg/kg), Salmag (0.6 mg/kg), Calcium sulfate tetraurea (1.5 mg/kg), Phosphogypsum (4.3 mg/kg),
Triple superphosphate (6.5 mg/kg), Granulate (26 mg/kg), Polifoska B (33 mg/kg), Polifoska 8 (35.1 mg/kg), Polifoska 6 (38 mg/kg),
Polimag 405 (295.1 mg/kg).

Due to its properties, Nickel (Ni) can be utilized in various branches of industry
and applied in many processes, such as electroplating, mineral processing, production
of stainless steel, batteries, metallic alloys, coins, ceramic coloring, and paint [2,9]. The
details of nickel properties, global uses, as well as nickel consumer markets are presented in
Figure 2. As a consequence, huge amounts of nickel-containing wastes, e.g., spent batteries,
catalysts, waste electrical and electronic equipment as well as wastewaters and electrolytes
are generated and leach into the environment [9,10].
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Drinking of contaminated water, inhalation of particulates from the atmosphere,
eating of contaminated food, due to the toxic and carcinogenic properties of nickel results
in harmful effects to humans as well as to other living organisms [2]. This metal is capable
of bioaccumulation in the aquatic environment and biomagnifications along the food
chain [9,11,12]. Nickel causes kidney and lung diseases, chronic asthma, cough, pulmonary
fibrosis, gastrointestinal distress (nausea, vomiting, diarrhea), skin dermatitis, nickel-
induced apoptosis, allergy, headaches, cardiovascular diseases, lung and nasal cancer, as
well as epigenetic effects [10–14] (Figure 3). A tolerable daily intake of nickel is equal to
2.8 µg/kg body weight (b.w.) [15]. As is indicate in Figure 3, the maximum contaminant
level (MCL) of heavy metals such as lead (Pb), cadmium (Cd), mercury (Hg), arsenic
(As), chromium (Cr), zinc (Zn) and nickel (Ni) that is allowed in drinking water is in the
range from 0.00003 to 0.8 mg/L (establish by the United States Environmental Protection
Agency, USEPA) [16]. As was suggested by the World Health Organization, the permissible
nickel concentration in drinking water and wastewaters should not exceed 0.02 mg/L and
900 mg/L, respectively [2].
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Taking into account nickel deficit due to its large demand by different industrial
sectors, its widespread dispersion and persistence in the environment, and toxic effects on
living organisms, its recycling and reuse is essential from the economic (new sources of
valuable metal) as well as ecological (environment protection, wastes reduction) points of
view. Despite of some technologies proposed for reclamation of solid matrices containing
nickel, e.g., phytoremediation, solvent extraction, immobilization [17,18], etc., the most
effective way to avoid nickel diffusion in the environment is its removal from industrial
effluents using efficient treatment methods [2,19,20]. Nickel is removed by using various
physicochemical methods such as coagulation, flocculation [21], electrocoagulation [22],
co-precipitation [23], reverse osmosis, electrodialysis [24], ultrafiltration, complexation [25],
membrane separation [26], adsorption [27], and ion exchange [28]. These techniques have
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notable limitations, such as incomplete removal, low efficiency, high operating and capital
costs, sensitivity to operating conditions, generation of by-products, and excess sludge,
which require further treatment; therefore, only few of them are suitable for application
on a large-scale [2,19,20,29–34]. A comparison of treatment methods applied for nickel
removal both with their advantages and disadvantages are presented in Figure 4. Adsorp-
tion, due to its advantageous such as cost-effectiveness, efficiency, easiness of application,
effectiveness, high adsorption capacities of polymeric adsorbents, applicability for low
pollutant concentrations, and non-toxic by products, is already applied in nickel removal
from wastewaters [2,29,30,33–35]. A large amount of adsorbents, both inorganic and or-
ganic, were studied for Ni(II) ion removal from aqueous solutions, such as carbonaceous
materials (coal, lignite, commercial activated carbon, activated carbon from waste mate-
rials), industrial and agricultural wastes (fly ash, sugarcane bagasse, red mud, sludge,
peels, brans, barks, coir pith, tea), polymeric adsorbents (biopolymers, synthetic polymers),
mineral adsorbents (clay, zeolite, siliceous materials) and bio-adsorbents (algae, fungi,
bacteria) [2,33,35–41].
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The aim of this study was the applicability of various adsorbents, with particular con-
sideration of new generation ion exchangers: Purolite S984 (S984), Lewatit MonoPlus TP220
(TP220), Purolite A830 (A830), Lewatit MonoPlus SR7 (SR7), Purolite A400TL (A400TL),
Dowex PSR2 (PSR2), Dowex PSR3 (PSR3) and Lewatit AF5 (AF5) for nickel removal from
acidic solutions (0.1 M–6.0 M HCl and 0.9–0.1 M HCl/0.1–0.9 M HNO3 systems).

The adsorption efficiency of Ni(II) onto selected adsorbents was studied in this paper,
as well as previously published ones [42–45], to choose the most efficient adsorbent for
Ni(II) removal. The equilibrium studies, calculations with kinetic and isotherm models, des-
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orption studies, FTIR-ATR spectra analysis of TP220 after Ni(II) adsorption, and proposed
mechanism of Ni(II) adsorption are presented in this paper.

Nickel is frequently recovered from nickel-based solid waste (spent batteries, used
catalysts, alloy scraps) as well as from high-Ni content solutions generated during tech-
nological processes. Nickel could be effectively removed from aqueous solutions using
physicochemical techniques, but in the case of solids wastes, such materials must be hy-
drometallurgy treated (leached into a solution and subsequently recovered from it) or
pyrometallurgy treated (thermal treatment). During the leaching procedure, HCl, aqua
regia, HNO3, H2SO4, H2SO4—H2O2 of different concentrations [11] were used; therefore,
the compositions of the solutions under discussion were selected in such a way to reflect
the real wastewaters.

2. Materials and Methods
2.1. Materials

The stock (10,000 mg Ni(II)/L) and working solutions used for kinetic studies (100 mg
Ni(II)/L), isotherm studies (100–10,000 mg Ni(II)/L) and desorption (1 and 2 M HNO3,
HCl, H2SO4, NH4OH, NaOH and NaCl) were prepared using the chemical compounds of
analytical grade purchased from the POCh S.A. company (Gliwice, Poland). The working
solutions used for sorption were prepared by dilution of the stock solutions obtained by
weighing a proper amount of solid NiCl2 × 6H2O and dissolving it in 0.1 M HCl and dis-
tilled water. The required volumes of 36–38% HCl as well as 36–38% HCl and 65% HNO3
were also added to obtain the desired acids concentrations (the chloride solutions: 0.1; 1.0;
3.0 and 6.0 M HCl and the chloride–nitrate(V) solutions: 0.1–0.9 M HCl/0.9–0.1 M HNO3).
The presence of nickel complexes in the hydrochloric acid solutions, i.e., the chemical speci-
ation of nickel (HCl–Ni), was modelled using the HYDRA–MEDUSA chemical equilibrium
software for Windows (version: August 2019). In HYDRA (Hydrochemical Equilibrium
Constant Database), the components for presented systems such as nickel species and their
formation constants were obtained, then with MEDUSA (Make Equilibrium Diagrams
Using Sophisticated Algorithms), the diagram for nickel in HCl solutions was obtained.
During preparation of the solutions for isotherm studies similar procedure as in the kinetic
once was applied whereas the desorption solutions were prepared by adding the proper
volume of mineral acid, ammonium hydroxide, sodium hydroxide or sodium chloride
into the volumetric flask and diluted or dissolved by distilled water. The concentration of
eluting agent solutions was 1.0 or 2.0 M. The adsorbents for nickel removal from the acidic
solutions, i.e., S984, TP220, A830, SR7, A400TL, PSR2, PSR3 and AF5, were cleaned by
decantation before use to prevent from mechanical contamination, and then rinsed several
times with distilled water or treated with 1 M hydrochloric acid to convert from the free
base form to the chloride form, and then washed with distilled water. The commercial
adsorbents characteristics are given in Table 2.

Table 2. Characteristics of the adsorbents applied for screening test for Ni(II) removal [46,47].

Name Type Matrix Structure Functional Groups Mean Bead
Size (mm)

Total
Capacity
(val/L)

Water
Retention

(%)

S984 Chelating ion
exchanger

Cross-linked
polyacrylic Macroporous Polyamine – 2.7 44–55

TP220
Chelating/Weakly

basic anion
exchanger

Cross-linked
polystyrene Macroporous

Bis-picolylamine,
bis(2-pyridyl-
methyl)amine

0.62
(±0.05) 2.2 48–60
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Table 2. Cont.

Name Type Matrix Structure Functional Groups Mean Bead
Size (mm)

Total
Capacity
(val/L)

Water
Retention

(%)

A830 Weakly basic
anion exchanger

Cross-linked
polyacrylic Macroporous Complex amine 0.3–1.2 2.75 47–53

SR7 Strongly basic
anion exchanger

Cross-linked
polystyrene Macroporous

Quaternary
ammonium,

type 3
0.57–0.67 0.6 59–64

A400
TL

Strongly basic
anion exchanger

Cross-linked
polyacrylic Microporous

Quaternary
ammonium,

type 1
0.425–0.85 1.3 48–54

PSR2 Strongly basic
anion exchanger

Cross-linked
polystyrene Microporous

Quaternary
ammonium, type,
tri-n-butyl amine

0.3–1.2 0.65 40–48

PSR3 Strongly basic
anion exchanger

Cross-linked
polystyrene Macroporous

Quaternary
ammonium, type,
tri-n-butyl amine

0.3–1.2 0.6 50–65

AF5
Adsorbent

without
functional group

Carbonaceous Microporous – 0.4–0.8 – 48–60

Prices of ion exchangers are affected by their types, quality, and spherical bead size.
Usually, the price of cation exchange resins (strong and weak acid) ranges from USD 1.4
to USD 7.1 per 1 L, whereas anion exchange resins (strong and weak base) range from
USD 4.6 to USD 7.1 per 1 L. Type 2 resins are generally more expensive than type 1 resins.
The chelating ion exchange resins price range from USD 17.7 to USD 70.7 and above per
1L [48,49].

2.2. Batch Adsorption Studies

In the batch adsorption experiments, the effects of the phase contact times, acid
(HCl, HNO3), and Ni(II) concentrations were investigated as factors determining Ni(II)
adsorption. The volume of the liquid phase was 50 mL, and the mass of adsorbent was
equal to 0.5 ± 0.0005 g. All adsorption experiments were performed at 25 ◦C using the
laboratory shaker Elpin 358+ (Poland) at 180 rpm (rotations per minute), amplitude 8. After
the separation of Ni(II) solutions from the adsorbent phase by filtration (qualitative medium
filter paper) using Atomic Absorption Spectroscopy (ASA) absorption, a Varian AA240FS
spectrometer with SIPS autosampler (Varian, Australia) was used for determination of the
Ni(II) concentration after sorption (measurement parameters: wavelength 232.0 nm; lamp
current 4 mA; slit width 0.2 nm; and the air/acetylene flow 13.5/2 L/min).

2.2.1. Kinetic Studies

Using the chosen adsorbents, the Ni(II) uptake was examined as a function of time
(1–240 min.) and acid concentrations (0.1 M, 1.0 M, 3.0 M and 6.0 M HCl, as well as 0.1 M
HCl/0.9 M HNO3, 0.2 M HCl/0.8 M HNO3, 0.5 M HCl/0.5 M HNO3, 0.8 M HCl/0.2 M
HNO3, 0.9 M HCl/0.1 M HNO3) in order to explore the rate-controlling mechanism. The
amount of Ni(II) sorbed by the adsorbents at time t was calculated from the equation:

qt =
(C0 − Ct)

m
·V (1)

where C0 and Ct (mg/L)—the Ni(II) concentration in the solution before and after the
sorption time t, respectively; V (L)—the volume of the Ni(II) solution; and m (g)—the mass
of the adsorbent.
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The pseudo-first-order (PFO), pseudo-second-order (PSO), and intraparticle diffu-
sion (IPD) kinetic models [50,51] were applied for description of the experimental data
as follows:

dqt

dt
= k1(qe − qt) (2)

dqt

dt
= k2(qe − qt)

2 (3)

qt = kit1/2 (4)

wher qe and qt (mg/g)—the Ni(II) amounts sorbed at the equilibrium and at any time t; k1
(1/min) and k2 (g/mg min)—the rate constants of sorption determined from PFO and PSO
equations, respectively; ki (mg/g min0.5)—the intraparticle diffusion rate constant.

2.2.2. Equilibrium Studies

Series of Ni(II) solutions of the increasing metal ions concentrations from 100 to
10,000 mg Ni(II)/L in 0.1 M HCl were prepared. The equilibration time was established as
24 h. The amounts of Ni(II) sorbed at equilibrium, denoted as the sorption capacities (qe) of
selected adsorbents, were calculated from the equation:

qe =
(C0 − Ce)

m
·V (5)

where C0 and Ce (mg/L)—the Ni(II) concentrations in the solution before and after the
sorption at equilibrium, respectively; V (L)—the volume of Ni(II) solution; and m (g)—the
mass of the adsorbent.

In order to explain the relationship between the Ni(II) concentration in the solution
and sorbent phase at equilibrium, four isotherm models were chosen to describe the
experimental data, i.e., the Langmuir, Freundlich, Temkin and Dubinin–Raduskievich
models [52]. The non-linear forms of the above-mentioned models are as follows:

qe = kFC1/n
e (6)

qe =
kLQ0Ce

1 + CekL
(7)

qe =
RT
bT

lnACe (8)

qe = qmekDRε2
(9)

where kF (mg1−1/n L1/n/g) and n—the Freundlich constants related to the adsorption
capability and adsorption intensity, respectively; kL (L/mg)—the constant parameters of
adsorption equilibrium; Q0 (mg/g)—the monolayer adsorption capacity; bT (J g/mol mg)
—Temkin constant related to the heat of adsorption; A (L/mg)—the Temkin isotherm
equilibrium binding constant; qm (mg/g)—the maximum adsorption capacity; kDR (mol2 J2)
—constant related to the adsorption energy; ε (J/mol)—the adsorption potential calculated
as ε = RTln

[
1 + 1

Ce

]
; R—the gas constant (8.314 J/mol K); and T (K)—the temperature.

2.2.3. Error Analysis

All adsorption experiments were performed in triplicates. The mean values of the
results were used for data evaluation. The standard deviation did not exceed 3–5% in
all cases. Non-linear methods for the calculation of kinetic and equilibrium adsorption
parameters were applied using the software Microsoft Excel 2013 with Solver add-in.
Based on the values of Marquardt’s percent standard deviation (MPSD), the determination
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coefficient (R2) and the adjusted R-squared (R2
adj) of the best fitted model was proposed.

The above-mentioned parameter can be determined using the following equations [53,54]:

MPSD =
n

∑
i=1

(
qe exp − qe cal

qe exp

)2

i
(10)

R2 = 1 − ∑
(
qe exp − qe cal

)2

∑
(
qe exp − qe mean

)2 (11)

R2
adj = 1 −

[(
1 − R2)(n − 1)

n − k − 1

]
(12)

where qe exp (mg/g)—the amount of Ni(II) sorbed at equilibrium; qe cal (mg/g)—the amount
of Ni(II) sorbed calculated from the non-linear models; qe mean (mg/g)—the measured by
the means of qe exp values; n—the points number in data sample; and k—the number of
independent regressors.

2.2.4. FTIR-ATR Analysis

The Fourier-transform infrared spectroscopy with attenuated total reflection (FTIR-
ATR) technique was used for the recorded spectra of adsorbents under discussion using
the Agilent Cary 630 FTIR spectrometer. The above-mentioned spectra were recorded in
the frequency range from 400 to 4000 cm−1 for the adsorbents before and after the Ni(II)
adsorption. The FTIR-ATR technique was used to confirm and identify the presence of
functional groups in the adsorbents used, as well as to provide information about possible
Ni(II) interactions with the functional groups.

2.2.5. Batch Desorption Experiments

Regeneration of the adsorbent with the highest sorption capacity for Ni(II) ions was
performed in three sorption–desorption cycles. The sorption–desorption cycles were
performed using the batch technique (laboratory shaker Elpin 358+, Poland) and applying
the following parameters: m = 0.5 ± 0.0005 g, V = 50 mL, T = 25 ◦C, amplitude and rotary
of shaking: 8 and 180 rpm, respectively. The solutions of the compositions 100 mg Ni(II)/L
in 0.1–6.0 M HCl and 0.1–0.9 M HCl/0.9–0.1 M HNO3 were used in each sorption step, and
then Ni(II) concentration in the sorbent phase was calculated. Regeneration was carried
out using the samples of adsorbent uploaded with Ni(II) ions, which were shaken for 2 h
with 50 mL of the eluting solutions such as HNO3, HCl, H2SO4, NH4OH, NaOH, NaCl of
the 1.0 M and 2.0 M concentrations. The amounts of Ni(II) desorbed form the adsorbent
phase were determined in the liquid phase using the AAS measurements. Desorption of
Ni(II) ions as a percentage (D) was calculated using the equation:

D =
mdes
mads

× 100% (13)

where mdes (mg)—the mass of Ni(II) desorbed; mads (mg)—the mass of Ni(II) adsorbed.

3. Results and Discussion
3.1. Effect of Phase Contact Time and Acids Concentration on Ni(II) Adsorption

A series of shaking time studies for Ni(II) ions was carried out with 100 mg/L initial
metal concentration at 25 ◦C and different HCl and HNO3 acids concentrations (HCl (M):
0.1; 1.0; 3.0; 6.0; HCl (M)/HNO3 (M): 0.1/0.9; 0.2/0.8; 0.5/0.5; 0.8/0.2; 0.9/0.1). The effect
of phase contact times ranging from 1 min to 240 min on the Ni(II) adsorption was also
examined. The adsorption of 100 mg/L concentration of Ni(II) onto selected adsorbents for
4 h was studied in this paper and compared to the results obtained previously [42–45] to
choose the most efficient adsorbent for Ni(II) removal. The results are compared in Table 3,
and presented in Figure 5 (chosen examples).
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Table 3. Adsorption capacities obtained during the Ni(II) adsorption, qe (mg/g) for 240 min of phase contact time from the
chloride solutions (where: * references this paper).

Adsorbent
HCl (M)

Ref.
HCl (M)/HNO3 (M)

Ref.
0.1 1.0 3.0 6.0 0.1/0.9 0.2/0.8 0.5/0.5 0.8/0.2 0.9/0.1

S984 4.95 4.83 5.52 4.74 [42] 5.43 4.93 4.75 5.27 6.41 [42]
TP220 6.24 4.93 4.68 4.89 [43] 4.88 4.93 4.91 5.00 4.95 [43]
A830 4.60 4.85 4.53 5.02 * 4.59 4.49 4.36 4.40 4.53 *
SR7 4.56 4.74 4.87 4.82 * 4.55 4.44 4.25 4.34 4.32 *

A400TL 4.72 4.79 4.91 4.76 * 4.17 4.40 4.30 3.92 4.02 *
PSR2 3.70 3.29 4.36 4.14 [44] 4.78 4.75 4.76 4.69 4.78 *
PSR3 4.73 4.82 4.53 3.92 [44] 4.69 4.78 4.57 4.60 4.64 *
AF5 4.89 4.76 4.73 4.72 [45] 4.83 4.90 4.84 5.00 4.88 [45]
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It was observed that, for seven adsorbents (S984, A830, SR7, A400TL, PSR2, PSR3 and
AF5), Ni(II) ion adsorption did not increase gradually at the beginning of the adsorption,
but the amount of Ni(II) adsorbed at time t, as well as the adsorption capacities, reached
similar values in the phase contact time ranging from 1 min to 240 min. On the other
hand, in the case of TP220 ion exchanger (adsorption from the diluted HCl solutions), the
amount of Ni(II) adsorbed at time t increased with the increasing phase contact time, and
at 60 min of phase contact time, a sharp increase in qt values was observed. The adsorption
capacity towards Ni(II) was the highest for TP 220 and 0.1 M HCl. Moreover, comparing the
adsorption capacities collected in Table 2 can conclude that TP220 showed the highest Ni(II)
adsorption ability in most cases. At 240 min of phase contact time, the Ni(II) percentage
removal (%R):

%R =
(C0 − Ct)

Ct
100% (14)

where C0 (mg/L) and Ct (mg/L) are the Ni(II) concentrations in the solution before and
after the sorption at time t, respectively,. This value was the highest for TP220 and equal
to %R = 62.4%, whereas for the other adsorbents these values were in the range from 32.9
to 55.2% for the HCl system. Additionally, the highest adsorption ability towards Ni(II),
similar to TP220, was exhibited by the S984 adsorbent from the HCl/HNO3 systems (the
percentage removal was approximately 50–65%).

The time required to reach system equilibrium was above 240 min for TP220 [43],
whereas in the case of other adsorbents the qt values remained at a similar level at 1 min as
well as at 240 min of phase contact time. As pointed out by Uzun and Guzel [55], the time re-
quired to reach equilibrium (teq) during the Ni(II), Mn(II), Fe(II), Cu(II) adsorption on Merck
2514 activated carbon was equal to 134 h for Ni(II) (m = 1 g, V = 50 mL, C0 = 200 mg/L,
140 rpm) whereas during the Ni(II) adsorption on raw and modified Filtrasorb-400 by
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potassium bromate teq = 120 min (V = 400 mL, 1000 rpm) [56]. Adsorption of Ni(II) or
separation was also carried out on ion exchange, resins e.g., Amberlite IRA-900 and a novel
silica-based anion exchanger, AR-01 (Co(II), Ni(II) and Cu(II) from the nitrite solution) [57],
anion exchange Amberjet™ 4200 Cl and cation exchange Amberjet™ 1200 H [58], anion
exchanger D301R [59], and chelating Purolite S950 resin [60], but the time required to
reach the system equilibrium was not determined. Adsorption of Ni(II) in the presence of
complexing agents on the polyacrylate anion exchangers Amberlite IRA 458, Amberlite
IRA 958 and Amberlite IRA 67 showed that the curve kinetics reached the plateau at the
time greater than 30 min [61]. Effect of acid concentration were not observed in the HCl or
HCl/HNO3 systems. The qt values were similar to those of the adsorption capacities in all
examined aqueous solutions. Adsorption of Co(II), Ni(II), and Cu(II) from the nitrite solu-
tions by anion exchangers was insignificant at the nitrite concentrations below 0.1 M, and
then very slight increase in Ni(II) adsorption with the increasing concentration of nitrate
ions was observed [57]. The experimental results obtained during the Ni(II) adsorption
on S984, A830, SR7, A400TL, PSR2, PSR3 and AF5 adsorbents were modelled using the
pseudo-first-order (PFO), pseudo-second-order (PSO), and intraparticle diffusion (IPD)
kinetic models (Equations (2)–(4)). Taking into account the shape of kinetic curves and the
arrangement of the experimental points, it was possible to calculate kinetic parameters
at 0.1 M HCl using TP220 which exhibited the highest %R and adsorption capacity. The
kinetic parameters were calculated and based on error analysis such as Marquardt’s percent
standard deviation, determination coefficient, and adjusted R-squared values; then, the best
fitted model was proposed. The obtained kinetic parameters as well as the errors values are
collected in Table 4, whereas the fitting plots are presented in Figure 6. The mechanism of
Ni(II) adsorption depends on the structure and functional groups of the adsorbent as well
as on the physicochemical characteristics of the solute and adsorbent. The pseudo-first-
order and pseudo-second-order kinetic models were based on the different assumption:
PFO on the physisorption process, and PSO on the chemisorption process [50,51].

Table 4. Kinetic parameters for the Ni(II) adsorption from the 0.1 M HCl chloride solutions by TP220.

Parameters Pseudo-First Order Pseudo-Second Order Intraparticle
Diffusion Model

qe exp = 6.24 mg/g
qe cal (mg/g) 5.20 5.31 5.52
k1 (1/min) 2.75 - -

k2 (g/mg min) - 1.22
ki (mg/g min0.5) - - 0.05

MPSD 0.0748 0.0631 -
R2 0.9131 0.9280 0.6869

R2
adj 0.8883 0.9074 0.5974

The PFO kinetic model did not adjust during the whole range of phase contact times,
whereas the PSO could be applied in the whole range of adsorption. From a physico-
chemical point of view, the PFO model was expected when adsorption was limited by
the molecules transport from the solution to the adsorbent (film diffusion) or when this
transport was not the rate-limiting step [62]. The PSO kinetic equation can be used as
an estimation of the adsorption capacity based on the extrapolation of the kinetic data
qt (qt > 80% qe) [63]. Taking into account the kinetic parameters obtained for PFO and
PSO, it was found that the determination coefficient as well as the adjusted R-squared
values were slightly higher for the PSO model (R2 = 0.9280, R2

adj = 0.9074) than for PFO
(R2 = 0.9131, R2

adj = 0.8883), whereas the MPSD was lower for the PSO model. Comparing
the qexp values (qexp = 6.24 mg/g) with the calculated qe results (PFO qexp = 5.20 mg/g, PSO
qexp = 5.31 mg/g), a slightly higher compatibility between qexp and qe was observed in the
case of the PSO model. Taking into account the above-mentioned parameters, the error
analysis, as well as the fitting plot (Figure 5), it can be concluded that neither PFO nor
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PSO kinetic models can be applied for describing Ni(II) adsorption on TP220; however,
the better-fitting was found in the case of the PSO model. Taking into account the IPD
model, which is frequently used to predict the rate controlling step, it was found that the
intraparticle diffusion rate constant was equal to 0.05 mg/g min0.5. Comparing the R2

value obtained for IPD, which was equal to 0.6869, to the other values obtained for PFO
and PSO, it was much smaller; therefore, the intraparticle diffusion may not be the only
rate-limiting step—the film diffusion may also be limiting as well. The kinetics of Ni(II)
adsorption on Amberlite IRA 458, Amberlite IRA 958, and Amberlite IRA 67 with the
non-biodegradable complexing agents followed the pseudo second-order rate expression
(R2 = 0.999 for PSO, R2 = 0.663 (IRA 458), R2 = 0.952 (IRA 958), R2 = 0.742 (IRA 67) for
PFO, R2 = 0.526 (IRA 458), R2 = 0.490 (IRA 958), R2 = 0.793 (IRA 67) for IPD) [61], similar
to the Ni(II) adsorption on the above-mentioned ion exchangers with a biodegradable
complexing agent, e.g., IDS (sodium salt of N-(1,2-dicarboxyethyl)-D,L-aspartic acid) (R2 in
the range from 0.999 to 1.000 for PSO, from 0.592 to 0.822 for PFO as well as from 0.637 to
0.682 for IPD) [40].
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3.2. Equilibrium Studies

Determination of adsorption capacities (qe) towards a given pollutant such as Ni(II)
ions, is a key step of the adsorption process. Determination of these values makes it
possible to assess the suitability of a given material as a potential adsorbent, which may
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imply its use in industrial installations. The magnitude of these values is influenced not
only by the properties of the adsorbent, such as chemical composition, specific surface area,
type of functional groups, and porosity, but also the properties of the adsorbate and the
nature of the interactions between the adsorbent and the adsorbate at equilibrium. The
dependence of qe vs. Ce in the selected investigated systems is presented in Figure 7. The
shape of the presented isotherms corresponds to type II of the IUPAC adsorption isotherms
classification that reflects adsorption on the macroporous materials, and weak and strong
interactions in the adsorbate–adsorbent are considered.
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R2 0.900 0.858 0.906 0.926 0.882 0.850 0.908 0.877 𝑅  0.875 0.823 0.883 0.907 0.852 0.813 0.884 0.846 

D
ub
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in
–R
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ev

i
ch

 

qm 183.86 208.12 121.59 107.8 90.41 141.33 165.63 144.56 
kDR  0.0048 0.0086 0.0282 0.0263 0.0216 0.0374 0.0458 0.038 
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MPSD 4.391 4.889 4.266 4.602 4.708 4.533 4.297 4.389 
R2 0.773 0.706 0.680 0.689 0.606 0.698 0.767 0.711 

Figure 7. Equilibrium sorption isotherms of Ni(II) on (a) TP220, (b) A830, (c) SR7, and (d) AF5 adsorbents, and the
fitting of experimental points to the Freundlich, Langmuir, Temkin and Dubinin–Radushkevich isotherm models using the
non-linear regression.

The four most frequently used isotherm models (Freundlich, Langmuir, Temkin, and
Dubinin–Radushkevich) were chosen for description of the Ni(II) sorption on the chelating
(TP220, S984), weakly (A830), and strongly (SR7, PSR2, PSR3, A400TL) basic resins, as
well as activated carbon (AF5). Characteristic parameters of the Freundlich, Langmuir,
Temkin, and Dubinin–Radushkevich isotherm models were calculated using the non-linear
regression and are listed in Table 5.
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Table 5. Parameters of Frendlich, Langmuir, Temkin, and Dubinin–Radushkevich isotherm models calculated for the
adsorption systems.

Model Parameters
Adsorbents

S984 TP220 A830 SR7 A400TL PSR2 PSR3 AF5

Fr
eu

nd
lic

h kF 0.0479 2.317 0.070 0.0096 0.0260 0.0363 0.0376 0.0169
1/n 1.081 0.629 1.031 1.299 1.165 1.118 1.108 1.224

MPSD 0.272 0.079 0.097 0.905 0.248 0.368 0.212 0.582
R2 0.982 0.986 0.987 0.927 0.969 0.881 0.962 0.929

R2
adj 0.977 0.983 0.984 0.909 0.961 0.852 0.952 0.911

La
ng

m
ui

r kL 2.07 × 10−6 0.0011 2.27 × 10−6 1.30 × 10−6 1.72 × 10−6 1.30 × 10−6 1.91 × 10−6 1.30 × 10−6

Q0 38,371.1 408.98 38,322.8 38,322.8 40,472.9 38,682.4 38,604.4 38,322.7
MPSD 0.474 1.002 0.123 3.119 0.944 0.737 0.538 2.153

R2 0.986 0.901 0.989 0.965 0.978 0.892 0.970 0.947
R2

adj 0.983 0.877 0.986 0.956 0.972 0.865 0.962 0.934

Te
m

ki
n

bT 48.05 49.74 41.78 39.72 48.29 46.19 45.56 43.75
A 0.0061 0.0256 0.0052 0.0048 0.0055 0.0054 0.0053 0.0052

MPSD 1.921 2.089 1.797 1.672 1.942 1.894 1.837 1.756
R2 0.900 0.858 0.906 0.926 0.882 0.850 0.908 0.877

R2
adj 0.875 0.823 0.883 0.907 0.852 0.813 0.884 0.846

D
ub

in
in

–
R

ad
us

hk
ev

ic
h qm 183.86 208.12 121.59 107.8 90.41 141.33 165.63 144.56

kDR 0.0048 0.0086 0.0282 0.0263 0.0216 0.0374 0.0458 0.038
E 3.237 7.605 4.178 4.359 4.811 3.655 3.304 3.624

MPSD 4.391 4.889 4.266 4.602 4.708 4.533 4.297 4.389
R2 0.773 0.706 0.680 0.689 0.606 0.698 0.767 0.711

R2
adj 0.717 0.632 0.600 0.612 0.508 0.623 0.709 0.639

Where: kF (mg1−1/n L1/n/g), kL (L/mg), Q0 (mg/g), bT (J g/mol mg), A (L/mg), qm (mg/g), kDR (mol2 J2), and E (J/mol).

Analyzing the data presented in Table 5 and Figure 7, the smallest MPSD values and
the highest R2 and R2

adj values—among the applied isotherm models—were calculated
using the Freundlich equation. The model takes into consideration the multilayer adsorp-
tion in the system and proceeds on a heterogeneous surface of unequal energetic active
sites with a different binding energy. The Freundlich model is based on physisorption.
The highest kF value was calculated for the TP220 chelating resin, and was found to be
2.317 mg1−1/n L1/n/g. The parameter 1/n describing the intensity of adsorption was 0.629
for the Ni(II)—TP220 system and ranged from 0 to 1, which points to favorable adsorption,
whereas in the case of other systems, this value was greater than 1 (unfavorable adsorption).
The %R values were calculated to be 62.4% in 100 mg Ni(II)/L—0.1 M HCl—TP220 and
confirmed the favorable uptake of Ni(II) ions by TP220.

For the Langmuir adsorption model assuming the monolayer adsorption, the MPSD
values were greater than for the Freundlich model.

Analyzing of the distribution of experimental points in Figure 6, as well the results
of error analysis, it can be stated that the Langmuir model describing the monolayer
adsorption cannot be applied for description of the equilibrium sorption data of Ni(II) on
the different types of resins.

The Temkin isotherm model was firstly applied for hydrogen adsorption onto plat-
inum electrodes in an acidic medium and assumes that the adsorption heat of molecules in
the surface layer declines linearly rather than logarithmically. The bT and A values were
in the range of 39.72–49.74 J g/mol mg and 0.0048–0.0256 L/mg, respectively. However,
the R2 (from 0.850 to 0.926) and R2

adj (from 0.813 to 0.907) values obtained for the Temkin
isotherm model were smaller than for the Freundlich model.

The Dubinin–Radushkevich isotherm model was proposed for the adsorption process
related to micropore volume filling as opposed to the layer-by-layer adsorption on the
pore [64]. Moreover, the kDR parameter enables estimation of the mean free energy E of
adsorption. This value, on the other hand, allows the assessing of the type of the adsorption.
When the magnitude of E is smaller than 8 kJ/mol, the adsorption process has physical
character, and when E is between 8 kJ/mol and 16 kJ/mol, the process is a chemical reaction.
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In the investigated systems, the qm parameters indicating the maximum sorption capacities
for the resins and activated carbon were equal to 90.41–208.12 mg/g and 144.56 mg/g,
respectively, and did not match well the experimental data. The mean free energies were in
the range of 3.237–7.605 J/mol, which revealed the physical character of Ni(II) ion binding
by the adsorbents. However, these data cannot properly reflect the Ni(II) ion retention by
the resins, and AF5 as the highest values of MPSD and the lowest values of R2 and R2

adj
were obtained for the Dubinin–Radushkevich model compared with the others.

Based on the obtained equilibrium data, Figure 8 presents a possible mechanism of
Ni(II) retention by the resins of various basicity values of the functional groups in the
acidic medium.

 
Figure 8. Mechanism of Ni(II) adsorption on the applied sorbents. 

 

Figure 8. Mechanism of Ni(II) adsorption on the applied sorbents.

In order to assess and explain the adsorption capacity of the adsorbents, it is neces-
sary to consider the complexes that can be formed in the hydrochloric acid solutions, as
well as the nature and physical properties of the adsorbents under discussion. Based on
the literature, spectrophotometric and anion-exchange measurements [43,61,65,66] in the
hydrochloric acid system nickel ions form complexes with the chloride and hydroxide ions.
Most of nickel exist as Ni2+ up to 5 M HCl [66,67], but in aqueous solutions at chloride
concentrations up to 0.66 M, the formation of nickel complexes such as NiCl+ and NiCl2
starts (Ni2+ + Cl− = NiCl+, equilibrium constant reported by the Russian Academy of
Science, K = 2.1265; Ni2+ + 2Cl− = NiCl2,aq K = 5.9237) [55]. The NiCl+ concentration
gradually increased with the increasing concentration of HCl, whereas the concentration
of Ni2+ decreased (Figure 9) [66]. With the hydrochloric acid concentration increase, the
absorption spectrum general shift to longer wavelengths and octahedral complexes such
as [NiCl × 5H2O]+ and [NiCl2 × 4H2O] can be formed (substitution of water molecules by
the chloride ions in the first coordination sphere of the [Ni × 6H2O]2+ ion). The formation
of anionic nickel(II) chloro-complexes [NiCl4]2− in the concentrated HCl solutions is not
clearly stated [55]. The nickel ion reacts also with the hydroxide ion to form the complexes
of the following composition: NiOH+, Ni(OH)2aq, Ni(OH)3

-, Ni2OH3+, and Ni4(OH)4
4+,

but at the high concentration of HCl the hydroxide ion concentration is so low that the
formation of nickel hydroxide complexes can be neglected. The mass and charge balance
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equations obtained for the strong HCl solution by Lee and Nam [67] were the following:
[Cl]total = 2[NiCl2]total + [HCl]total = [Cl-] + [NiCl+] + 2[NiCl2aq]; [Ni]total = [NiCl2]total =
[Ni2+] + [NiCl+] + [NiCl2aq] and [H+] = [HCl]total.
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Moreover, Table 6 makes a comparison of the sorptive properties of investigated
materials with the data published in the literature possible.

Table 6. Equilibrium parameters of Ni(II) sorption on various adsorbents based on the literature review.

Sorbent Isotherm Model Equilibrium Parameters Ref.

Activated carbons from the doum seed Freundlich
kF = 0.36–0.98 L/g,

T = room temperature, pH = 7,
a.d. = 5 g/L

[36]

Expanded graphite decorated with
manganese oxide nanoparticles Langmuir qe = 0.0065 mg/g,

T = 25 ◦C, a.d. = 0.5 g/L, [37]

Lewatit TP207 (chelating iminodiacetic
acid groups in PS-DVB matrix) -

qe = 1.23 mg/g,
T = 25 ◦C, a.d. = 0.27 g/L,

pH = 6
[38]

Biochars produced from the wheat straw
pellets (WSP550, WSP700) and rice husk

(RH550, RH700)
at 550 and 700 ◦C

Freundlich

WSP700: qe = 25.1 mg/g
WSP550: qe = 12.6 mg/g
RH700: qe = 10.15 mg/g
RH550: qe = 6.87 mg/g

T = 20 ◦C, a.d. = 0.1 g/20 mL,
pH = 5

[39]

Amberlite IRA 458 (quaternary ammonium
groups in the PA-DVB matrix)

Amberlite IRA 958 (quaternary ammonium
groups in the PA-DVB matrix)

Amberlite IRA 67 (tertiary amine groups in
the PA-DVB matrix)

Langmuir

qe = 16.72 mg/g
qe = 13.22 mg/g
qe = 10.03 mg/g

T = room temperature,
a.d. = 0.5 g/50 mL, pH = 4–8

[40]

Modified carboxymethyl cellulose hydrogel Freundlich
kF = 4.614 L/g,

T = 30 ◦C, a.d. = 100 mg/L,
pH = 5

[41]

Where: T—temperature; a.d.—the adsorbent dose; PS-DVD—polystyrene-divinylbenzene; PA-DVB—poly-acrylate-divinylbenzene.
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3.3. FTIR-ATR Analysis of Pure and Loaded TP220 by Ni(II)

The Fourier-transform infrared spectra with the ATR mode (FTIR-ATR) for TP220
before and after the Ni(II) adsorption are shown in Figure 10. The obtained FTIR-ATR
spectra of TP220 before the adsorption (pure, without metal ions) show the characteristic
bands for the bis(picolylamine) functional groups as well as for the polystyrene matrix
which was previously described in the paper by Wołowicz and Hubicki [43], Kołodyńska
et al. [68], Zagorodni et al. [69], Lazar et al. [70], Ghosh et al. [71], and Traboulsi et al. [72].
The spectra confirm the ion exchange resin structure as well as the composition. In the
higher frequency region, big, broad bands between 3700 cm−1 and 3100 cm−1 with the
maximum located at about 3421 cm−1 were observed, reflecting the stretching vibrations
of the –OH group (residual hydration water), but this peak is not the structural part of the
resin. The peak assigned to the asymmetric stretching vibrations of –C–H of the benzene
ring at 3048 cm−1 and the bands assigned to the asymmetric and symmetric stretching
vibrations of the –CH2 group at 2800–3000 cm−1 confirmed the polystyrene structure of
TP220. The peaks characteristic of the styrene–divinylbenzene backbone were described
in detail in ref 72. There were found to be the stretching vibrations of –C–H of benzene
rings (3083, 3059, 3025, 3001 cm−1), asymmetric stretching vibrations of –CH2 and –CH3
in –CH3–N (2915 cm−1), symmetric stretching vibrations of –CH2 and –CH3 in –CH3–N
(2849 cm−1), stretching vibrations of –C=C– of benzene rings, deformation vibrations of
–CH2–N+(CH3)3 . . . OH− (1602, 1582 cm−1), stretching vibrations of –C=C– of benzene
rings, –C–H asymmetric deformation vibrations of CH3 (1493 cm−1), C–H deformation
vibrations of –CH2 and –CH3, –C=C– stretching vibrations, scissoring vibrations of –CH2
(1452 cm−1), C–H deformation vibrations of the aliphatic group >CH– (1372 cm−1), –C–H
plane deformation vibrations of benzene rings (1151, 1155, 1068, 1028 cm−1), as well as
C–H out-of-plane deformation vibrations of monosubstituted benzene rings (905, 840,
755 cm−1) [72].

Peaks characteristic of bis-picolylamine (bis(2-pyridyl-methyl)amine) functional groups
are also present, such as skeletal vibrations of pyridine, in-plane and out-of-plane C–C–H
deformations in pyridine rings, stretching vibrations of C=N and C–N bonds, as well as
stretching vibrations of aliphatic amino groups, (1590, 1471, 1437, 995–699 cm−1) [43,49,69].
After the adsorption of Ni(II) on TP220, it was found that some of the bands reduced its
intensity and the maxima of some peaks were moved to the major wave length. Such
changes are observed in the region in which the functional groups were confirmed (C=N
and C–N bond, pyridine, and aliphatic amine) indicating that the functional groups play a
part in the mechanism of sorption and a coordinate bond with metals is formed [49].

3.4. Desorption of Ni(II)

From the economic point of view, the high adsorption in a short time towards pol-
lutions as well as the sorbent desorption possibility and its reuse are important factors
influencing the total cost of adsorption removal. As was pointed out by Zong et al. [49],
the price of Dowex M4195 as well as TP220 is 134.6 USD/kg, therefore their regeneration
and reuse could reduce the cost. Therefore, the desorption possibility and TP220 reuse
were analyzed. As described in the experimental section, 50 mL of the eluting agents
(HNO3, HCl, H2SO4, NH4OH, NaOH, NaCl) of the 1.0 M and 2.0 M concentrations were
applied in the desorption test. The loaded anion exchange resin (sorption from 0.1 M
HCl—100 mg Ni(II)/L, t = 4 h) was contacted with the above-mentioned solutions for 2 h
and then the percentage desorption of Ni(II) was calculated based on Equation (13). Three
cycles of sorption–desorption were made, and the percentage of sorption after the first
(%S1), second (%S2), and third (%S3), as well as the percentage of desorption after the
first (%D1), second (%D2), and third (%D3) cycles were calculated. In %D2 and %D3, the
amounts of not-desorbed Ni(II) were taken into account during calculations. The results of
Ni(II) sorption and desorption after the first cycles are depicted in Figure 11a. It was found
that the eluting agents are characterized by diverse behavior towards loaded Ni(II). The
%D1 was the smallest in the case of the ammonium hydroxide, sodium hydroxide, and
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sodium chloride solutions. In this case, the %D1 was close to 2–4%. With the NH4OH and
NaOH concentration increase, the %D1 was the highest but still very low, i.e., %D1 = 2.06%
for 1 M NH4OH and %D1 = 4.23% for 2 M NH4OH.
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Much higher desorption yield was obtained using the acids such hydrochloric, ni-
tric(V), and sulfuric(VI) onces acids. In all cases, the desorption yield after the first cycle
was close to 22–23%; therefore, acids were selected for desorption in the second and third
cycles (Figure 11b). It was found that the ability of TP220 in the second and third cycles
was slightly reduced, which resulted from the incomplete regeneration of anion exchange
resins, but the adsorption was still high. Moreover, in the second and third desorption
cycles, the desorption yield decreased, i.e., %D1 = 23.8%, %D2 = 6.7%, %D3 = 4.5% for
2 M HNO3. The small desorption yield and its decrease with the increasing number of
cycles indicated strong interactions between the Ni(II) and functional groups of TP220, and
proved the coordinate mechanism of adsorption.
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Figure 11. Comparison of %sorption (%S) and %desorption (%D) for Ni(II) on/from TP220 (a) in the first cycle and (b) in
three cycles of sorption–desorption for the best eluting agents.

4. Conclusions

The adsorbents of different matrices, structures and functional groups, such as S984,
TP220, A830, SR7, A400TL, PSR2, PSR3 and AF5, were selected for Ni(II) removal from
the acidic solutions of different composition such as HCl, HCl/HNO3 systems. It was
found that Lewatit MonoPlus TP220 shows the highest adsorption ability towards Ni(II)
(%R = 62.4%) compared to the other adsorbent; %R was in the range from 32.9% to 55.2%
for the 0.1 M HCl system. In the HCl/HNO3 systems, TP220 as well as S984 exhibited the
highest percentage removal (48.8% for TP220, 54.3% for S984, 0.1 M HCl/0.9 M HNO3). The
adsorption mechanism of Ni(II) on the adsorbents was examined, studying the kinetic and
isotherm models. The pseudo-first-order, pseudo-second-order, and intraparticle diffusion
kinetic models as well as the Langmuir, Freundlich, Temkin, Dubinin–Radushkevich
isotherm models were applied to provide the best fit to the data. Taking into account the
correlation coefficient and error analysis, the PSO model showed the best parameters but
the fitting was not satisfactory. Intraparticle diffusion, as well as film diffusion, could be
the rate limiting steps. Moreover, the Freundlich model confirmed favorable uptake of
Ni(II) ions by TP220. The desorption studies (%D1 = 22–23%) similar to the FTIR-ATR
analysis of TP220 before and after the Ni(II) adsorption demonstrated that TP220 interacts
with Ni(II), the interactions are strong, the coordinate mechanism takes place, and the
functional groups are involved in the Ni(II) removal. TP220 as a new generation anion
exchanger is characterized by high adsorption ability of Ni(II) from acidic solutions and
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may be considered as a good candidate for wastewater treatment from nickel-containing
wastes. The preliminary research presented in this paper may become the basis for the
development of an effective method of nickel ion removal on an industrial scale. However,
additional tests in a column system regarding the kinetics of the process, desorption (100
cycles of sorption–desorption), and the mechanical strength of the ion exchanger, as well as
a thorough economic analysis of the process, are required. It is also necessary to investigate
the selectivity of the TP220 exchanger towards heavy metals contained in real wastewaters.
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Abbreviations

MCL (mg/L) maximum contaminant level
HYDRA Hydrochemical Equilibrium Constant Database
MEDUSA Make Equilibrium Diagrams Using Sophisticated Algorithms
qt (mg/g) the amount of Ni(II) sorbed by the adsorbents at time t
qe (mg/g) the amount of Ni(II) sorbed at the equilibrium
C0 (mg/L) the Ni(II) concentration in the solution before sorption
Ct (mg/L) the Ni(II) concentration in the solution after sorption
Ce (mg/L) the Ni(II) concentrations in the solution after sorption at equilibrium
t (min) the phase contact time
V (L) the volume of the Ni(II) solution
m (g) the mass of the adsorbent
PFO the pseudo-first-order kinetic model
k1 (1/min) the rate constant of sorption determined from PFO equation
PSO the pseudo-second-order kinetic model
k2 (g/mg min) the rate constant of sorption determined from PSO equation
IPD the intraparticle diffusion kinetic model
ki (mg/g min0.5) the intraparticle diffusion rate constant
kF (mg1−1/n L1/n/g) the Freundlich constant related to the adsorption capability
n the Freundlich constant related to adsorption intensity
kL (L/mg) the constant parameter of adsorption equilibrium
Q0 (mg/g) the monolayer adsorption capacity
bT (J g/mol mg) Temkin constant related to the heat of adsorption
A (L/mg) the Temkin isotherm equilibrium binding constant
qm (mg/g) the maximum adsorption capacity
kDR (mol2 J2) the constant related to the adsorption energy
ε (J/mol) the adsorption potential
R (J/mol K) the gas constant
T (K) the temperature
MPSD Marquardt’s percent standard deviation
R2 the determination coefficient
R2

adj the adjusted R-squared
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qe exp (mg/g) the experimental amount of Ni(II) sorbed at equilibrium
qe cal (mg/g) the amount of Ni(II) sorbed calculated from the non-linear models
qe mean (mg/g) the measured by the means of qe exp values
n the number of points in the data sample
k the number of independent regressors
FTIR-ATR the Fourier-transform infrared spectroscopy with the

attenuated total reflection
D (%) the percentage values of Ni(II) desorbed from adsorbent
mdes (mg) the mass of Ni(II) desorbed
mads (mg) the mass of Ni(II) adsorbed.
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Abstract: The unique and outstanding physical and chemical properties of aluminosilicate minerals,
including zeolites, make them extremely useful in remediation processes. That is due to their
demonstrated high efficiency, inexpensiveness, and environmental friendliness in processes aimed
on the elimination of heavy metals from water. The paper reports the results of the examination
of selectivity of the tested clay minerals and zeolites toward different heavy metals in light of the
postulated sorption mechanisms. It was stated that while the most efficient at concurrent removal of
lead and copper from aqueous solutions were synthetic zeolites 3A and 10A, smectite was the best
in dealing with prolonged pollution with Pb2+ and Cu2+. Determined as one of the parameters in
DKR isotherm energy of the process for each combination of sorbate and sorbent, it showed that the
dominant mechanism of adsorption on the tested mineral sorbents was physisorption. The exception
was kaolinite, for which that energy implied ion exchange as the dominant mechanism of the process.

Keywords: water; metals; smectite; kaolinite; zeolites

Highlights

- Synthetic zeolites remove Pb2+ and Cu2+ ions from multi-component aqueous solu-
tions faster and more efficiently than natural minerals;

- The natural aluminosilicate smectite has a higher sorption capacity than synthetic
aluminosilicates over a wider range of concentrations;

- Lead displays about 30% higher affinity towards the tested aluminosilicates
than copper;

- Natural and synthetic aluminosilicates are able to reduce the mobility of Pb2+ and
Cu2+ in aquatic environments.

1. Introduction

One of the results of technological development is an increasing level of environ-
mental pollution with various compounds, including heavy metals. That contributes to
the decrease in freshwater resources and lowering of their quality and is related to the
impacted recovery and self-purification abilities of natural freshwater ecosystems [1–6].

Heavy metals are among the most important environmental pollutants, because of
their high potential for accumulation in various components of the environment. Mining
and processing of non-ferrous metals, the activities which generate a broad spectrum of
solid and liquid wastes often bearing high amounts of those elements, are enumerated
among the most important sources of pollution of environment with heavy metals. Pol-
lution from these sources impacts the environment and poses a significant threat to the
human health due to the inclusion of heavy metals into the food chain.
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The experimental hypothesis of this work is based on the earlier experience of the
authors on reducing the incorporation of heavy metals in the trophic chain by minimis-
ing their uptake from soils by plants and the results of other researchers examining the
elimination of these elements from polluted waters [7–20]. At present several various
methods of elimination of heavy metals from water, based on the sorption phenomena, are
characterised and used in practice. Among those newly developed and most promising
are physisorption on nanomaterials and ultrafiltration with nanomembranes [21–24].

In this work it was assumed that the materials used to eliminate heavy metals from
water should display following three features: high efficiency, inexpensiveness, and envi-
ronmental friendliness. These conditions are met by the natural and synthetic aluminosili-
cate minerals.

The main task of the study was to determine the sorption capacity and selectivity of
layered aluminosilicate minerals (clays) and porous aluminosilicate minerals containing
networks of pores and chambers (zeolites) toward lead and copper present in a multi-solute
aqueous solution. An additional goal was to identify the would-be mechanisms of Pb2+

and Cu2+ ions onto the tested sorbents. That led to the assessment of the possibility of using
the tested minerals for the decontamination of water, in particular in case of accidental
emissions. From a practical point of view, the obtained results should give the practitioners
a clear indication on the selection of the adequate sorbent to cope with accidental high-
concentration releases of lead and copper into an aquatic environment, hitherto seldom
considered in scientific publications.

For that reason, the concentrations of metals used in the experiment were corre-
lated with the Cation Exchange Capacity (CEC) of the tested minerals. That was done to
clearly and unambiguously determine the efficiency of the tested minerals in removing the
pollutants from the purified matrix by means of sorption.

To meet the above aims of the study, the sorption from aqueous solution onto alumi-
nosilicate minerals of Pb2+ and Cu2+ dissolved alongside Cd2+, and Zn2+ was examined.

The reason for that was two-fold. First, these two metals are on the list of the most
common metallic environmental pollutants.

It was stated that the affinity to clay minerals is much stronger in the case of Pb2+, than
that for Cu2+. Due to these similarities in behaviour in the environment, it was decided to
examine and compare the sorption of those two elements on the selected aluminosilicates,
in order to attempt to determine the similarities and differences of their behaviour.

It is important to remove those compounds from the surface water compartment, in
order to limit their inclusion in the food chain [3,6,24–26].

2. Materials and Methods

In the study, two kinds of aluminosilicate minerals—natural clays, having a layered
structure, and zeolites—porous minerals also named “molecular sieves” were used.

Two natural clay minerals were selected—kaolinite and smectite. The layers of those
minerals are composed of sheets containing silicate tetrahedra arranged in hexagons linked
with sheets formed of octahedra containing Al atoms. The Si atoms in tetrahedra may
be substituted by Al atoms, while Al atoms in octahedra by Mg and Fe. Depending on
the arrangement of tetrahedron and octahedron sheets in a layer, the aluminosilicates are
divided into two-layer (1:1) and three-layer (2:1) structures. The main representative of
two-layer aluminosilicates is kaolinite, while that of three-layer minerals is smectite.

That results in different sorption properties. In the case of two-layer aluminosilicates,
having layers linked by hydrogen bonds, interlayer sorption is impossible, and the sorption
occurs only on the grain surface (as in kaolinite). In the three-layer minerals, such as
smectite, the layers are linked by weak intermolecular electrostatic forces, such as van der
Waals forces. As a result, sorption onto these minerals occurs on the surface of the mineral,
as well as in the internal interlayer space.

The kaolinite used in the study originated from deposits located in southern Poland
and smectite from deposits located in Milwaukee, WI, USA.
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Alongside them, four zeolites were tested—A natural Cliniptilolite and three synthetic
zeolites: 3A, 10a, and 13X. Clinoptilolite came from Caucasian deposits—A zeolite-bearing
rock containing 90% clinoptilolite from Sokyrnytsa mine, Zakarpatye region, Ukraine. All
three synthetic zeolites, which are commercially available chemicals, were purchased from
a manufacturer (IZC “Soda-Mątwy”, Inowrocław, Poland) who also provided their SDS
(Safety Data Sheet) cards.

Zeolites are crystalline hydrated aluminosilicates with highly variable internal struc-
tures. They consist of silicate tetrahedra linked by the oxygen bridges, in which central
Si atoms may be heterovalently substituted by Al atoms or the elements belonging to
the groups Ia and IIa of the periodic table (Li+, Na+, K+, Mg2+, Ca2+, Sr2+, and Ba2+);
preferably Mg2+. Their characteristic feature are empty spaces packed with ions and
molecules of water displaying a high degree of freedom of movement. Their alternate
name—“molecular sieves” is due to their ability to selectively sorb the chemical molecules
smaller than their pores.

Clinoptilolite, the selected natural zeolite, has an experimentally determined Si/Al
ratio of 2:5, equal to 1:2.5, K+ and Ca2+ as dominant exchangeable cations, and pore
diameter of 0.44–0.55 nm. Synthetic zeolite 3A is a sodium-and-potassium zeolite, while
10A and 13x are both sodium zeolites. Their pore diameter is 0.38 nm for 3A, 0.9–1.0 nm
for 10A and 0.9–1.0 nm for 13X. For all three zeolites the Si/Al ratio reported by the
manufacturer was 2:4 (equal to 1:2).

In Table 1 below, the key properties of each tested aluminosilicate mineral are provided.

Table 1. The key properties of minerals used in the experiment.

Property

Minerals

Natural Aluminosilicates Synthetic Zeolites

Kaolinite Smectite Natural Zeolite 3A 10A 13X

Grain size [mm] <0.2 <0.2 0.05–1.0 1.0 1.0 1.0

pH
in H2O 6.6 9.5 6.1 10.2 9.4 10.1

in 1M KCl 5.0 7.9 4.7 8.8 7.9 8.9

Content of
exchange-able

cations
[cmol/kg]

Total—CEC 4.9 120.7 93.9 354.1 377.9 235.2

Na+ 0.3 68.2 1.7 146.5 364.2 223.7

K+ 0.2 1.7 46.1 200.3 8.4 3.8

Mg2+ 0.7 10.1 1.5 0.5 2.4 1.5

Ca2+ 3.7 40.7 44.6 6.8 2.9 6.2

Dominant
cations Ca2+ Na+ and Ca2+ K+ and Ca2+ K+ and Na+ Na+ Na+

CEC–Cation Exchange Capacity.

The adsorption of lead and copper, as Pb2+ and Cu2+, onto selected six minerals was
carried out using aqueous solutions also containing Zn2+ and Cd2+, prepared using the
serial dilution method from respective stock solutions. Their initial concentrations were set
to 2% CEC, 10% CEC, 20% CEC, 30% CEC, 50% CEC, 75% CEC, and 100% CEC (Cation
Exchange Capacity) of the given mineral sorbent.

Adequate amounts of individual, analytical grade solid nitrate (V) salts (purchased
from Merck™) were dissolved in deionized water to prepare stock solutions. The ob-
tained mixtures had a total concentration of test ions equal to 100% CEC of the given
mineral sorbent.

The experiment was performed in line with the provisions of the OECD Guideline
106 [27] and it consisted of two stages.

The initial stage was aimed at the determination of the adequate incubation temper-
ature and equilibration time, and in general, it was performed to confirm the previous
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findings of the authors (for that reason it was shortened to the absolute minimum). The
aim of the definitive test was to determine the sorption capacity of each tested mineral
towards each of the test metal ions.

The whole experiment was performed in the batch mode using the pre-defined sor-
bent:solution ratio of 1:25.

In the definitive test, seven polymetallic solutions were used. Their concentrations are
presented above. The samples were placed on a on a horizontal shaker (type EIMI WS) in a
water bath having a constant temperature of T = 20 ± 1 ◦C and equilibrated. After that
each sample was centrifuged. Clarified supernatants were collected and analyzed for the
content of heavy metals using the AAS technique with flame atomization (equipment: Carl
Zeiss Jenoptic). The method of analysis, and in particular, the atomization technique, was
selected to fit to the analyzed concentrations, which covered the broad range from 0.1 ppm
to ~6000 ppm while simultaneously limiting the number of necessary dilutions. For the
same reason, depending on the range of expected concentrations in analyzed solutions,
different spectral lines corresponding to the different level of sensitivity and pre-defined
calibration curves covering the different ranges of concentrations were selected. For each
set of analyses, a single calibration sample was used as a means of control. That analysis
provided the equilibrium concentrations in solution—Ce.

From the difference between the initial and the equilibrium concentrations in test so-
lutions, the corresponding equilibrium concentrations of each metal adsorbed onto sorbent
were calculated—x/m values (indirect method of determining the sorption isotherms).

The obtained equilibrium concentrations Ce and x/m were used to determine the
following parameters of the process:

- Percentage of sorption;
- Distribution coefficient Kd;
- Freundlich sorption isotherm and its parameters—Kf and 1/n;
- Langmuir’s sorption isotherm and its parameters—KL and NS;
- DKR sorption isotherm and its parameters;

The detailed characterisation of the data-processing procedure is characterized in our
previous work [28].

3. Results and Discussion

In the preliminary experiments it was found that the equilibrium state was attained
after 1 h, while the optimum sorption was observed at T = 20 ◦C, the temperature consid-
ered as representative of average experimental conditions. For that reason, in the definitive
test, samples were equilibrated for 1 h at the constant temperature T = 20 ◦C.

Two parameters were calculated for each tested combination M2+—mineral sorbent
in relation to the tested concentrations—the percentage of sorption and the distribution
coefficient Kd. The results are presented below in two tables. Table 2 provides the results
for sorption onto natural minerals calculated. The results are presented, in numerical
form, in the two tables below: Table 2 for the sorption of Pb2+ and Cu2+ ions onto natural
minerals and Table 3 for the sorption of both elements onto synthetic zeolites.

Table 2. The results of the examination of sorption of Pb2+ and Cu2+ onto tested natural mineral sorbents—% sorption and
Kd values.

Sorbent: Kaolinite

Sorbed Element: Pb2+ Sorbed Element: Cu2+

Initial concentration of Pb2+ in
solution expressed: % sorption Kd

(L/kg)

Initial concentration of Cu2+ in
solution expressed: % sorption Kd

(L/kg)
in (cmol/L) as % CEC in (cmol/L) as % CEC

0.004 2 100.00 n. c. 0.004 2 100 n. c.

0.018 10 100.00 n. c. 0.021 10 95.24 500.00
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Table 2. Cont.

Sorbent: Kaolinite

Sorbed Element: Pb2+ Sorbed Element: Cu2+

Initial concentration of Pb2+ in
solution expressed: % sorption Kd

(L/kg)

Initial concentration of Cu2+ in
solution expressed: % sorption Kd

(L/kg)
in (cmol/L) as % CEC in (cmol/L) as % CEC

0.037 20 88.89 437.50 0.043 20 81.39 109.38

0.055 30 89.09 204.17 0.064 30 71.88 63.89

0.074 50 82.42 117.31 0.085 50 63.53 43.55

0.111 75 74.77 74.11 0.128 75 55.47 31.14

0.185 100 61.11 39.24 0.213 100 44.60 20.13

Sorbent: Smectite

Sorbed element: Pb2+ Sorbed element: Cu2+

Initial concentration of Pb2+ in
solution expressed: % sorption Kd

(L/kg)

Initial concentration of Cu2+ in
solution expressed: % sorption Kd

(L/kg)
in (cmol/lL) as % CEC in (cmol/L) as % CEC

0.01 2 90.00 225.00 0.01 2 80.00 100.00

0.07 10 97.14 850.00 0.07 10 97.14 850.00

0.14 20 97.86 1141.67 0.15 20 98.67 1850.00

0.21 30 96.67 725.00 0.22 30 85.91 152.42

0.35 50 97.43 947.22 0.36 50 70.55 59.91

0.49 75 83.88 130.06 0.51 75 60.20 37.81

0.70 100 64.57 45.56 0.72 100 49.58 24.59

Sorbent: Natural Zeolite

Sorbed element: Pb2+ Sorbed element: Cu2+

Initial concentration of Pb2+ in
solution expressed: % sorption Kd

(L/kg)

Initial concentration of Cu2+ in
solution expressed: % sorption Kd

(L/kg)
in (cmol/L) as % CEC in (cmol/L) as % CEC

0.02 2 100.00 n. c. 0.02 2 85.00 143.33

0.10 10 100.00 n. c. 0.10 10 70.00 58.33

0.20 20 85.00 141.67 0.20 20 55.00 30.56

0.30 30 76.67 82.14 0.31 30 41.93 18.06

0.50 50 60.00 37.50 0.51 50 33.33 12.50

0.70 75 51.43 26.47 0.71 75 29.58 10.50

1.00 100 46.00 21.30 1.02 100 30.39 10.91

Table 3. The results of the examination of sorption of Pb2+ and Cu2+ onto tested synthetic zeolites—% sorption and
Kd values.

Sorbent: Zeolite 3A

Sorbed Element: Pb2+ Sorbed Element: Cu2+

Initial concentration of Pb2+ in
solution expressed: % sorption Kd

(L/kg)

Initial concentration of Cu2+ in
solution expressed: % sorption Kd

(L/kg)
in (cmol/L) as % CEC in (cmol/L) as % CEC

0.06 2 100.00 n. c. 0.07 2 85.71 150.00

0.32 10 81.25 108.33 0.33 10 45.45 20.83
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Table 3. Cont.

Sorbent: Zeolite 3A

Sorbed Element: Pb2+ Sorbed Element: Cu2+

Initial concentration of Pb2+ in
solution expressed: % sorption Kd

(L/kg)

Initial concentration of Cu2+ in
solution expressed: % sorption Kd

(L/kg)
in (cmol/L) as % CEC in (cmol/L) as % CEC

0.64 20 57.81 34.26 0.65 20 32.31 11.93

0.96 30 75.00 75.00 0.98 30 57.14 33.33

1.61 50 73.91 70.83 1.64 50 56.10 29.14

2.25 75 60.44 38.20 2.29 75 39.30 16.19

3.32 100 59.04 36.03 3.27 100 37.76 16.08

Sorbent: Zeolite 10A

Sorbed element: Pb2+ Sorbed element: Cu2+

Initial concentration of Pb2+ in
solution expressed: % sorption Kd

(L/kg)

Initial concentration of Cu2+ in
solution expressed: % sorption Kd

(L/kg)
in (cmol/L) as % CEC in (cmol/L) as % CEC

0.06 2 100.00 n. c. 0.07 2 40.00 10.00

0.32 10 96.88 775 0.33 10 57.88 33.93

0.64 20 87.50 175 0.65 20 49.23 24.24

0.96 30 88.54 193.18 0.98 30 44.90 20.37

1.61 50 85.71 150.00 1.64 50 54.88 30.40

2.25 75 73.33 68.75 2.24 75 41.52 18.70

3.22 100 66.77 50.23 3.27 100 30.58 11.01

Sorbent: Zeolite 13X

Sorbed element: Pb2+ Sorbed element: Cu2+

Initial concentration of Pb2+ in
solution expressed: % sorption Kd

(L/kg)

Initial concentration of Cu2+ in
solution expressed: % sorption Kd

(L/kg)
in (cmol/L) as % CEC in (cmol/L) as % CEC

0.05 2 100.00 n. c. 0.05 2 100.00 n. c.

0.25 10 96.00 600.00 0.26 10 88.46 191.67

0.50 20 86.00 153.57 0.54 20 75.93 78.85

0.75 30 78.67 92.19 0.79 30 58.23 34.85

1.25 50 62.40 41.49 1.32 50 50.00 25.00

1.75 75 51.43 26.47 1.85 75 42.16 18.22

2.50 100 32.40 11.98 2.64 100 35.23 13.60

The comparison of the above results with aim to determine behaviour patterns showed
that neither for lead nor copper was it possible to find such a single pattern for all tested
minerals. That may be attributed to the structural properties of the tested sorbents. At the
same time, the sorption of lead was higher than that of copper, which may be explained by
the commonly observed higher affinity of lead towards aluminosilicate mineral sorbents in
general and clay minerals in particular [13].

In case of sorption of both Pb2+ and Cu2+ onto kaolinite, the gradual decrease in
sorption capacity of the sorbent was observed. According to the literature, this may be
attributed to the decreasing negativity of the potential of the surface of that mineral with
the increase in the ionic strength of the solution [29–32].
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As the explanation of the generally high efficiency of smectite in the sorption of both
Pb2+ and Cu2+, provided by the scientific literature on the subject, for that mineral, the
main identified mechanism of sorption the was ion exchange. For Pb2+, this was also
coupled with the intersphere complex formation, while for Cu2+, the additional mechanism
was surface complex formation [31,33–35]. It should be noted that, for this mineral, two
mechanisms of sorption were observed: physisorption on the outer and inner surfaces of
the mineral, as well as ion exchange. In the case of the second postulated mechanism, Na+

(ion radius 0.118 nm) and Ca+2 (ion radius 0.112 nm) ions present in the mineral’s lattice
were most probably substituted by lead (ion radius 0.132 nm), as these elements have a
similar ionic radius. That explains the lower amount of sorbed copper, which has a smaller
ionic radius (0.087 nm) than sodium and calcium [36–39].

The sorption of Cu2+ onto natural zeolite was, except for the lowest concentration
tested, significantly lower than that of Pb2+—by 40–60% at lower concentrations (i.e.,
10% CEC to 50% CEC) and by 10–20% for the two highest concentrations. It was also
noticed that the decrease in adsorption of Cu2+ with increasing concentration was initially
sharp, but then became less steep than that of Pb2+.

When the data for all three natural aluminosilicate minerals used in the experiment
were compared, two general observations were made:

- The level of sorption of Pb2+ was generally higher than that of Cu2+, which is due to
the high affinity of lead to the oxygen in the functional groups of the tested minerals
and the lower solvation energy—for Pb2+ it is −1481 [kJ/mol], while Cu2+ ions have
a solvation energy of −2100 [kJ/mol]. That, in turn, results in a higher affinity of
copper ions to the free water molecules in the test system and their higher presence in
solution [36,37]; and

- The decrease in the amount sorbed with concentration displayed a higher continuity
for copper than for lead.

The comparative analysis of the data for synthetic zeolites led to the following two
general conclusions:

- The level of sorption of Pb2+ was generally higher than that of Cu2+, for similar
reasons as indicated above for natural minerals; and

- Unlike that in natural minerals, the decrease in the amount sorbed with increasing
initial concentration displayed a high degree of continuity for Pb2+; while for Cu2+

that was observed only for sorption onto zeolite 13X.

All the above was reflected, for both Pb2+ and Cu2+, by the Kd values, where those
could be calculated (for the samples where the level of sorption was 100%, it was not
possible to calculate the Kd values).

Similar general conclusions were drawn by other researchers [18], on the basis of the
performed statistical analysis.

The above analysis shows that by determining of the percentage of sorption and
Kd values, it was not possible to clearly identify among the seven tested minerals that,
which may be considered the most efficient in concurrent elimination of Pb2+ and Cu2+

ions from multi-component aqueous solutions, which was the main goal of the study. It
was, therefore, decided to apply three sorption isotherms in further analysis—Freundlich,
Langmuir, and DKR. The suitability of these three isotherms in examination of sorption in
multi-solute systems is well documented [40].

They were used in the following way:

- From the Freundlich isotherm, the information on the sorption strength and extent as
well as on the nature of the process was derived;

- Langmuir isotherm returned the maximum sorption capacity;
- DKR isotherm enabled possible mechanisms of sorption and the capacity of sorption

in micropores to be identified.

Below the numerical and graphical results of the determination of Freundlich and
Langmuir isotherms are presented. The parameters of each isotherm are provided in
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Table 4 for the Freundlich model and Table 5 for the Langmuir model. The plotted Fre-
undlich isotherms are presented in Figures 1 and 2 and plots of Langmuir isotherms in
Figures 3 and 4. The isotherms, represented by red solid lines with blue dots for the ex-
perimental points, are plotted with their Confidence Bands, determined at two levels of
confidence—95% and 90%, marked using dark pink and light pink, respectively (dark grey
and light grey, respectively, if reproduced in black-and-white format).

Table 4. Parameters of Freundlich isotherms and isotherms’ statistical evaluation.

Sorbent
Sorbed
Element

Parameters of Freundlich Isotherm Statistical Parameters of the Isotherm

Adsorption Constant Kf
(L/kg) 1/n

SD r R2

Value SD Value SD

Kaolinite
Pb2+ 6.8522 1.1519 0.3373 0.0463 0.1904 0.9839 0.9680

Cu2+ 5.1054 0.3219 0.3670 0.0204 0.0677 0.9971 0.9942

Smectite
Pb2+ 18.1458 3.8585 0.2692 0.0665 2.0082 0.9102 0.8285

Cu2+ 12.1560 1.5544 0.2914 0.0554 1.0265 0.9594 0.9204

Natural
Zeolite

Pb2+ 14.1300 1.6682 0.3834 0.0815 1.0949 0.9687 0.9383

Cu2+ 8.8328 0.8141 0.5938 0.0902 0.6324 0.9751 0.9508

Zeolite 3A
Pb2+ 39.6011 2.7081 0.6473 0.1071 4.5865 0.9703 0.9415

Cu2+ 19.5745 1.7402 0.7023 0.1406 3.7342 0.9555 0.9129

Zeolite 10A
Pb2+ 52.6663 2.5209 0.4128 0.0430 3.1511 0.9889 0.9779

Cu2+ 18.4016 1.7441 0.5374 0.1241 3.9257 0.9390 0.8816

Zeolite 13X
Pb2+ 20.7458 1.1487 0.2156 0.0396 2.0156 0.9771 0.9548

Cu2+ 19.0258 0.4424 0.3520 0.0263 0.8688 0.9954 0.9909

Table 5. Parameters of Langmuir isotherms and isotherms’ statistical evaluation.

Sorbent
Sorbed
Element

Parameters of Langmuir Isotherm Statistical Parameters of the
Isotherm

KL (L/kg) KL*N N
(cmol/kg) SD r R2

Value SD Value SD

Kaolinite
Pb2+ 107.7272 42.3762 321.0384 95.6054 2.9801 0.2715 0.9669 0.9349

Cu2+ 44.1964 16.4879 116.8291 30.8984 2.6434 0.2102 0.9714 0.9437

Smectite
Pb2+ 140.6089 36.5785 1639.6604 359.1450 11.6611 1.0754 0.9751 0.9508

Cu2+ 91.3203 63.0109 725.1182 451.5682 7.9404 1.3491 0.9287 0.8625

Natural
Zeolite

Pb2+ 10.1024 5.1734 124.5607 47.8629 12.4406 1.3262 0.9537 0.9095

Cu2+ 2.2961 1.3264 25.7112 7.8464 11.1978 0.7770 0.9621 0.9257

Zeolite 3A
Pb2+ 0.8936 0.4724 76.9219 18.7724 86.0809 4.6542 0.9694 0.9398

Cu2+ 0.4804 0.3314 30.4542 8.6006 63.3934 3.6394 0.9577 0.9173

Zeolite
10A

Pb2+ 4.6054 1.0929 284.6344 48.1922 61.8045 3.3058 0.9878 0.9757

Cu2+ 1.1222 0.5154 42.5203 11.5569 37.8901 3.0334 0.9640 0.9294

Zeolite
13X

Pb2+ 15.9406 4.7676 351.7683 91.5613 22.0674 1.6941 0.9839 0.9681

Cu2+ 4.1023 1.5764 99.9011 29.5274 24.3525 2.0823 0.9735 0.9477
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Figure 1. The Freundlich isotherms obtained in the study for sorption of Pb2+ and Cu2+ onto tested natural mineral sorbents. 

  

Figure 1. The Freundlich isotherms obtained in the study for sorption of Pb2+ and Cu2+ onto tested natural mineral sorbents.

The plotted isotherms were analyzed for their goodness of fit by means of visual
inspection and examination of the values of correlation coefficient r and determination
coefficient R2. The visual inspection showed good compliance of the estimated curves with
the input data. On the basis of the coefficients r and R2, it may be stated that the adsorption
of Pb2+ and Cu2+ onto the tested minerals was better characterised by the Freundlich model.
As a result, the parameters of Freundlich isotherms were chosen as those characterizing
the sorption strength and its extent.

Analysis of the strength of sorption based on the determined Kf values showed that
Pb2+ ions were sorbed more strongly than Cu2+ ions, which indicated a higher affinity of
lead towards the tested aluminosilicates. Additionally, the tested sorbents which were the
strongest with regard to both Pb2+ and Cu2+ were synthetic zeolites, while the weakest one
was kaolinite. Smectite was the strongest sorbent among the tested natural minerals.
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Figure 2. The Freundlich isotherms obtained in the study for sorption of Pb2+ and Cu2+ onto tested synthetic zeolites. 

  

Figure 2. The Freundlich isotherms obtained in the study for sorption of Pb2+ and Cu2+ onto tested synthetic zeolites.

The arrangement of the tested minerals for their strength and extent of sorption, from
strongest to the weakest, returned the following order:

for Pb2+:

Zeolite 10A > Zeolite 3A > Zeolite 13X > Smectite > Natural Zeolite > Kaolinite;

0 and, for Cu2+:

Zeolite 3A ≥ Zeolite 13X ≥ Zeolite 10A > Smectite > Natural Zeolite > Kaolinite.
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Figure 3. The Langmuir isotherms obtained in the study for sorption of Pb2+ and Cu2+ onto tested natural mineral sorbents. 

  

Figure 3. The Langmuir isotherms obtained in the study for sorption of Pb2+ and Cu2+ onto tested natural mineral sorbents.

It has to be noted that differences in the sorption strength of Pb2+ onto the three syn-
thetic zeolites tested were clearly visible; while, in case of Cu2+, those values were compa-
rable, indicating that copper may display a similar affinity to those three aluminosilicates.

The values of the parameter 1/n, which informs about the nature of the process, were
always below 0.8. That indicated the preferential character of sorption of both Pb2+ and
Cu2+ on all tested minerals. It was either favourable or pseudo-linear [41]. The order
in which those values may be arranged, from highest to the lowest, thus reflecting the
decrease in the linearity, is following:

for Pb2+:

Zeolite 3A > Zeolite 10A > Natural Zeolite > Kaolinite > Smectite > Zeolite 13X;

and, for Cu2+:

Zeolite 3A > Natural Zeolite > Zeolite 10A > Kaolinite > Zeolite 13X > Smectite.
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Figure 4. The Langmuir isotherms obtained in the study for sorption of Pb2+ and Cu2+ onto tested synthetic zeolites. 

Analysis of the strength of sorption based on the determined Kf values showed that 

Pb2+ ions were sorbed more strongly than Cu2+ ions, which indicated a higher affinity of 

lead towards the tested aluminosilicates. Additionally, the tested sorbents which were the 

strongest with regard to both Pb2+ and Cu2+ were synthetic zeolites, while the weakest one 

was kaolinite. Smectite was the strongest sorbent among the tested natural minerals. 

The arrangement of the tested minerals for their strength and extent of sorption, from 

strongest to the weakest, returned the following order: 

for Pb2+: 

Zeolite 10A > Zeolite 3A > Zeolite 13X > Smectite > Natural Zeolite > Kaolinite;  

0 and, for Cu2+: 

Zeolite 3A ≥ Zeolite 13X ≥ Zeolite 10A > Smectite > Natural Zeolite > Kaolinite.  

Figure 4. The Langmuir isotherms obtained in the study for sorption of Pb2+ and Cu2+ onto tested synthetic zeolites.

This may indicate that for either the broader range of concentrations or prolonged
exposure to the polluted matrix, natural zeolite and the synthetic zeolites 3A and 5A
will be more efficient in the elimination of pollutants than the remaining tested minerals.
Additionally, for 1/n interpreted as a potential availability of different sorption sites on the
sorbent’s surface to the sorbed compound, it may be stated that smectite, kaolinite, and
zeolite 13X will become saturated faster with the metal ions of concern than the remaining
four zeolites tested.

A good correlation was observed between the Freundlich adsorption constant, charac-
terizing the strength of sorption, and the maximum sorption capacity—the parameter N
of the Langmuir sorption isotherm. It can be stated that the maximum sorption capacity
of both Pb2+ and Cu2+ was higher for the synthetic zeolites than for the natural minerals
tested. Once again, the lowest maximum sorption capacity was determined for kaolinite.
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When arranged from highest to lowest, the maximum sorption capacity for both Pb2+

and Cu2+, followed the order:

Zeolite 3A > Zeolite 10A > Zeolite 13X > Natural Zeolite > Smectite > Kaolinite.

It was also noticed that the maximum sorption capacity was generally higher for
Pb2+ than for Cu2+, although the differences were bigger in the synthetic zeolites. For
natural minerals, they tended to be smaller, with very little difference in values observed in
kaolinite and natural zeolite. This may indicate that those two aluminosilicates displayed
much lower relative selectivity to lead and copper.

The numerical parameters of the DKR isotherm are presented in Table 6.

Table 6. Parameters of the DKR isotherms and isotherms’ statistical evaluation.

Sorbent Sorbed
Element

Parameters of the DKR Isotherm Statistical Parameters of the
Isotherm

ln Xm β (mol2/kJ2) Xm
(cmol/kg)

E
(kJ/mol) SD r R2

Value SD Value SD

Kaolinite
Pb2+ 1.2166 0.0880 −0.00618 0.00063 3.3757 8.9948 0.0913 0.9847 0.9697

Cu2+ 0.8184 0.1137 −0.00573 0.000810 2.2669 9.3413 0.1668 0.9622 0.9258

Smectite
Pb2+ 2.7303 0.2506 −0.00797 0.00168 15.3375 7.9206 0.3195 0.9216 0.8494

Cu2+ 2.4701 0.1366 −0.01773 0.01251 11.8236 5.3652 0.2273 0.9923 0.9847

Natural
Zeolite

Pb2+ 2.3814 0.08254 −0.01325 0.00206 10.8200 6.1429 0.1164 0.9655 0.9322

Cu2+ 1.7831 0.1383 −0.01802 0.00391 5.9483 5.2675 0.2315 0.9174 0.8416

Zeolite
3A

Pb2+ 3.5669 0.2655 −0.03864 0.01197 35.4067 3.5972 0.4640 0.8501 0.7227

Cu2+ 3.3246 0.2786 −0.1036 0.02756 27.7879 2.1969 0.4523 0.8829 0.7795

Zeolite
10A

Pb2+ 3.7057 0.1757 −0.01452 0.00313 40.6785 5.8681 0.3223 0.9185 0.8436

Cu2+ 3.1869 0.1276 −0.07012 0.00540 24.2132 2.6703 0.25692 0.9854 09712

Zeolite
13X

Pb2+ 3.0095 0.0673 −0.01020 0.00121 20.2773 7.0014 0.1296 0.9729 0.9467

Cu2+ 2.9171 0.1086 −0.01680 0.00331 18.4876 5.4554 0.2082 0.9307 0.8662

The correlation and determination coefficients—r and R2, considered as the indicators
of the goodness of fit of each isotherm showed that for each combination sorbate sorbent,
the fit was at least acceptable. On that basis, it can be stated that the DKR isotherm
adequately characterized sorption in the test systems, confirming the appropriateness of
selection of that model. This statement is similar to the analogic conclusions drawn for
Freundlich and Langmuir isotherms.

The constant, Xm, which characterizes the maximum sorption capacity, was higher for
the sorption of Pb2+ (3.38–40.68 (cmol/kg)) than that for Cu2+ (2.27–27.79 (cmol/kg)), which
confirms the conclusions drawn using the results of the two previously presented isotherms.

The decrease in that parameter observed for the tested minerals followed the order:
for Pb2+:

Zeolite 10A > Zeolite 3A > Zeolite 13X > Smectite > Natural Zeolite > Kaolinite;

and, for Cu2+:

Zeolite 3A > Zeolite 10A > Zeolite 13X > Smectite > Natural Zeolite > Kaolinite.

Comparison with the analysis for the analogical parameter of Langmuir isotherm—N,
showed that for Cu2+, the trend was identical, while for Pb2+ it was very similar. The
observed differences in values may be observed by the conceptual differences of the two
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models. The DKR isotherm was oriented in the examination of sorption in the micropores,
while Langmuir’s model was more general.

The further comparison of the two parameters consisted of the calculation of the N:Xm
ratio, presented, alongside differently expressed Xm and N values, as seen in the Table 7. In
the case of smectite, for both Pb2+ and Cu2+, that ratio showed that N was lower than Xm,
indicating a potentially high significance of interlattice sorption as the sorption mechanism.
In the case of kaolinite, the difference between the two parameters was not significant. In
the case of all tested zeolites, the value of Xm, was always a fraction of that of N.

Table 7. The values of maximum sorption capacity in Langmuir’s (N) and DKR (Xm) isotherms and their ratios.

Sorbent
Sorbed
Element

Maximum Sorption Capacity
N—Langmuir’s Isotherm, Expressed in:

Maximum Sorption Capacity
Xm—DKR Isotherm, Expressed in: Ratio N:Xm

(cmol/kg) (mmol/g) (mg/g) (cmol/kg) (mmol/kg) (mg/g)

Kaolinite
Pb2+ 2.9801 0.0298 6.175 3.3757 0.0338 6.994 1:1.13

Cu2+ 2.6434 0.0264 1.680 2.2669 0.0227 1.440 1.17:1

Smectite
Pb2+ 11.6611 0.1166 24.162 15.3375 0.1534 31.779 1:1.31

Cu2+ 7.9404 0.0790 5.046 11.8236 0.1182 7.513 1:1.49

Natural
Zeolite

Pb2+ 12.4406 0.1244 25.777 10.8200 0.1082 22.419 1.15:1

Cu2+ 11.1978 0.1120 7.116 5.9483 0.0595 3.780 1.88:1

Zeolite 3A
Pb2+ 86.0809 0.8608 178.360 35.4067 0.3541 73.363 2.43:1

Cu2+ 63.3934 0.6339 40.284 27.7879 0.2779 17.658 2.28:1

Zeolite 10A
Pb2+ 61.8045 0.6180 128.060 40.6785 0.4068 84.286 1.52:1

Cu2+ 37.8901 0.3789 24.078 24.2132 0.2421 15.386 1.56:1

Zeolite 13X
Pb2+ 22.0674 0.2207 45.724 20.2773 0.2028 42.015 1.09:1

Cu2+ 24.3525 0.2435 15.475 18.4876 0.1849 11.748 1.32:1

The second parameter of sorption, determined indirectly from DKR isotherm, was
the energy of sorption. It provides the information on the possible mechanism of the
process [30,42,43], based on the following classification:

- Physisorption is postulated as the dominant mechanism of sorption when E < 8 kJ/mol;
- For E in the range of 8 to 16 kJ/mol, ion exchange is indicated as the dominant

mechanism of sorption;
- Finally, when E > 16 kJ/mol, sorption occurs mainly as chemisorption, which is

the strongest.

In the experiment, the range of the energy of sorption was 3.60–8.99 [kJ/mol] for Pb2+

and 2.20–9.34 [kJ/mol] for Cu2+.
Only for kaolinite was ion exchange the dominant mechanism of sorption for both

elements. For the remaining minerals tested it was physical sorption.
In the case of Pb2+, the decrease in the sorption energy E may be arranged as follows:

Kaolinite > Smectite ≥ Zeolite 13X > Natural Zeolite > Zeolite 10A > Zeolite 3A;

A similar arrangement for Cu2+ follows:

Kaolinite > Zeolite 13X ≥ Smectite > Natural Zeolite > Zeolite 10A > Zeolite 3A.

It should be indicated that the difference in E for the sorption of Cu2+ onto smectite
and zeolite 13X was small. A similar observation was made in the case of Pb2+; therefore,
in reality, the order of the determined sorption energies for both elements may be the same.
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Table 7 contains the values of the maximum sorption capacity of each tested min-
eral towards either Pb2+ and Cu2+ ions, determined using the Langmuir’s and DKR
isotherms. Alongside the values derived directly from isotherms—in (cmol/kg), the values
in (mmol/g) and (mg/g) are provided, as they are more commonly encountered in the
scientific literature on the subject. To convert (cmol/kg) to (mg/g), the relevant molar
weights: 207.2 g/mol for Pb and 63.546 g/mol for Cu, were used. The conversion was
performed to compare the results with those presented in other scientific papers on the
same subject [10,16,17,20,29,44–46]. That comparison demonstrated that the tested minerals
displayed similar or greater sorption capacities than the similar sorbents and other novel
materials tested to eliminate heavy metals from wastewaters. As a result, the tested miner-
als were shown to meet the criteria of high efficiency, inexpensiveness, and environmental
friendliness in purification of water polluted with heavy metal ions.

4. Conclusions

On the basis of the obtained results, it may be stated that:

(1) The efficiency of the tested synthetic zeolites—3A, 10A and 13X, in the concurrent
elimination of Pb2+ and Cu2+ ions from aqueous solutions was greater than that of
the tested natural minerals—kaolinite, smectite, and natural zeolite, which may be
explained by the higher mineralogical homogeneity of the formers as well as, in the
case of zeolites 3A and 10A, by their structural properties, in particular, a high share
of mesopores (having the diameter in the range of 1.5 to 200 nm), constituting 68% of
the total porosity of those two sorbents;

(2) The analysis of the parameters of sorption isotherm models showed that of the six
tested mineral sorbents, the most efficient in the simultaneous removal of Pb2+ and
Cu2+ ions from aqueous solutions were zeolite 3A and zeolite 10A. Therefore, those
two sorbents should be recommended for the rapid reduction in the level of pollution
with those two elements and their spread in the environment;

(3) It was demonstrated that smectite displayed a relatively high and constant sorption
capacity over a broader range of concentrations, which indicates that it will be efficient
in coping with a prolonged low- and medium-level lead and copper pollution in
aquatic environments;

(4) The determined adsorption energies indicated that for the five tested minerals—
smectite, natural zeolite, and synthetic zeolites 3A, 10A, 13X, physisorption may be
postulated as the predominant mechanism of sorption. For kaolinite, the weakest
sorbent tested, the mechanism was ion exchange. Additionally, the lowest sorption
energies were determined for zeolite 3A and zeolite 10A, further confirming their
highest sorption capacity.

(5) For all tested minerals, the sorption of lead was about 30% higher than that of copper,
which may indicate the selectivity of the process with preference for Pb2+ ions.
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Abstract: Water pollution is one of the major challenges facing modern society because of industrial
development and urban growth. This study is directed towards assessing the use of multiwall carbon
nanotube, after derivatization and magnetization, as a new and renewable absorbent, to remove
toxic metal ions from waste streams. The adsorbents were prepared by, first oxidation of multiwall
carbon nanotube, then derivatizing the oxidized product with hydroxyl amine, hydrazine and amino
acid. The adsorbents were characterized by various techniques. The adsorption efficiency of the
multiwall carbon nanotube adsorbents toward Pb(II) was investigated. The effect of adsorbent’s dose,
temperature, pH, and time on the adsorption efficiency were studied and the adsorption parameters
that gave the highest efficiency were determined. The derivatives have unique coordination sites
that included amine, hydroxyl, and carboxyl groups, which are excellent chelating agents for metal
ions. The thermodynamic and kinetic results analysis results indicated spontaneous adsorption of
Pb(II) by the multiwall carbon nanotube adsorbents at room temperature. The adsorption process
followed pseudo-second-order and Langmuir isotherm model. The adsorbents were regenerated
using 0.1 N HCl.

Keywords: magnetic multiwall carbon nanotube; adsorption; kinetics; isotherm; thermodynamic; lead

1. Introduction

Metal water pollution is a major environmental concern as some are highly toxic elements,
even at low concentrations [1]. The toxicity of heavy metals is an inevitable consequence as they
accumulate in the soft tissues of the human body [2,3]. These metals might enter the human body
through different ways, among these is drinking water, and unlike organic pollutants, heavy metal
ions are nonbiodegradable.
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Heavy metal ions exists in waste streams of various industries, including leather tanning,
metal plating, radiator manufacturing, batteries manufacturing, mining operations, smelting,
alloy industries, and fertilizer industries [4].

Lead is considered one of the most toxic metals, it has access to the human body via ingestion,
inhalation or skin assimilation [5]. Once inside the body, lead is absorbed and stored in bones, blood,
and tissues [6]. Lead can cause severe damage to the brain, kidneys and, ultimately, it could lead to
death. By simulating calcium, lead can cross the blood-brain barrier and destroys myelin sheaths of
neurons, decreases their numbers, inhibits with neurotransmission routes and reduces the growth of
neurons [7].

In nature, lead can compete with other minerals in and on plants surfaces and may inhibit
photosynthesis, and negatively effect on plant growth and survival at sufficiently high concentrations [8].

The bioaccumulation of lead in food sources and its toxicity to biological systems attributable to
increased concentrations over time has called for a significant pressure for removal. Several technologies
have successfully removed lead from polluted water; among these are adsorption, membrane filtration,
ion exchange bioremediation, precipitation and coagulation, and heterogeneous photocatalyst [9–11].
Among the most effective technologies, adsorption has been proven the highest removal efficiency at a
reasonable cost. In addition, adsorbents can be regenerated and reused [12,13]. An unlimited number
of effective adsorbents were developed and reported in the literature. Among the most effective metal
adsorbents is multiwall carbon nanotube (MWCNT), it has shown significant success and has been
employed in many of commercial applications [14]. Several published studies reported that carbon
nanotubes are among the most effective in water treatment and adsorption of heavy metals such
as copper, lead, cadmium. It also showed high efficiency in polar and nonpolar organic molecules.
This was related to the various physical and chemical interactions MWCNT can afford in the from π–π
interactions, covalent bonding, hydrogen bonding [15], and electrostatic interactions [16].

Chemical modification or doping is believed to optimize MWCNT properties for a certain specific
application. A common method is to enhance the dispersion, and optimize the use of multi-wall carbon
nanotubes through chemical functionality. This enables the formation of chemical interconnection
between MWCNT and targeted materials. Both non-covalent and covalent structures have been
employed to improve solubility and physical properties of MWCNT [17].

MWCNT functionalization with P, O, and N containing groups on the surface of MWCNT allow
the researchers to control the surface area, surface charge, hydrophobicity/hydrophilicity, dispersion.
and improve adsorption capacity and selectivity towards the heavy metals [18,19]. For instance,
Li et al. [20] showed that acid-refluxed carbon nanotubes (CNTs) have enhanced ability to adsorb Pb(II)
ions from water. Wang et al. [21] showed that adding oxygen functional groups on acidic MWCNT
improved the adsorption capacity of lead ion. Tofighy and Mohamadi [22] reported that the adsorption
on oxidized CNTs sheets followed the order: Pb2+ > Cd2+ > Co2+ > Zn2+ > Cu2+. Wang et al. [23]
showed that oxidized MWCNT caused a rise in the zeta potential value resulting in the formation of
negative surface charge because of the creation and ionization of functional groups (–COOH &–OH).
It has been observed that the adsorption of Pb(II) onto acidic MWCNT was not uniform and mainly
collected on the cap and defective sites of the MWCNT as adsorbent.

During recent years, the focus has been on magnetic adsorbents to avoid problems associated
with adsorption regeneration. The main advantages of magnetic composites include: high strength,
strong adsorption rate and improved adsorption ability [24]. The composite adsorbent could effectively
achieve the separation of solid–liquid under an active magnetic field without filtration or centrifugation.
This results from the properties of the magnetism, which simplifies post-processing. In addition,
magnetic recycling can help prevent nano-adsorbents from occurring in the natural environment, and
mitigate future hazards [25].

This work focused on a MWCNT grafted with various functionalities as a potential new adsorbent
for toxic metal ions. The MWCNT was first oxidized then converted to acid chloride. MWCNT
functionalized with acid chloride was reacted separately with hydroxylamine, cystine, and hydrazine.
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The prepared grafted MWCNT were magnetized and then evaluated as an adsorbent for Pb(II)
removal from water. The effect of various factors on the adsorption efficiencies of grafted MWCNT
were evaluated.

The novelty of this work can be summarized as the grafted MWCNTs presented in this work
represent the first example in the oxidized MWCNT literature modified with such functionalities and
applied for removal of Pb(II). In addition, previous studies on lead removal using a single functional
group provided lower removal than the one presented in this study.

2. Materials and Methods

Chemicals and MaterialsAll chemicals used in this work were purchased from Sigma-Aldrich
(Jerusalem, Israel) and used as received.

2.1. Instrument and Characterization

Infrared spectra were recorded using (FTIR-SHIMADZU, Shimadzu Corporation, Kyoto, Japan,
Model: FTIR-8700). The following parameters were used: resolution 4 cm−1, spectral range
600–4000 cm−1, number of scans 128. Flame atomic absorption spectroscopy (iCE 3300, Thermo
Fisher Scientific, Cambridge, UK) was used to determine lead ion concentration. Raman spectra
were recorded on Bruker RFS 100 FT-Raman spectrometer, scanning electron microscopy ((Hitachi
SX-650 machine (Tokyo, Japan)) was used to study the surface morphology or the adsorbents,
Brunauer−Emmett−Teller surface area analysis (Micromeritics, Norcross, GA, USA), Vibrating Sample
Magnetometer (VSM-LAKESHORE 7404, Boston, MA, USA). All results of the characterization can be
found in our previous study [26].

2.2. Magnetization of Modified Multiwall Carbon Nanotube

The procedure includes four steps, at the beginning, MWCNT was oxidized then the developed
carboxylic acid functionality was converted to acid chloride by reacting it with oxalyl chloride. Then the
acid chloride was converted to hydroxamate, hydrazine and amino acids by reacting it with hydroxyl
amine, hydrazine and cystine, respectively (1).

In the first step, MWCNT (0.1 g) was treated with 100 mL of 69% HNO3 in a flask of 500 mL.
The flask was vibrated in an ultrasonic bath for 30 min at 25 ◦C. Next, the mixture was diluted with
deionized water to reach 400 mL and then filtered through a polycarbonate membrane (0.22 µm).
The same procedure was repeated exactly with H2O2 (30% v/v) instead of HNO3. Hydrogen peroxide
was used to complete the oxidation process, but mildly. The pH of the filtrate was roughly 7.0 by
washing the solid with deionized water, then the product was dried under a 24 h vacuum to produce
the carboxylic acid-functionalized MWCNT (MWCNT-COOH) [27].

Oxidized MWCNT (MWCNT-COOH) (0.1 g), were stirred in 2 mL of oxalyle chloride in the
presence of 2–3 drops of dimethylformamide (DMF), and 2 mL of triethyl amine (TEA) at 70 ◦C for
24 h under N2. After cooling to room temperature, the excess TEA was washed repeatedly with
anhydrous tetrahydrofuran (THF) and then dried at 70 ◦C under vacuum in order to remove any traces
of adsorbed TEA on the surface of acylated MWCNT. This samples are labelled as MWCNT-COCl [28].

Three separates of solutions of hydroxylamine (0.2 g), cystine (0.5 g) and of hydrazine (200 uL)
in 1 mL THF and 0.5 mL pyridine was prepared. To each solution, w 0.05 g of MWCNT-COCl was
added. The mixtures were stirred for 30 min at room temperature, then refluxed at 100 ◦C for
96 h. The residual hydroxylamine, cystine, and hydrazine were removed by rinsing with ethanol
and sonication for 15 min. This rinsing process was repeated three times, until a clear ethanol
was produced. The remaining solid was suspended in dichloromethane, sonicated and centrifuged.
The collected black solid was dried under vacuum and labelled as magnetized multiwall carbon
nanotube functionalized by hydroxyl amine (MWCNT-HA), magnetized multiwall carbon nanotube
functionalized by cysteine (MWCNT-CYS), and magnetized multiwall carbon nanotube functionalized
by hydrazine (MWCNT-HYD) [29].
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A mixed solution of 0.1 M ferric chloride hexahydrate (FeCl3·6H2O) and 0.05 M ferrous
chloride tetrahydrate (FeCl2·4H2O) was prepared with one to two molar ratios and then mixed
with functionalized MWCNT and suspended for 2 h.

To precipitate iron oxides, 5.0 M NH4OH solution was added dropwise until pH adjusted at
10 at 70 ◦C, and then kept under continuous stirring for 1 h. The solid was allowed to cool and
magnet separate, and then rinsed with distilled water and ethanol. The composite obtained was
dried for 2 h in a furnace at 100 ◦C. This samples are labelled as (m-MWCNT-HA, m-MWCNT-CYS,
m-MWCNT-HYD) [30].

2.3. Adsorption Study

All adsorption runs were carried out in plastic vials (50-mL) that were placed in a water bath
equipped with a thermostat and a shaker. The effect of various variables such as metal ion concertation,
pH values, adsorbent dosage, adsorption time, and temperature on adsorption efficiency were studied.
The adsorption experiments were performed on lead (II) ion. After every adsorption run, a clear
supernatant sample from the adsorption mixture was collected via magnet and analyzed by a flame
atomic adsorption analysis at 193.7 nm to determine the residual lead (II) concentration. All adsorption
experiments were carried out in triplicate, and the mean was reported. The adsorbent efficiency and
the amount of lead (II) ions adsorbed that was adsorbed (qe, mg/g) was calculated by the Equation (1):

qe =
V(Co−Ce)

W
(1)

where V is the volume of the solution (L), Co is the initial lead concentration (mg·L−1), Ce is lead
concentration at equilibrium (mg·L−1), and W is the adsorbent’s mass (g).

2.3.1. Adsorption Isotherms Models

Adsorption isotherms models are important for the description of the interaction mechanism
between adsorbate and adsorbent. Several models are available for this purpose, among these,
the most common are Langmuir and Freundlich. These models take into account essential comparative
guidelines with small distinction in their approaches [31].

The Langmuir model adopts the formation of a monolayer of adsorbate on a homogeneous surface
of an adsorbent and expressed as:

Ce

qe
=

1
qm

Ce +
1

qmKL
(2)

where Ce is the equilibrium concentration of adsorbate (mmol·L−1), qe is the amount of adsorbate
adsorbed per unit weight of adsorbent (mmol·g−1), qm is the adsorption capacity (mmol·g−1),
or monolayer capacity, and KL is a constant (L·mmol−1).

Langmuir isotherm can be identified by constant dimensions separation factor (RL) as shown by
the following equation [32]

RL =
1

(1 + KLCo)
(3)

where Co is the highest initial concentration of adsorbate (mg·L−1), KL (L·mg−1) is Langmuir constant.
The value of the RL refers to the form of isotherm to be either unfavorable (RL > 1), linear (RL = 1),

favorable (0 < RL < 1) or irreversible if (RL = 0).
The Freundlich isotherm describes the adsorption between the adsorbates and the adsorbents

with a heterogeneous surface. The rate of adsorption/absorption varies according to the degree of
energy at the adsorptive sites. Freundlich’s equation is expressed as shown in Equation (3):

ln Qe = i
1
n

ln iCe + lnKF (4)
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where KF (mmol/g) and 1/n are the constant characteristics of the system [32].
KF is an indicator of adsorption capacity of the adsorbent and 1/n is an indicator of favorability of

adsorption process. If (10 > n > 0) this donates a favorable adsorption process.
Langmuir and Freundlich’s isotherms could be used to define the relationship between the

amounts of Pb(II) adsorbed on m-MWCNT-HA, m-MWCNT-CYS, m-MWCNT-HYD adsorbents and
its equilibrium concentration in solutions.

2.3.2. Adsorption Kinetics

Numerous adsorption kinetic models have been set to define kinetics and rate-determining
steps. These models give evidence about the performance of the adsorption system and the rate at
which a specific component is removed using a specific adsorbent. Besides, it determines whether
the adsorption process is physical or chemical in nature and which step is the rate-determining step.
Examples of the adsorption kinetic models include pseudo-first-order, intra-particle diffusion kinetic
model, pseudo-second-order models, intra-particle diffusion kinetic model, first-order reversible
reaction model, Elovich’s model, etc. [33].

Pseudo-first-order kinetics are developed for describing adsorption kinetics, and are considered
as the earliest model. The equation for this model can be written as follows:

log(qe − qt) = log qe −
( K1

2.303

)
t (5)

where qe and qt are the masses of the adsorbate in equilibrium or at time t per unit mass of adsorbent
(mg g−1). k1 is the rate constant of the first-order pseudo-adsorption model (mg·g−1·min−1).

The graph of log (qe − qt) as a function of t gives a straight line for first-order pseudo adsorption
with log qe as Y intercept [34].

The pseudo-second-order models are primarily based on the idea that the step to determine
may be chemical adsorption, which involves exchanging or sharing electrons between adsorbate
and adsorbent.

The net equation for pseudo-second-order can be addressed as an equation:

t
qt

=
1
qe

t +
1

K2q2
e

i (6)

where K2 is the equilibrium rate constant of the adsorption pseudo-second order (g·mg−1 min−1).
The graph of t/qt versus t should give a linear relationship that allows the calculation of a second

order rate constants, K2 from the Y intersect and qe from the slope [30,35,36].
The metal ions adsorption is mainly achieved through three steps, including migration of metal

ion from liquid to surface of the adsorbents (film diffusion process), diffusion of metal ions within the
porous structure (intraparticle diffusion process, and metal ion adsorption on the surface to adsorbent).
In general, the third step isn’t time-consuming and is not considered as a rate-controlling step.

Intra-particle diffusion kinetic model suggested by Weber and Morris. The net equation of this
kinetic model is:

qt = Kidt0,5 + C (7)

where Kid is the constant diffusion rate (mg·g−1min−1/2). C is a constant representing the thickness of
the boundary layer (mg g−1). A graph of qt with respect to t0.5 will show a linear relationship with the
constant C as Y intersect. When the curve moves through the origin, adsorption is controlled by the
process of inter-particle diffusion. Otherwise, it is dominated by film diffusion [37].

Activation energy can also be measured by an Arrhenius equation:

Ln K2 = Ln A− Ea
RT

(8)
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In general, if Ea between 5 kj/mol to 40 kj/mol the adsorption is physisorption whereas value
(40 kj·mol−1 to 800 kj·mol−1) refers to chemisorption.

2.3.3. Adsorption Thermodynamics

The thermodynamic study is done by ascertaining enthalpy, free energy, entropy.
Thermodynamic parameters are required to determine whether the process is spontaneous or

not. Gibbs free energy change, ∆Go, is an indication of the spontaneity of a chemical reaction and
therefore is an important criterion for spontaneity. Both enthalpy (∆Ho) and entropy (∆So) factors
must be considered to determine Gibb’s free energy of the process. Reactions occur automatically at a
certain temperature if ∆Go is a negative quantity.

The following equation is the general equation that Connect between thermodynamics parameters

∆Go = ∆Ho − T∆So (9)

where T is the absolute temperature (K).
The change in Gibbs energy can be expressed by the following equation:

∆Go = – RT ln KD (10)

where, KD is the constant of thermodynamic equilibrium equal to (qe/ce) with a unit of (L·g−1). R is the
gas constant, 8.314 J·mol−1K−1.

The net equation of the last two equations can be expressed as the follows:

ln Kd = −∆Ho

RT
+

∆So

R
(11)

The plot of InKd against (1/T) gives a line with (∆So /R) as the Y-intersect and (−∆Ho/R) as the
slope. The resulting graph is identified as a Van’t Hoff diagram [38].

2.3.4. Regeneration of Adsorbents

The adsorbent was separated by magnet, washed with 0.1 N HCl (10 mL) solution to release
adsorbed metal ions, and then washed with distilled water. It was then left to dry at room temperature
for 24 h. The three adsorbents were treated in the same manner.

2.4. Real Water Sample

The actual sample was used to study adsorbents efficacy for removal heavy metals. A real water
sample was collected from Jericho city. The initial and final concentrations of the metals were measured
using ICP/MS (Elan 9000 model, PerkinElmer, Inc., Waltham, MA, USA). A 0.02 g of adsorbent was
mixed in 50 mL plastic vials with 10 mL of water sample under maximum condition; the amount
adsorbed was calculated by comparing the concentrations of the metals before and after the adsorption.

3. Results and Discussion

3.1. Adsorbents Analysis

MWCNT was oxidized following a published procedure [26]. The developed carboxylic acid
functionality was converted to acid chloride by reacting it with oxalyl chloride as shown in Scheme 1.
Then the acid chloride was converted to hydroxamate, hydrazine and amino acids by reacting it
with hydroxyl amine (HA), hydrazine (HYD) and cystine (CYS), respectively. The presence of these
functionalities was confirmed by FTIR, which shows that when MWCNT-COOH was modified by
HA, HYD, and CYS, several new peaks appeared in the spectra. Based on the literature: the peak at
1640 cm−1 is due to C=O stretching vibration. C–N stretching vibration and N–H bending vibration
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appear at 1550 cm−1 (Figure S1). Raman spectroscopy shows the spectra of MWCNT, oxidized MWCNT,
and devised as MWCNT. It could be clearly noticed that the D-band of MWCNT-COOH shifted from
1360 to 1349 cm−1 and G-band from 1605 to 1600 cm−1 and this shows that a large defection was created
after oxidation. Additionally, the ratio of the intensity of the D-band peak to that of the G-band peak
(ID/IG) of the pure MWCNT was 1.33, while that for the MWCNT–functionalized with HA, CYS, HYD
was 1.71 (Figure S2). The images of scanning electron microscopy of all samples show disordered
and highly porous morphologies. The unmodified MWCNT showed less agglomeration than others
(Figure S3). In addition, chemical modification leads to removal of the ends of MWCNT, which increases
surface area as confirmed by Brunauer−Emmett−Teller (BET) (Table 1). The magnetization of prepared
MWCNT confirmed by VSM, which shows that the magnetization curve for MWCNT sample has
a semi-linear representation, which indicates a paramagnetic state while magnetization curve for
m-MWCNT-HA, m-MWCNT-CYS, and m-MWCNT-HYD, showed a sigmoidal response with no
hysteresis, which is an indication of the presence of a saturated superparamagnetic component in the
samples (Figure S4). All characteristic techniques confirmed that HA, CYS and HUD were successfully
drafted on MWCNT, and also created functionals, which are expected to have excellent activities
toward metal ions [39].
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With reference to previous studies, there are several studies related to oxidation and surface
modification of MWCNT. The novelty of this work can be summarized as the grafted MWCNTs
presented in this work comprise the first example in the literature of oxidized MWCNT modified
with such functionalities and applied for lead removal. Additionally, previous studies on the removal
of lead using a single functional group provided lower removal than that presented in this study
(Table 1). Other studies with higher removals than that presented in this study were based on using
photodegradation or membranes, which are extremely expensive methods compared with the method
presented in our study.

Table 1. Previous studies on lead removal from water.

Adsorbents
Maximum

Adsorption Capacity
(qm) or % Removal

Conditions Surface Area
(m2/g) References

MWCNTs 1 pH: 5, CNTs dosage: 0.05 g,
Temp:280–321 K 134 [40]

MWCNTs 4 pH: 5, Temp:298–323 K, CNTs dosage:1 g,
Contact time: 20–120 min

162.16 [41]AC 18 1124.8

Oxidized CNTs 104.0 pH: 7, Temp: 298 K, C0: 100–1200 66 [42]

CNTs 62.5% pH: 5, CNTs dosage: 0.05 g, Temp: 298 K,
C0: 5–60 98.6 [43]

Oxidized MWCNTs 97.08% pH: 6–11, CNTs dosage: 0.05–0.3 g 75.4 [44]

m-MWCNT-HA 99.8%
pH: 8, Temp: 298 K, C0: 10 ppm

151
Our researchm-MWCNT-CYS 97.4% 154.5

m-MWCNT-HYD 97.5% 187

3.2. Lead Ion Adsorption

The adsorption was carried out using a batch process. During the prior process, a known weight
of adsorbent (0.02 g) was suspended in an aqueous solution of lead ion, separated by a magnet,
and analyzed. The analysis was performed on the filtrate to determine the amount of the residual lead
ions. The effects of several variables such as contact time, adsorbent dosage, temperature, and pH
were evaluated to determine the best conditions for the highest adsorption efficiency. The adsorption
study was performed on Pb(II) ions using (m-MWCNT-HA), (m-MWCNT-CTS), (m-MWCNT-HYD)
adsorbents. Each experiment was repeated three times, and the average was used when we analyzed
the data.

3.2.1. Effect of Contact Time

This experiment was performed to determine the optimal adsorption time. A 10 mL solution of
Pb(II) with 10 ppm concentration was placed in a vial and shaken with 0.02 g of an adsorbent for a
varied period of time; ranging from 1 to 120 min.

Adsorption curves are presented in Figure 1a. The figure shows that in the beginning, the
development of monolayer was very rapid and the maximum removal was attained after approximately
30 min for all three adsorbents. After that, the adsorption leveled off and became nearly constant.

The high percentage of removal of Pb(II) in the beginning was due to the presence of the vacant
sites which decrease steadily with time passing. In general, excellent adsorption efficiency for Pb(II)
was exhibited by the three adsorbents.

The same type of interaction appears when using m-MWCNT-HA and m-MWCNT-CYS.
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Figure 1. Effect of (a) contact time, (b) pH, (c) experimental mass titration curves, (d) temperature,
(e) Pb(II) initial concentration on magnetized multiwall carbon nanotube functionalized by
hydroxyl amine (m-MWCNT-HA), magnetized multiwall carbon nanotube functionalized by
cysteine (m-MWCNT-CYS), and magnetized multiwall carbon nanotube functionalized by hydrazine
(m-MWCNT-HYD).
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3.2.2. Effect of pH

The effect of pH on the adsorption efficiency is shown in Figure 1b. The pH effect on adsorption
is an important factor as it affects the surface charge of the adsorbents. At pH values of 3.0 or less,
the amine functionality becomes ammonium whereas, at high pH value over 5.5, the amine is not
protonated and the carboxylic acid functionality becomes carboxylate. The highest adsorption efficiency
was observed at a pH 8.0 then it started to decline. At pH value of about 8.0, the functional groups
present in the adsorbents (amine and carboxyl) carry a lone of pair of electrons causing them to behave
as a strong chelating agent.

The pH effect can also be explained in terms of pHpzc of adsorbents. In pHpzc the positive and
negative groups are equal and thus sum surface charges become zero.

Mass titration technique (MT) was used to determine zero-point charge (pzc) [45]. When observing
Figure 1c, it can be investigated that pzc equals 3.5, 3.7, 3.2 for m-MWCNT-HA, m-MWCNT-CYS,
m-MWCNT-HYD, respectively, with the highest adsorption value appeared at pH > pHpzc.
Consequently, electrostatic attractions among negatively charged surface of adsorbent and metal-ions
could occur and influence to sorption sorbent mass (Figure 2).
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3.2.3. Effect of Temperature on Lead Adsorption

Adsorption equilibrium is reached when the chemical potential of the adsorbed solute and the
chemical potential the solute in aqueous solution are equal. This equilibrium is temperature-dependence
since the chemical potential is a function of temperature.

In this study, the dependence of adsorption equilibrium of Pb(II) on m-MWCNT-HA,
m-MWCNT-CYS, and m-MWCNT-HYD was evaluated using different temperatures (5–50 ◦C) at a
pH value of 8. The effect of temperature on the percentage of lead adsorption is shown in Figure 1d,
as shown in the figure the maximum adsorption was at room temperature for the three adsorbents.

3.2.4. Effect of Lead Initial Concentration

The results of Pb(II) initial concertation on adsorption efficiency is shown Figure 1e. The highest
removal percentage of Pb(II) for the three adsorbents at 10.0 ppm concentration.

The results demonstrate that at lower concentrations, the ratio of the number of metal ions to
the existing sorption sites is low and thus the adsorption under these conditions is independent of
the initial concentration. However, as the concentration of Pb(II) increases, the sites available for
adsorption become less, and therefore, the removal of metals becomes highly dependent on the initial
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concentrations. The results show that the rate of Pb(II) ion removal decreases as the initial concentration
of metal ions increases.

3.3. Equilibrium Isotherm Models for Lead Adsorption

Langmuir and Freundlich’s isotherms were applied to describe the relationship between amounts
Pb(II) adsorbed on m-MWCNT-HA, m-MWCNT-CYS, and m-MWCNT-HYD adsorbents and its
equilibrium concentration in solutions, results are presented in Figure 3a,b.

Freundlich and Langmuir adsorption isotherms parameters were calculated. The values of R2

using Langmuir adsorption isotherm are approximately one. The value of RL was found to be. 0.002,
0.012, 0.007 for m-MWCNT-HA, m-MWCNT-CYS, m-MWCNT-HYD, respectively, and this indicates
that Langmuir adsorption isotherm is favorable.

From Freundlich isotherm data shown in Table 2, the value of R2 is much smaller than 1 (0.15,
0.02, 0.26) for m-MWCNT-HA, m-MWCNT-CYS, m-MWCNT-HYD, respectively), this indicates that
the adsorption is not suited with Freundlich isotherm.
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Figure 3. (a) Langmuir isotherm plot, and (b) Freundlich isotherm plot for Pb(II) adsorption.

Table 2. The Langmuir and Freundlich parameters for Pb(II) adsorption on m-MWCNT-HA,
m-MWCNT-CYS, and m-MWCNT-HYD.

Langmuir Isotherm Freundlich Isotherm

qm
(mg·g−1)

KL
(g·L−1) RL R2 KF

(mg·g−1)
n

(L·mg −1) R2

m-MWCNT-HA 1.15 39.13 0.002 0.99 4.22 −12.80 0.15
m-MWCNT-CYS 3.31 0.76 0.012 0.98 5.31 −41.60 0.02
m-MWCNT-HYD 9.09 0.20 0.007 0.72 4.30 28.50 0.26

3.4. Adsorption Kinetic Model

To study the mechanism of the adsorption process, pseudo first-order, pseudo second-order and
intra-particle diffusion kinetic models were evaluated.

Adsorption kinetic models are represented in Figure 4. The kinetic study revealed that,
the adsorption of Pb(II) on m-MWCNT-HA, m-MWCNT-CYS, m-MWCNT-HYD follows the pseudo-
second-order kinetic mechanism. The correlation coefficient R2 and qe experimental and theoretical
which in this kinetic model are approximately one (Table 3).
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Figure 4. (a) Pseudo first-order plot. (b) Pseudo second-order plot. (c) Intra-particle diffusion
plot. (d) Arrhenius plot for the adsorption of Pb(II) on m-MWCNT-HA, m-MWCNT-CYS,
and m-MWCNT-HYD.

Table 3. Parameters for Pb(II) adsorption of kinetic models of pseudo-first order, pseudo-second and
intraparticle diffusion on m-MWCNT-HA, m-MWCNT-CYS and m-MWCNT-HYD.

Pseudo First-Order Kinetics Pseudo Second-Order
qe qe K1

R2
qe K2 Ea

R2
exp (mg g−1)

Calc
(mg g−1

min-1)
(mg g−1

min−1)
(mg g−1

min−1)
(kj)

m-MWCNT -HA 4.96 4.03 –0.0023 0.33 4.99 0.32 10.50 0.99
m-MWCNT-CYS 4.93 3.35 –0.0034 0.51 5.15 0.03 5.65 0.99
m-MWCNT-HYD 4.85 4.16 –0.0013 0.32 5.39 0.04 2.50 0.91

Intra-Particle Diffusion

C (mg g−1) Kid (mg g−1min−0.5) R2

4.29 0.07 0.51
1.172 0.41 0.60
1.90 0.34 0.40
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In the intraparticle diffusion plot shown in Figure 3, the curve is not passing through the origin,
so the adsorption is controlled by the external diffusion, and the interparticle diffusion mechanism.

The Ea value was calculated form Arrhenius equation by plotting ln K2 versus 1/T (Figure 4d).
The obtained value of Ea indicates that the adsorption processes of Pb(II) ions by the three adsorbents
m-MWCNT-HA, m-MWCNT-HYD and m-MWCNT-CYS are physical.

3.5. Adsorption Thermodynamic

The Van’t Hoff plot was used to calculate the common thermodynamics parameters: ∆So, ∆Ho,
and ∆Go for Pb(II) adsorption on m-MWCNT-HA, m-MWCNT-CYS, m-MWCNT-HYD as shown in
Figure 5.

As shown in Table 4, the values of free energy were negative. This sign is a clear indication that
the adsorption is spontaneous and favorable while the values of enthalpy were positive. This is a clear
indication of the endothermic process. The positive ∆So values reveal an increase in randomness in
the solid and liquid surface, indicating the accumulation of Pb(II).
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Figure 5. Van’t Hoff plot for Pb(II) adsorption on m-MWCNT-HA, m-MWCNT-CYS,
and m-MWCNT-HYD.

Table 4. Thermodynamic parameters for the adsorption of Pb(II) on m-MWCNT-HA, m-MWCNT-CYS,
and m-MWCNT-HYD.

∆Ho (kj) ∆So (J K−1) ∆Go (25 ◦C)

m-MWCNT-HA 205.60 0.72 −10.15
m-MWCNT-CYS 17.26 0.06 −2.11
m-MWCNT-HYD 50.60 0.19 −6.90

As shown in Table 4, the adsorption of Pb(II) on m-MWCNT-HA, m-MWCNT-CYS,
m-MWCNT-HYD endothermic and spontaneous process (∆Ho > 0) and spontaneous (∆Go < 0).

3.6. Adsorbent Regeneration

The adsorbents regeneration and reuse as absorbents for Pb(II) was evaluated. The three adsorbents
were tested in three cycles, m-MWCNT-HA maintained its efficiency toward Pb(II), while the other
two adsorbent m-MWCNT-CYS and m-MWCNT-HYD showed some reduction in the efficiency in the
third cycles (Figure 6). To remediate the MWCNTs after regeneration, future studies will be needed.

Biodegradation of CNTs by enzymes was studied by Allen et al. (2008). They reported that
oxidized single-wall CNTs (SWCNTs) could be degraded by enzymatic oxidation with horseradish
peroxidase (HRP), a plant enzyme. They also reported that degradation took place within 10 days
using hydrogen peroxides. This degradation will be leading to production of oxidized polyaromatic
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hydrocarbons and ultimately CO2 [46]. Serra et al., studied the circular zero-residue process using
microalgae for efficient water decontamination, biofuel production, and carbon dioxide fixation [47].
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Figure 6. Three trials of adsorption—desorption of MWCNT using different functional groups towards
removal efficiency of Pb(II).

3.7. Real Water Samples

The removal of metal by prepared adsorbents from real environmental water sample was studied
to investigate the applicability of the proposed solid adsorbent. The results were presented in Table 5.
It is clear from the table that m-MWCNT-HA, m-MWCNT-CYS, m-MWCNT-HYD has excellent
efficiency towards most of the metal present in real water sample. The results obtained showed that the
efficiency for the removal of lead were decreased when using real sample due to presence of dissolved
organic matter and other metals. The removal efficiency decreased to about 64%, 73.1% and 67.1%
when using m-MWCNT-HA, m-MWCNT-HYD and m-MWCNT-CYS respectively. This confirm the
applicability of adsorbents for environmental.

Table 5. Effect of adsorption of metals form real water sample.

Analyte
ppb
Real

Water

ppb After
Treatment

with
m-MW

CNT-HA

% Removal
after

Treatment
with m-MW

CNT-HA

ppb After
Treatment

with m-MW
CNT-CYS

% Removal
after

Treatment
with m-MW

CNT-CYS

ppb after
Treatment

with m-MW
CNT-HYD

% Removal
after

Treatment
with m-MW
CNT-HYD

Al 9.2 1.7 81.5 2.9 68.4 0.9 90.2
As 1.7 0.7 58.8 0.66 61.1 0.23 86.4
Ba 29.6 0.1 99.6 0.5 98.3 11.3 61.8
Be 0.1 0.1 0 0.05 50 0.1 0
B 120.8 88 27.1 89.8 25.6 77.6 35.7

Cd 19 13.5 28.9 1.7 91 1.7 91
Cr 22 0.5 97.2 13.7 37.7 11 50
Co 15 5.1 66 3.1 79.3 2.2 85.3
Cu 2.1 0.99 52.8 0.8 61.9 0.11 94.7
Fe 520.5 170 67.5 77 85.2 140.5 73
Pb 169 60.7 64 45.3 73.1 55.6 67.1
Mn 290 160 44.8 35.6 87.7 40.6 86
Ni 40.8 31.9 21.8 20.1 50.7 24.5 39.9
Se 80.7 76.2 5.6 80.7 0 70.2 13
Tl 0.7 0.4 42.8 0.4 42.8 0.2 71.4
V 13.7 6.2 54.7 13.4 2.1 2.3 83.2

Zn 90 40 55.5 55.1 38.7 36 60

4. Conclusions

In this study, a magnetic multi-wall carbon nanotube with hydroxylamine, cystine and hydrazine
was synthesis and tested for the removal of Pb(II) from water as the first example in the literature of
oxidized MWCNT modified with such functionalities. The efficiency of the prepared derivatives toward
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Pb(II) was studied as a function of adsorbent dose, pH, metal ion initial concertation, temperature and
time. The three adsorbents showed excellent efficiency toward Pb(II) and % of removal was quantitative.
The highest efficiency was determined to be at room temperature and a pH of 8.0. The kinetic study
revealed that the Pb(II) adsorption by the three adsorbents followed pseudo-second-order and Langmuir
isotherm model. The thermodynamic analysis showed a negative free energy, indicating a spontaneous
adsorption process at room temperatures. The adsorbents were regenerated by treatment with 0.1 N
HCl. After third regeneration and reuse cycles, the efficiency of the regenerated adsorbents has shown
a small reduction in efficiency. The presence of dissolved organic matter and other metals in real water
sample has a significant effect on lead removal efficiency.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/8/8/986/s1,
Figure S1: FT-IR spectrum for MWCNTS, m-MWCNT-COOH, m-MWCNT-HA, m-MWCNT-Cys, m-MW
CNT-HYD, Figure S2: Raman spectrum for MWCNTS, m-MWCNT-COOH, m-MWCNT-HA, m-MWCNT-Cys,
m-MWCNT-HYD, Figure S3: SEM images of the original and the modified carbon nano tube (right) together with
diameter distribution (left). (a) MWCNTs, (b) MWCNT-COOH, (c): m-MWCNT-HA, (d) m-MWCNT-CYS and
(e) m-MWCNT-HYD. Scale bars: 5 µm, Figure S4: Magnetic field dependence of the magnetization measured at
(a) 300K (M–H loops) of m-MWCNT-HA, m-MWCNT-CYS, m-MWCNT-HYD and MWCNT; (b) the magnification
of the central area of the hysteresis loops.
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CNTs Carbon nanotube
MWCNT Multiwall carbon nanotube
MWCNT-COOH Oxidized Multiwall carbon nanotube
m-MWCNT-HA Magnetized Multiwall carbon nanotube functionalized by hydroxyl amine
m-MWCNT-CYS Magnetized Multiwall carbon nanotube functionalized by cysteine
m-MWCNT-HYD Magnetized Multiwall carbon nanotube functionalized by hydrazine
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Abstract: The efficiency of Azadirachta indica (neem leaves) on the removal of Pb(II) ions by adsorption
from aqueous solution was investigated in this study. The efficiency of these leaves (without chemical
or thermal treatment) for the adsorption of Pb(II) ions has not previously been reported. Batch
experiments were performed to study the effect of the particle size, pH, adsorbent dose, contact time,
initial Pb(II) ion concentration, and temperature. The maximum removal of 93.5% was achieved
from an original Pb(II) ion solution concentration of 50 mg/L after 40 min, at pH 7, with 0.60 g of an
adsorbent dose. The maximum adsorption capacity recorded was 39.7 mg/g. The adsorption process
was also studied by examining Langmuir, Freundlich, Temkin isotherm, and Dubinin–Radushkevich
(D-R) isotherm models. The results revealed that the adsorption system follows the pseudo-second-
order model and fitted the Freundlich model. Several thermodynamic factors, namely, the standard
free energy (∆G◦), enthalpy (∆H◦), and entropy (∆S◦) changes, were also calculated. The results
demonstrated that the adsorption is a spontaneous, physical, and exothermic process. The surface
area, pore size, and volume of adsorbent particles were measured and presented using a surface area
analyzer (BET); the morphology was scanned and presented with the scanning electron microscope
technique (SEM); and the functional groups were investigated using µ-FTIR.

Keywords: biosorption; isotherms; lead (II); Azadirachta indica leaves

1. Introduction

Industrial activities have significantly contributed to environmental pollution. Toxic
metals are one of the major pollutants causing serious damage to the environment, in
addition to being a documented source of many diseases [1]. The heavy metal pollutants
in wastewater are highly toxic, hazardous to plants and animals, and result in a shortage
of clean water [2,3]. Lead is among these toxic elements, and has acute and chronic
health effects on humans [4]. Lead pollution affected nearly 18–22 million people in 2010,
motivating an investigation of water purification processes [5].

With respect to metal removal, wastewater purification includes various methods,
such as biosorption, adsorption, electrochemical treatments, and oxidation [6,7]. Heavy
metal biosorption is one of the favorable fields of remedy due to the low cost and easy
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accessibility of raw materials, as well as their eco-friendly nature [8]. Other benefits
of biosorption are the selectivity for particular metals; low operational time; and most
importantly, the absence of chemical waste generation [9]. Different types of cheap plant
materials have been investigated as prospective biosorbents for heavy metals [10].

Biosorption is known to be more effective in removing lead metal contaminants from
aqueous solutions, where the efficiency rate in batch adsorption tests is higher than 90% [11].
However, the success of biosorption in the removal of lead metal from wastewater depends
on several experimental parameters, such as the temperature, pH, and original solution
metal concentration [12,13]. The biosorption removal of Pb(II) ions using natural biosorbent
from cactus cladodes revealed that the particle size, mass of biosorbent, and contact time
are additional factors influencing the operation success [14]. The optimum biosorption
of Pb(II) ions increases with an increase in the biosorbent particle size and dosage [14,15].
Various natural materials have been used for lead removal. These include pumpkin seeds,
bamboo, cocoa shells, coconut shell, calotropis roots, peanut shells, Moringa bark, orange
bark, cashew nut shells, and activated carbon (maize tassel, periwinkle shells, oil palm,
and rice husk) [16,17]. Other natural materials have been reported to be efficient sorbents
for various pollutants. Platanus orientalis leaf powder was used as an efficient sorbent for
Cu(II) ion removal from aqueous solutions. The maximum adsorption capacity for this
material was determined to be 49.94 mg/g [18]. Urtica has been reported as an effective
sorbent for the removal of Methylene Blue dye from aqueous solutions, with a maximum
adsorption capacity of 101.01 mg/g [19].

The chemical screening of neem leaves showed positive results for steroids, saponins,
flavonoids, alkaloids, tannins, and amino acid [20]. Most of these constituents possess
electron withdrawing groups which may enhance the adsorption capacity of the neem
leaves.

This study aims to evaluate Azadirachta indica leaves’ powder (AILP) as an eco-friendly,
efficient, and cheap biosorbent for Pb(II) ion removal.

2. Materials and Methods
2.1. Preparation and Adsorption Processes

Azadirachta indica (neem leaves) samples were collected from Jizan city, south of Saudi
Arabia, and washed with deionized and distilled water. Then samples were dried at room
temperature. The leaves were ground by a grinder into powder form, before being sieved.
A stock solution of 50 mg/L was prepared using Pb(NO3)2 (Sigma-Aldrich, Saint Louis,
MissourI, USA, ACS reagent ≥ 99%.)

2.2. Batch Adsorption Experiment

Batch experiments were performed using 250 mL stoppered bottles containing the
desired mass at a pH of 5.5 with 50 mL of Pb(II) solution (50 mg/L). The mixture was shaken
at 298 K (except when examining the temperature effect) by a temperature-controlled water
bath shaker. At the end of the shaking time, the solid adsorbent was isolated from the
solution by filtration, and the remaining concentration of Pb(II) ions was then determined
using an atomic absorption spectrometer (AAS) (SpectrAA 220, Varian, UK). Parameters
influencing the sorption efficiency were investigated by changing one factor and keeping
the others constant. The adsorption extent was determined using Equation (1):

qe =
Co − Ce

M
× V, (1)

where V is the volume of the Pb(II) solution in the bottle, qe is the metal uptake capacity
(mg/g), M is the mass of AILP (g), Co is the initial Pb(II) concentration, and Ce is the
Pb(II) concentration at equilibrium. The total removal efficiency (R%) was calculated using
Equation (2).

R% =
Co − Ce

Co
× 100 (2)
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The investigated parameters, including the particle size, shaking time, mass of adsor-
bent, temperature, and solution concentration, were investigated.

2.3. Characterization of AILP

The surface area, pore-volume, and pore size were investigated using a Quanta
Chrome NOVA 4200E Surface Area Analyzer. The morphology of the powder was exam-
ined using a Jeol 6360 (Japan) scanning electron microscope at an accelerating voltage of
20 kV. The functional groups of the powder before and after adsorption were investigated
by µ-FT-IR (Cary 630 FTIR from Agilent, Santa Clara, USA) in the range of 400–4000 cm−1

at a spectral resolution of 8 cm−1.

2.4. Reusability of AILP

AILP was reactivated by vigorous shaking in an excess quantity of de-ionized water
for 12 hrs. AILP was separated by filtration and then dried by heating it overnight at
105 ◦C. The optimal conditions were maintained throughout all reusability experiments.

3. Results
3.1. Characterization of AILP
3.1.1. Surface Area of AILP

The AILP sample exhibited a high surface area of 183 m2/g, enhancing its adsorption
capabilities. The results revealed that the average pore diameter is 10.3 nm and the total
pore volume is 0.355 cm3/g. Comparative data are given in Table 1. These data demonstrate
that the AILP surface area is larger than that of the reported sorbents, indicting a high
adsorption capacity.

Table 1. The surface area, total pore volume, and average pore diameter for various adsorbents.

Adsorbent Surface Area (m2/g)
Total Pore Volume

(cm3/g)
Average Pore Diameter

(nm) Reference

AILP 183 0.335 10.3 This study
Date seeds 124 0.469 9.8 [21]

P(AN-AA)/AMP composite 39 0.35 34.4 [22]
Red clay 35 0.57 6.5 [23]

Modified sugarcane 7 0.15 Not reported [24]

3.1.2. IR Spectrum

The µ-FT-IR spectrum is used to estimate the contribution of functional groups on
the adsorbent surface in the adsorption process. The FT-IR analysis was performed before
and after the adsorption process (Figure 1). The results revealed distinguished bands of
Pb-O stretching vibrations that appeared at 462 cm−1 and OH stretching of the hydroxide
groups. These bands may confirm the adsorption of Pb(II) ions on the adsorbent surface.
Other bands appeared at 1298, 1350, and 1723 cm−1, and these bands are probably related
to the stretching of -C-N-, -C=N-, and -C=C-, respectively, in polyheterocycles. However,
the FT-IR spectra of the adsorbent before and after adsorption were very similar due to the
physisorption process.
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Figure 1. FT-IR spectrum of Azadirachta indica leaves’ powder (AILP) before and after adsorption.

3.1.3. Scanning Electron Microscope (SEM)

The SEM images of AILP before and after adsorption are presented in Figure 2. The
SEM images illustrate differences in the surface morphologies of the AILP surfaces before
and after adsorption. The surface of the AILP before adsorption showed micro flakes with
an approximate size of 0.5 µm (Figure 2a). Additionally, the analysis of the AILP surface
after adsorption revealed differences in the surface structure and the adsorption process
led to the formation of many floccules and spots due to the adsorption of Pb(II) ions on the
AILP surface, leading to a rough appearance.
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Figure 2. Scanning Electron Microscope (SEM) images of the AILP surface (a) before and (b) after adsorption.

3.2. Effect of the Adsorbent Particle Size

The removal efficiency of Pb(II) ions from aqueous solutions by the AILP increased
from 82.9% to 99.1% as the AILP size decreased from 800 to 100 µm, at 298 K, for a 50 mg/L
initial Pb(II) ions concentration (Figure 3). With a decrease in AILP particle sizes, the
surface area of the AILP increased, so the number of active sites accessible on the AILP
surface had a better exposure to the adsorbate. Similar findings have also been reported by
other researchers [12].
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3.3. Effect of the pH

The maximum adsorption was achieved at pH 5.0 (Figure 4). It is presidentially noted
that with a pH higher than 5.0, the adsorption activity decreased sharply. However, at
pH values lower than 5.0, the adsorption process could be hindered by the existence of a
high concentration of positive hydrogen ions, and the adsorption sites became positively
charged, exerting a repelling effect on the Pb(II) cations. With an increase in the pH, the
negative charge density on AILP increased as a result of deprotonation of the metal-binding
sites, hence increasing the metal uptake; such findings are in agreement with previous
studies. It is well-known that lead ions start to precipitate above pH 5.0–6.0 in the form of
Pb(OH)2, suppressing the adsorption of lead ions [1].
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3.4. Effect of the Adsorbent Dosage

To investigate the effect of the sorbent mass on the efficiency of the adsorption process,
a series of batch experiments were conducted with various sorbent masses of 0.05, 0.10,
0.20, 0.30, 0.40, 0.60, 0.80, and 1.0 g per 50 mL of aqueous solution of Pb(II) ions. The effect
is presented in Figure 5. As the mass of the sorbent increased, the adsorption efficiency
also increased. This can be attributed to an increase in the AILP surface area with its mass.
The maximum adsorption efficiency for Pb(II) ions was achieved at 0.60 g/50 mL. From
the results, it is clear that an increase in the adsorbent mass above 0.6 g had no effect on the
adsorption efficiency of Pb(II) ions from the aqueous solution.
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3.5. Effect of the Agitation Time

The effect of the agitation time on the adsorption of Pb(II) ions using the AILP is
presented in Figure 6. The results showed that the time of 40 min was sufficient for
achieving the optimum adsorption, without any influence from increasing the contact time.
As demonstrated in Figure 6, the adsorption process could be divided into three phases.
The first phase was significantly fast, representing about 88% removal within 30 min. The
second phase showed slower adsorption. The first stage was caused by the large surface
area of the AILP. With the progressive occupation of these sites, the process became slower
in the second stage due to less adsorption sites being available for Pb(II) ions. The third
phase was the desorption of Pb(II) ions from the AILP surface. Some of the adsorbed Pb(II)
ions might have leached from the AILP into the solution and this is probably a result of the
long agitation time.
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3.6. Adsorption Kinetics

The aim of investigating the adsorption kinetics is to explore the mechanism of
adsorption and evaluate the efficiency of the adsorbent. The pseudo-first-order, pseudo-
second-order, and intra-particle diffusion kinetic models were used to investigate the
obtained data on the adsorption of Pb(II) ions on the AILP.
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3.6.1. Pseudo-First-Order Kinetic Model

The equation of this model is given by Equation (3):

ln
(
qe − qt

)
= −kt + lnqe, (3)

where qe is the amount of solute (mg/g) removed at equilibrium, qt is the quantity of
solute adsorbed at any time (t), and k is the rate constant. It was found that the data do not
fit this model (R2 = 0.0006).

3.6.2. Pseudo-Second-Order Kinetic Model

The equation of this model is

t
qt

=
1

k2q2
e
+

t
qe

. (4)

A typical plot of the pseudo-second-order equation is shown in Figure 7. The straight
line in the plot proves that the experimental data appropriately obey the pseudo-second-
order model. Values of qe and k2 were determined from the intercept and slope of Figure 8.
These parameters and the correlation coefficient are presented in Table 2. This agrees with
previous results and explanations [1,25]. It can be concluded from previous studies that
the adsorption kinetics model was governed by the adsorbent nature.
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Figure 7. Pseudo-second-order adsorption kinetics.

3.6.3. Intra-Particle Diffusion Kinetic Model

This model is shown by Equation (5):

qt = kid t1/2 + I, (5)

where kid is the intra-particle diffusion rate constant, mg/g/min1/2. The value of (kid)
was calculated from Equation (5) and is presented in Table 2. The relationship between qt
and t1/2 was not linear over the entire time range. The first curved part of the plot can be
attributed to the boundary layer diffusion effects and it represents intra-particle diffusion
controlled by the rate constant kid (Figure 8).
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Table 2. Kinetic parameters of the removal of Pb(II) ions from aqueous solutions by AILP.

Kinetic Model Parameters

Pseudo-second-order model
qe (mg/g) 3.00

k2 (g/mg min(1/2)) 0.21
R2 0.9976

Intraparticle diffusion model

kid
mg/g min(1/2) 0.0014

I 0.328
R2 0.07

3.7. Effect of the Initial Pb(II) Concentration

The effect of the initial concentration of Pb(II) ions on the adsorption efficiency is
presented in Figure 9, where it is evident that the adsorption efficiency of Pb(II) ions
decreased as the initial Pb(II) ion concentration increased. The decrease in adsorption
efficiency can be attributed to the deficiency of sufficient adsorption sites for accumulating
the large increase of metal ions available in the solution [21].
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3.8. Adsorption Isotherm

The adsorption isotherm models were investigated to explore the interaction mech-
anism of Pb(II) ions on the adsorbent sites [1,21]. The adsorption isotherm models were
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analyzed by specific parameters, whose values express the surface characteristics and affin-
ity of the adsorbent towards heavy metal ion adsorption [21]. Out of numerous isotherm
models, four were examined for this study, namely, Freundlich, Langmuir, Temkin, and
Dubinin–Radushkevich (D-R) models.

3.8.1. Langmuir Isotherm

Equation (6) presents the Langmuir linear equation:

Ce

qe
=

Ce

qm
+

1
bqm

. (6)

The results obtained in this study were fitted to the Langmuir isotherm model to
determine the maximum adsorption capacity (qmax) of AILP on Pb(II) ions. The linear plot
of Ce/qe vs. Ce (Figure 10a) obtained indicates the applicability of the Langmuir model.
Values of b and qm were calculated graphically from the intercept and slope, respectively,
and are presented in Table 3. From the Langmuir isotherm, the adsorption process can
be classified as follows: when RL = 0, a favorable process occurs when 0 < RL < 1, linear
process occurs when RL = 1, and unfavorable process occurs when RL > 1. The RL values
for the initial AILP concentrations were between 0.13 and 0.49, which indicates that the
adsorption of Pb(II) ions on AILP is a favorable process.

3.8.2. Freundlich Isotherm

This is an experimental expression used for adsorption on heterogeneous surfaces
with the interaction between adsorbed molecules. This model suggests an exponential
drop in adsorption energy upon completion of the adsorption centers of the adsorbent.
The linear equation of the Freundlich model is shown by Equation (7) [21]:

ln qe = ln Kf +
1
n

ln Ce, (7)

where Kf is the relative adsorption capacity of the adsorbent that is related to the bonding
energy and n is the heterogeneity element stating the deviancy from the linearity of
adsorption. A plot of ln qe versus ln Ce was used to confirm the Freundlich adsorption
isotherm. Values of Kf and n were calculated from the intercept and slope (Figure 10b)
and are tabulated in Table 3. An explanation of n, which controls the relationship between
the solution concentration and adsorption, is as follows: If n < 1, adsorption is a physical
process; if n = 1, adsorption is linear; and if n > 1, adsorption is a chemical process. The
obtained n value was found to be 0.60, indicating physical processes.

3.8.3. Temkin Isotherm

In this model, the heat of adsorption AILP molecules in the layer is supposed to
decrease linearly with the coverage of the adsorbent surface because of a reduction in the
adsorbate–adsorbent interactions. The model is defined by Equation (8):

qe = B ln A + B ln Ce, (8)

where B = (RT)/bt, R is the universal gas constant, and T is the temperature in Kelvin. The
constant bt is associated with the heat of adsorption (J/mol). A is the equilibrium binding
constant corresponding to the maximum binding energy.

Values of A and B were determined from the slope and intercept of Equation (6) and
Figure 10c and are shown in Table 3. The bt value was 318 J/mol, indicating physical
adsorption processes [21].
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3.8.4. Dubinin–Radushkevich (D-R) Isotherm

The D-R Isotherm model is commonly used to conclude the mean free energy of the
adsorption process [1]. The formula of this model is described by Equation (9):

ln qe = ln qmax − βε2, (9)

where ε is defined as

ε = RT ln
(

1
1 + Ce

)
. (10)

T denotes the temperature (K), R is the universal gas constant, and qmax and β are D-R
isotherm constants. β and qmax were obtained from the slope and intercept of Equation (9)
and Figure 10d and the values are presented in Table 3.

The mean free energy of adsorption process, Ef, is defined as the free energy change
when one mole of ions is moved to the solid surface from infinity in solution and was
determined from Equation (11).

Ef =
1√
2β

(11)
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Figure 10. Adsorption isotherm models: (a) Langmuir; (b) Freundlich; (c) Temkin; and (d) D-R.

It is well-established that the Ef value is crucial for predicting the adsorption type.
For 8 < Ef < 16 kJ/mol, adsorption is considered a chemisorption process, and, when
Ef < 8 kJ/mol, adsorption is classified as a physical process. In this study, the lower value
of Ef (2.2 KJ/mol) indicates that the adsorption process was of a physical type.
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Table 3. Adsorption isotherm constants obtained from the four adsorption isotherm models.

Adsorption Model Isotherm Constants Value

Langmuir
qmax (mg/g) 39.7

KL (L/g) 0.021
R2 0.9756

Freundlich
n 0.6

Kf (mg/g)/(mg/L) 1.0
R2 0.9997

Temkin
A (L/g) 1.3

B 7.8
R2 0.9703

D-R
B 1 × 10–7

qmax (mg/g) 4.05
R2 0.9997

3.9. Effect of the Temperature

The temperature effect on the adsorption of Pb(II) ions on AILP was examined at
a range from 298 to 318 K and is presented in Figure 11. The results revealed that the
adsorption efficiency decreased slightly from 95.9% to 93.4% as the temperature increased
from 298 to 318 K. This can be attributed to the possible damage of adsorption sites at
elevated temperatures.

3.10. Thermodynamic Parameters

Enthalpy ∆H◦, free energy ∆G◦, and entropy ∆S◦ changes were determined using
Equations (12)–(14):

∆Go = RT ln KD, (12)

∆Go = ∆Ho − T∆So, (13)

ln KD =
−∆Ho

RT
+

∆So

R
, (14)

where KD is the distribution coefficient and equivalent to the preliminary Pb(II) concentra-
tion (Co) divided by the final Pb(II) concentration (Ce).

Figure 12 shows a linear plot of ln KD versus 1/T. The thermodynamic parameters
were determined and are presented in Table 4. The negative value of ∆H◦ indicates the
exothermic nature of the adsorption process. The positive value of entropy (∆S◦) proposes
an increased randomness at the solid–solution interface. Negative values of Gibbs free
energy (∆G◦) prove that the adsorption process is spontaneous, which becomes more
positive with an increase in temperature. Therefore, this indicates that less adsorption
occurs at elevated temperatures. This is in good agreement with the results obtained from
Figure 10c.

Table 4. Thermodynamic parameters of the adsorption of Pb(II) ions on AILP.

T, K KD ∆G, kJ/mol ∆S, J/mol K ∆H, kJ/mol

298 24.70 −8.0
40 −18.6308 19.99 −7.6

318 15.40 −7.0
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3.11. Reusability of AILP

The results of reusing the AILP are presented in Figure 13. It appeared that the
adsorption effectiveness of the AILP decreased gradually with the reusability. The results
confirm that the AILP can be efficiently recycled 2–3 times when removing Pb(II) ions from
their aqueous solutions. The adsorption efficiency of the AILP decreased to 68.5% when it
was reused for a fifth time.
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3.12. Possible Adsorption Mechanism

The adsorption of Pb(II) ions on the AILP surface possibly jointly occurs by means of
chemical interactions and physisorption. The ATR-FT-IR analysis proves that a Pb-O bond
is formed after the adsorption process; on the other hand, values of ∆G◦ and bt suggest a
physisorption process.

3.13. Comparison of AILP with Other Sorbents

An evaluation of qmax of the AILP according to the reported qmax values for other
biosorbents is shown in Table 5. Variances in qmax can be attributed to the specific nature
and properties of each adsorbent, surface area, and construction of the adsorbent. Mak-
ing this comparison with other adsorbents confirms that AILP is a good and promising
adsorbent.

Table 5. Comparison of AILP and other biosorbents.

Adsorbent qmax Kinetics Isotherm References

AILP 39.7 2nd order Frendluich This study
Juniperus procera 30.3 2nd order Langmuir [1]

Coconut shell 22.6 1st order Langmuir [26]
Pumpkin seed shell 14.3 2nd order Langmuir [27]

Cashew nut shell 17.8 2nd order Frendluich [28]
Polypyrrole-based AC 50.0 2nd order Frendluich [29]

Polygonum orientale Linn 98.4 2nd order Langmuir [30]

4. Conclusions

In this study, Azadirachta indica leaves’ powder (AILP), which is a natural adsorbent
material, eco-friendly, and inexpensive, was investigated. AILP was used for the removal of
Pb(II) ions from aqueous solution. The removal efficiency reached above 95%. The powder
of the leaves spontaneously retained considerable amounts of Pb(II) ions. The maximum
adsorption capacity for neem leaves was determined as being 39.7 mg/g. Experimental
investigations defined the optimum conditions for the competent removal of 50 mg/L
of Pb(II) ion to be 0.60 g, 40 min of contact time, and a pH of 7. These are significant
characteristics for this tested adsorbent, making it an excellent choice for cleaning polluted
water due to it (1) being a natural material and (2) cost-effective, as it requires no chemical
treatment; (3) its availability, with this material being abundantly available in the region;
and (4) its effectiveness, with it being capable of removing Pb(II) ions with a high efficiency.
These positive characteristics would make this adsorbent a suitable candidate for removing
other poisonous metal ions.
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Abstract: Adsorption investigations in batch approaches were performed to explore the biosorption
of Ni(II) ions from aqueous solutions on date seeds powder. The effects of pH, particle size,
initial concentration of Ni(II) ions, adsorbent mass, temperature, and contact on the adsorption efficacy
were studied. The maximum removal obtained was 90% for an original Ni(II) ion solution concentration
of 50 ppm was attained at pH 7 after 30 min and with 0.30 g of an added adsorbent. The four
adsorption models, namely Freundlich, Langmuir, Dubinin–Radushkevich (D–R), and Temkin were
examined to fit the experimental findings. The adsorption system obeys the Freundlich model.
The system was found to follow the pseudo-second order kinetic model. Thermodynamic factors;
entropy (∆S◦), enthalpy (∆H◦), and Gibbs free energy (∆G◦) changes were also assessed. Results
proved that adsorption of Ni(II) ions is exothermic and spontaneous. Sticking probability value was
found to be less than unity, concluding that the process is dominated by physical adsorption.

Keywords: adsorption; date seeds; kinetics; isotherm; thermodynamics

1. Introduction

The presence of heavy metals in water streams is among one of the most dangerous environmental
problems arising from the disposal of untreated industrial effluents [1–4]. Many industries comprise of
final treatment processes where discharged metal compounds may lead to pollution in the effluent
water [2,5,6]. Most of these heavy metals are non-biodegradable or with long biological half-life leading
to potential accumulation and human exposure through food or water [1].

Ni(II) ions exist naturally in water as nitrates, sulfides, and oxides. Nickel intake above the
permissible limit causes skin dermatitis, fibrosis, vomiting, pulmonary, nausea, and many other
diseases [3,6–9]. Most of the methods used for Ni(II) removal from artificial wastewater-like cation exchange
and precipitation are costly and produce toxic sludge [2,9]. Recently, some economical, renewable,
and effective agricultural and natural materials have been studied as alternative biosorbents [2].
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Date (Phoenix dactylifera) seeds, which are composed of lignin, hemicellulose, and cellulose are
effective biosorbents; thus, eliminates various contaminants from wastewater [4,10]. The efficiency of
this inexpensive biosorbent is due to oxygenated functional groups in the lignocellulosic materials such
as cellulose and phenolic compounds [10]. The removal of Ni(II) ions onto bentonite/grapheme oxide
was previously studied [11] and the results revealed that it follows Langmuir isotherm with high uptake
capacity. Mehrmad et al. [12] have reported that the removal of Ni(II) ions by functionalized henna
powder depends on the experimental circumstances, mainly the Ni(II) concentration, the biosorbent
mass, and the pH of the medium, the Freundlich and Langmuir isotherm models were used to define
the process. The kinetic data were fitted with the pseudo-second-order reaction. The adsorption of
Ni(II) ions from wastewater by natural clay had previously been investigated [13] and it was reported
that the process is controlled by the pH value of the medium; the sorption process was rapid whereas
the maximum adsorption capacity had been attained within 120 min and it was found that the system
follows a pseudo-second-order reaction.

The adsorbent used in this study was prepared by a direct, facile, and economic technique.
The process does not require any chemicals addition nor high-temperature calcination. It is believed
that only few adsorbents were tested without any modification in the removal of heavy metals from
aqueous solutions while being powerfully recyclable. Phoenix dactylifera is one of the most plentiful
plants in Saudi Arabia and the region. Using date seed powder as an adsorbent for Ni(II) ions is
considered the novelty of this research.

This work aims to assess the potential of date seed powder to act as an inexpensive and
environment-friendly material for the removal of Ni(II) from artificial wastewater. This study was
designed to assess, compare, and characterize the adsorption of Ni(II) ions by date seeds powder
(DSP) without the addition of any chemicals or thermal treatment. DSP was initially characterized
using Brunauer–Emmett–Teller (BET) surface area, scanning electron microscope technique (SEM),
and attenuated total reflection-Fourier transform infrared spectrometer (ATR-FTIR). The factors
that influence the adsorption efficiency such as mass, concentration of Ni(II) ion, pH, temperature,
and contact time, were investigated in this work.

2. Materials and Methods

2.1. Collection and Treatment of Adsorbent

Dates seeds were collected locally from Abha city, Saudi Arabia. Seeds were rinsed with tap water
and then by deionized water, dried at room temperature and were then grounded to powder size using
a ball mill before being sieved. The efficiency of the room-temperature dried DSP was compared with
small amount of oven-dried DSP and no differences were noticed on the results. Thus, to minimize the
cost, drying of DSP by oven was not used in this study.

2.2. Reagents

Deionized water (>18 Ω/cm, Milli-Q) was used throughout this work for the solutions and DSP
preparations. A stock solution of 1000 ppm Ni(II) ions was prepared using NiNO3 (LOBA Chemie,
Laboratory Reagents and fine Chemicals, Mumbai, India).

2.3. Batch Adsorption

Adsorption batch experiments were conducted at different operating conditions (pH, time,
adsorbent dosage, adsorbent particles size, and temperature) by adding the desired amount of DSP to
50 mL of Ni(II) ion solution under each particular condition. NaOH (0.25 M) and/or HCl (0.25 M) were
used to control the pH value. Mechanical thermostated shaker (WSB, Witeg, Belrose, Germany) was
used throughout all the experiments. The solutions were filtered and then analyzed using Atomic
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Absorption Spectroscopy (AAS) (SpectrAA 220, Varian, Australia) to measure the remaining Ni(II)
ions concentrations. The removal efficiencies (R%) were calculated using Equation (1).

R% =
Co − Ce

Co
× 100 (1)

where C0 and Ce are the initial and equilibrium Ni(II) ion concentrations, respectively.

2.4. Characterization of Biosorbent

The Brunauer–Emmett–Teller (BET) surface area, pore size and pore volume after and before
the adsorption process were investigated using Quanta Chrome NOVA 4200E Surface Area Analyzer.
The morphology of the DSP was investigated using a scanning electron microscope technique (SEM)
JEOL 6360 (Japan). Accelerating voltage of 20 kV was used. The functional groups of DSP before
and after the adsorption process were investigated by ATR-FTIR (Cary 630 FTIR from Agilent) in
the range of 4000–400 cm−1 at a spectral resolution of 8 cm−1. DSP samples were analyzed without
any pretreatment.

3. Results and Discussion

3.1. Characterization of the DSP

Table 1 displays the results of the analysis of DSP by surface area analyzer. Results prove that
DSP poses a mesoporous arrangement. Mesopores are detected over the entire sample surface forming
a highly uniform and interpenetrating permeable media. Moreover, results also confirm that DSP has a
large surface area compared to some other adsorbents used to adsorb Ni(II) ions [13].

Table 1. Properties of the DSP surface.

Surface Area (m2/g) Total Pore Volume (cm3/g) Average Pore Diameter (A◦)

124 46.9 × 10−2 98

3.2. ATR—FTIR Spectrum

Investigations of the ATR-FTIR spectra from DSP after and before the adsorption process
(Figure 1) proves the presence of functional groups, which are among the major characteristic to DSP.
The presence of developed aliphatic groups was identified by the absorption band ascribed to the
stretching vibrations of carbon-hydrogen bonds in the range between (2980–2840 cm−1). OH functional
groups were recognized by the broad band ascribed to stretching vibrations of oxygen-hydrogen bonds
in the range from 3600 to 3100 cm−1, whereas, ether structures were identified by the band ascribed to
stretching vibrations of carbon-oxygen in the range (1100–1000 cm−1). Moreover, CO groups were
also detected by the band ascribed to stretching vibrations of C=O bonds in the range from 1750 to
1500 cm−1. On the other hand, the bands of aromatic compounds bond groups overlay with those
obtained by the bonds of other structures. Generally, the FTIR spectrum proves the multiplicity of the
structure of DSP. The presence of these aforementioned functional groups on the DSP surface indicates
its potential ability to act as a promising adsorbent [14].

3.3. Scanning Electron Microscope Technique (SEM)

The SEM technique investigations provided an insight into the diverse morphology of the DSP
where some larger constituents show asymmetrical form, some other constituents have an extended
rod-like construction whereas other smaller constituents display rectangular form. Overall, most of
the constituents have a reedy and coarse structure with irregular ends. Particle size of the DSP ranges
from 5–15 µm. It can be noted from Figure 2a the availability of numerous available cavities and holes
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enabling Ni(II) ions to be adsorbed, while Figure 2b shows that these holes are occupied by Ni(II) ions
indicating good adsorption capacity for DSP.Processes 2020, 8, x FOR PEER REVIEW 4 of 16 
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3.4. Effect of pH Values

A pH range of 1–11 was assessed to define the optimum value for the removal of Ni(II) ions by
adsorption. Results are presented in Figure 3. It has been noted that the adsorption efficiency increases
with increasing pH value up to 7, after which no alteration was noted with further increase in the
pH value. These results attributed to the competition between Ni(II) ions and H+ ions for adsorption
spots on the DSP surface at low pH values [15]. As the pH value increases, less H+ ions are present;
hence, more adsorption sites are available for Ni(II) ions. The optimal pH value was defined as 7; thus,
been used throughout this work.
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3.5. Effect of Adsorbent Particle Size

Different particle sizes ranging from 100, 150, 250, 400, and 600 µm have been examined and the
obtained results (Figure 4) showed that as the particle size decreases, the removal amount increases
from 82% to 90%. This is due to the availability of more surface area obtainable for the removal of
Ni(II) ions as the particle size decreases. However, no difference in adsorption was observed with
particle sizes of 100 and 150 µm. Particle size of 100 µm was used throughout the study.
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3.6. Effect of Adsorbent Mass

The dependence of the adsorption efficiency on DSP mass was studied to determine the optimal
mass. Results displayed in Figure 5 show that the removal efficiency of Ni(II) ions increased as the DSP
mass increases from 0.05 g to 0.30 g. Increasing the DSP mass to more than 0.30 g has no significant
effect on adsorption effectiveness. This is due to the fact that the surface area of the adsorbent increases
with its mass. The optimal DSP mass (0.30 g) was throughout this study.
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3.7. Effect of Contact Time

In typical contaminant removal experiments, the contact time is considered a significant feature
because it directly influences the adsorbent lifetime and the adsorption efficiency. Figure 6 shows
the results obtained at different time intervals while all the other conditions (pH = 7.00, particle
size = 100 µm, adsorbent mass = 0.30 g and temperature = 25.0 ◦C, revolutions per minute (rpm) = 150)
were kept constant. It was found that the DSP reached the maximum adsorption of 90% for Ni(II) after
30 min.
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3.8. Adsorption Kinetics

Kinetics of the adsorption process is the key feature for designing efficient adsorption experiments
and this requires the use of proper kinetic model. Several kinetic parameters values are shown in
Table 2. Adsorption kinetics control the rate, g the efficacy of DSP [16]. Several kinetic models were
examined such as intraparticle diffusion, pseudo-second-order model, and pseudo-first-order.

Table 2. Kinetic parameters for the removal of Ni(II) ion by DSP.

Kinetic Models Parameters

Pseudo-first-order model
qe (mg/g) 12.2
k1 (min−1) 4.0 × 10−4

R2 0.6988

Pseudo-second-order model
qe (mg/g) 3.1

k2 (g/mg min) 0.3
R2 0.9937

Intraparticle diffusion model
kid (mg/g. min(1/2)) 0.056

I 2.6
R2 0.7978

3.8.1. Pseudo-First-Order Model

This model is denoted by Equation (2) [17].

ln
(
qe − qt

)
= ln qe − k1t (2)

The pseudo-second order kinetic model is denoted by Equation (3).

t
qt

=
1

k2q2
e
+

t
qe

(3)

where qe and qt are the equilibrium and adsorption capacities at time (t) and equilibrium, and k1,
k2 are rate constants for pseudo-first-order and pseudo-second-order, respectively. Moreover, 0.6977
and 0.9937 are values of correlation coefficients (R2) for pseudo-first-order and pseudo-second-order
models (Table 2), respectively. Figure 7 proves that the system obeys the pseudo-second-order kinetics
model. This is in good agreement with previous studies [12,13,15].
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3.8.2. Intra-Particle Diffusion Kinetic Model

Intra-particle diffusion kinetic model is displayed by Equation (4)

qt = kid t1/2 + I (4)

kid is the intra-particle diffusion rate constant (mg/g. min(1/2)) and I is a constant that associated to the
boundary layer thickness (mg/g). The value of (kid) was determined from the slope of Equation (4) and
presented in Table 2. The relationship between qt and t1/2 was non-linear, demonstrating that several
processes are governing the adsorption process. The initial curved portion of the plot is due to the
impact of boundary layer diffusion. The curved portion denotes that the intra-particle diffusion is
controlled by the rate of constant kid.

3.9. Adsorption Isotherm

Adsorption models are frequently exploited to explain the adsorbate/adsorbent interactions to
determine the adsorption capacity of the adsorbent. To evaluate the adsorption isotherms for the DSP,
Freundlich, Langmuir, Temkin, and Dubinin–Radushkevich (D–R) adsorption models were examined.

3.9.1. Langmuir Model

Equation (5) presents the Langmuir linear equation

Ce

qe
=

Ce

qm
+

1
bqm

(5)

where qe is the equilibrium quantity of Ni(II) ions adsorbed on the DSP surface at equilibrium (mg/g),
Ce is the equilibrium concentration of Ni(II) ions in solution (mg/L), qm is the maximum adsorption
of Ni(II) ions (mg/g), and b (L/mg) is the Langmuir constant. According to Equation (4), values of
Ce/qe were plotted against Ce and the results are displayed in Figure 8a. Values of qm and b were
obtained from the slope and intercept, respectively. The b value refers to the adsorption binding
energy [14], whereby a higher b value means more binding affinity between adsorbent and adsorbate.
The parameters (qm, b and R2) are displayed in Table 3.

Table 3. Parameters obtained from various isotherm models.

Adsorption Model Isotherm Constants Value

Langmuir
qmax (mg/g) 40.8

KL (L/g) 0.029
R2 0.887

Freundlich
N 0.67

Kf ((mg/g)/(mg/L) n) 4.6
R2 0.9981

Temkin
A (L/g) 2.1

bt (kJ/mol) 370.3
R2 0.899

D-R
β 2.0 × 10−7

qm (mg/g) 7.18
R2 0.846
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3.9.2. Freundlich Model

This is an experimental association relating the adsorption of solutes from a liquid onto an
adsorbent surface and adopts that various adsorption layers with a number of adsorption energies
are involved. This model describes the affinity between the quantities of Ni(II) ions adsorbed per the
dosage of the DSP, qe, and the concentration of the Ni(II) ions at equilibrium, Ce. Linear Freundlich
model is represented by Equation (6) [12].

ln qe = ln Kf +
1
n

ln Ce (6)

where n and Kf represent Freundlich constants describe the process intensity capacity. Values of Kf

and n are obtained from the intercept and slope of Figure 8b, respectively. Value of n is an indicator to
the adsorption nature according to the following way: if n < 1, adsorption is classified as a physical
process, if n = 1, adsorption is linear and if n > 1, adsorption is considered as a chemical process.
The range of n values and Kf value are given in Table 3. Results indicate that adsorption of Ni(II) ion
on the surface of the DSP is a physical process [13].

3.9.3. Temkin Isotherm

Temkin model proposes that the adsorption heat of all particles in the layer decrease sharply,
rather than logarithmic with coverage [18]. The adsorption potential of DSP to Ni(II) ions can be
verified by applying Temkin isotherm model. The linear formula of Temkin is shown in Equation (7):

qe =
RT
bt

ln A +
RT
bt

ln Ce (7)
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where R is the universal gas constant, T is the absolute temperature, bt is Temkin constant associated
with adsorption heat, and A is a constant related to adsorption capacity. A and bt values are found
from the slope and intercept of Figure 8c and given along with R2 in Table 3.

3.9.4. Dubinin–Radushkevich (D–R) Isotherm Model

This model estimates the energy of adsorption. It is commonly used to understand the mechanism
of adsorption [19]. This isotherm is not proposed only for constant adsorption potential or homogeneous
adsorbent but also for both heterogonous surfaces. The linear equation of this model is presented in
Equation (8):

ln qe = ln qm −β ε2 (8)

ε is given by Equation (9):

ε = RT ln
(
1 +

1
Ce

)
(9)

β is a constant associated with the adsorption free energy, qm is the theoretical saturation capacity
based on D–R isotherm (mg/g). Values of β, qm and R2 are obtained from Figure 8d and shown in
Table 3. The free sorption energy Es, is the change in free energy when one mole of adsorbate is
stimulated to the solid surface and is calculated by Equation (10).

Es =
1√
2β

(10)

The adsorption type can be deduced from the Es value. The adsorption process is considered
chemical when Es value is in the range 8.0 to16.0 kJ/mol and physical when Es is less than 8.0 kJ/mol.
In this work, the Es value was determined as 2.24 kJ/mol concluding that the adsorption taking action
is of physical nature.

3.10. Effect of Temperature

Figure 9 displays the influence of temperature on the adsorption of Ni(II) ions onto the DSP
surface. The adsorption efficiency decreases as the temperature increases. This is justified due to the
damage of some adsorption sites at elevated temperatures.Processes 2020, 8, x FOR PEER REVIEW 12 of 16 
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3.11. Adsorption Thermodynamics

Thermodynamical parameters are vital in any adsorption investigations as the temperature is
strongly connected to the kinetic energy of adsorbate. In this study, adsorption tests were performed at
different temperatures, viz. 298, 308, 318 and 328 K for the sorption of initial Ni(II) ion concentration
(50 mg/L) on DSP at their particular optimum pH values, DSP mass and contact time. Entropy (∆S◦),
enthalpy (∆H◦), and Free energy (∆G◦) change are governed by Equations (11) and (12).

∆ Go = RT ln KD (11)

ln KD =
−∆Ho

RT
+

∆So

R
(12)

where KD value were calculated by Equation (13)

KD =
qe

Ce
(13)

The thermodynamical parameters are listed in Table 4. Negative signs of ∆G◦ indicate that the
process is spontaneous. It is clear that the negative values of ∆G◦ decrease as the temperature increases.
This is attributed to the fact that additional positions on the surface of the DSP are destroyed at elevated
temperatures. Values of ∆G◦ for Ni(II) ions adsorption onto the DSP were found in the range of −3.5
to −5.7 kJ/mol. It is well established that physical adsorption free energy change (∆G◦) is ranging
between −20 and 0 kJ/mol and chemical adsorption between −400 to −80 kJ/mol [13]. Thus, adsorption
process is mainly a physical sorption process. This finding is in good agreement with the parameters
obtained from Freundlich, Dubinin–Radushkevich (D-R) and Temkin models. ∆S◦ and ∆H◦ were
calculated from the intercept and slope of Figure 10 and presented in Table 3. The negative value of
∆H◦ (−27.0 kJ/mol) proves that the adsorption is an exothermic process. The positive value of ∆S◦
(71.0 J/mol) designates the affinity of the DSP towards the Ni(II) ions.Processes 2020, 8, x FOR PEER REVIEW 13 of 16 
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Values of sticking probability (S*) and activation energy (Ea) were calculated by applying the
modified Arrhenius equation that shown in Equations (14) and (15) [19]:

S∗ = (1− θ)e−Ea
RT (14)

θ =

(
1− Ce

Ci

)
(15)

where θ is the surface coverage, Ci represents the original concentration of Ni(II) ions, Ea is the
activation energy of the system and S* is the sticking probability.

The sticking probability, S*, is a function of the adsorbent/adsorbate adsorption process but should
fulfil the circumstance 0 < S* < 1 and depends on the temperature of the process. Ea and S* values
were obtained from the slope and intercept of Figure 10, and are recorded in Table 4. The Ea value is
very low (−2.01 kJ/mol) demonstrating the facile adsorption process and the negative charge of Ea

value indicates an exothermic process. This is in good agreement with the negative value of ∆H◦ [15].
Since the value of S* <<< 1, therefore, the probability of Ni(II) ion to stick on the DSP is very high and
thus the adsorption process is favorable [18].

Table 4. Values of thermodynamic parameters.

T, K KD
∆G◦

(kJ/mol)
∆S◦

(J/mol K)
∆H◦

(kJ/mol)
Ea

(kJ/mol)
S*

(J K/mol)

298 10.0 −5.7

71.7 −27.0 −2.01 0.002308 6.7 −4.9

318 5.0 −4.2

328 3.6 −3.5

3.12. Comparisons with Other Adsorbents

Table 5 presents the results of this study compared with other biosorbents. Under the same
experimental conditions in terms of optimum pH, temperature, DSP proved high adsorption efficiency
in contrast to the chosen biosorbents. It is interesting to note that the DSP was used without any further
chemical or thermal modifications. This reduces its cost and hazard to the minimum.

Table 5. Comparison of the DSP with other biosorbents used for the removal of Ni(II) ions.

Biosorbent qm (mg/g) Isotherm Model Kinetic Model Optimal pH Reference

Date seeds powder 41.0 Freundlich 2nd order 7.00 This study
Aloe barbadensis Miller leaves 10.0 Freundlich 2nd order 3.00 [20]
peel of Artocarpus nobilis fruit 12.1 Langmuir ** 4.00 [21]

Modified Aloe barbadensis leaves 29.0 Langmuir 2nd order 7.00 [22]
brown algae Sargassum sp. 1.3 Langmuir 2nd order 6.50 [23]

Calotropis procera roots 0.6 Langmuir ** 3.00 [24]
Peat 61.3 Langmuir 2nd order 9.00 [14]

Barely straw 35.8 Langmuir ** 4.85 [25]
Orange peel 162.6 Langmuir 2nd order 5.50 [26]

Tea factory waste 18.4 Langmuir ** 4.00 [27]

** not reported.

4. Conclusions

In this study, the powder obtained from date seeds has been tested as a competent (removal
effectiveness > 90%), inexpensive, eco-friendly and natural material for adsorption of Ni(II) ions
from artificial wastewater. The date seeds powder retained significant amounts of Ni(II) readily.
The maximum adsorption capacity for DSP was found to be 41 mg/g. The optimal conditions for
efficient removal of 50 ppm of Ni(II) ion were found to be 0.30 g of DSP after 30 min of shaking time
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at pH 7.00. This adsorbent has positive characteristics making it appropriate to purify wastewater.
Such characteristics include (i) cost-effective material: date seeds powder is an expensive material.
The only cost of this material would be for the collection, transportation and grinding. It does not
need any further chemical or thermal modification (ii) availability: date seeds are abundantly existing
in Saudi Arabia (iii) efficiency: date seeds powder can remove more than 90% of Ni(II) ions, which
present in artificial wastewater.
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Abstract: The wastewater of the many industries that use divalent cobalt (Co2+)-containing
compounds has elevated levels of this metal. Thus, novel technology is needed to efficiently remove
Co2+ ions from aqueous solutions. Biosorption is a low-cost technique capable of removing heavy
metals from contaminated water. This study aims to evaluate the performance of KH2PO4-pretreated
Lemna gibba (PLEM) as a biosorbent of Co2+ in aqueous solutions tested under different conditions of pH,
particle size, and initial Co2+ concentration. Kinetic, equilibrium, and thermodynamic studies were
conducted. The capacity of biosorption increased with a greater initial Co2+ concentration and was
optimal at pH 7.0 and with small-sized biosorbent particles (0.3–0.8 mm). The pseudo-second-order
sorption model best describes the experimental data on Co2+ biosorption kinetics. The Sips and
Redlich-Peterson isotherm models best predict the biosorption capacity at equilibrium. According to
the thermodynamic study, biosorption of Co2+ was endothermic and spontaneous. The effect of pH
on the biosorption/desorption of Co2+ suggests that electrostatic attraction is the main biosorption
mechanism. SEM-EDX verified the presence of Co2+ on the surface of the pretreated-saturated
biosorbent and the absence of the metal after desorption.

Keywords: divalent cobalt; Lemna gibba; biosorption; desorption; SEM-EDX

1. Introduction

Excessive population growth, urbanization, and industrial development have increased the
pollution of the planet and altered ecosystems. Of all environmental pollution, the contamination
of water is the most worrisome because of affecting the primordial element on which life is based.
The main source of water pollution is the discharge of industrial wastewater with diverse toxic
substances, among which heavy metals are of particular concern [1].

Cobalt is a heavy metal found in the Earth’s crust, being a natural component of volcanic emissions,
as well as surface and subterranean water. It is released into the environment through anthropogenic
activities: Burning fossil fuels, applying fertilizers, mining, electroplating, manufacturing batteries,
and producing commodities with industrial processes involving cobalt-containing compounds,
among others.

Although cobalt is an essential nutrient in human metabolism and the principal component of
vitamin B12 [2], it is harmful to our health beyond trace levels, competing with other elements that
constitute integral parts of a proper metabolic function [3]. In excess, it can give rise to skin irritation and
problems in bone development, as well as respiratory, cardiac, thyroid, liver, and gastric disorders [4,5].
Due to being hazardous to humans and ecosystems [6], cobalt-contaminated wastewater should be
treated prior to being released into the environment.
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Since low concentrations of cobalt are difficult to remove from water by conventional
physicochemical treatments, it is necessary to apply innovative technology characterized by safety,
efficiency, and versatility. One alternative is biosorption, a process independent of cell metabolism [7].
This technique, which has been little studied as a remedy for Co2+ pollution, can be carried out by
living, dead, or inactive biological material [8,9].

Biosorption is a process of capturing heavy metals by physical adsorption (physisorption),
ionic interchange, chemisorption (e.g., complexation, coordination, and chelation),
and microprecipitation [10]. Diverse biological materials are capable of biosorption,
including agroindustrial waste, microbial biomass, and biopolymers. These economical materials
are available in great quantities, and the respective processes are environmentally friendly [11,12].
Unlike physicochemical methods, biosorption techniques can efficiently remove low concentrations of
metals from aqueous solutions. If biosorption is followed by desorption, the metals can be recovered
and the biosorbents regenerated for later use [13].

The current contribution focuses on the biosorbent potential of Lemna gibba, a macrophyte of
universal distribution commonly known as duckweed. This plant, which quickly proliferates to
double its biomass in about two days, lends itself to the bioremediation of aquatic systems, due to
its small size (2–4 mm) and ability to bioaccumulate toxic compounds (e.g., heavy metals) [14].
Because eutrophication has provoked an excessive spread of Lemna gibba, it is now a plague in many
places. Its excessive growth in the form of a thick mat on the aquatic body leads to navigation
problems, harbors harmful fauna, and prevents sunlight from reaching photosynthetic species in
the water below, thus interrupting the correct oxygenation of its environment [15,16]. Apart from
being abundantly available, the plant material holds promise as a sustainable biosorbent for treating
wastewater contaminated with cobalt and other heavy metals.

According to a previous report, pretreatment of L. gibba with K2HPO4 substantially improves
the availability of sorption sites on the surface of plant cells, and therefore, their capacity for Co2+

biosorption, which is achieved by removing salts and producing a higher negative charge (−35 vs.
−26 mV). The zero point of charge (ζ0) was 2.37 for unpretreated and 1.62 for K2HPO4-pretreated
Lemna gibba, thus creating a greater attraction in the latter for positively charged Co2+. The ATR-FTIR
analysis of K2HPO4-pretreated Lemna gibba revealed an important role of its hydroxyl and carboxyl
groups in the removal of Co2+ [17]. The aim of the present study was to analyze the performance
of K2HPO4-pretreated L. gibba as a biosorbent under distinct conditions of pH, particle size, and the
initial concentration of Co2+. Various theoretical models were tested to find the best one for
describing the experimental data on biosorption. To determine the best eluent solution for desorption,
saturated L. gibba was processed with strong and weak acids, as well as some alkaline compounds.
Considering that recyclability is a prerequisite for the practical application of biosorption technology,
three biosorption/desorption cycles were herein evaluated.

2. Materials and Methods

2.1. Reagents

The reagents employed in the experiments were all of analytical grade (JT Baker®, Monterrey,
Mexico). During the biosorption experiments, the pH of the solutions was maintained constant by
adding HCl and NaOH in the solution at a concentration of 0.1 M and 0.01 M, respectively. The different
concentrations of Co2+ were prepared by making dilutions of a stock solution of CoCl2·6H2O (>98%
purity) containing 1 g L−1 of Co2+.

2.2. Preparation of the Biosorbent

Lemna gibba was collected from the Xochimilco canals in Mexico City (19◦15′31.8′′N 99◦05′05.3′′W).
It was cleaned with running tap water and then deionized water before being dried in a Luzeren® oven
(Proveedor de Laboratorios, Mexico) at 60 ◦C for 48 h. Afterward, the material was ground in a hammer
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mill (Glen Creston, Ltd., London, UK) and sieved (U.S. ASTM) to obtain fractions of the biosorbent,
each with a particular particle size between 0.3 and 2.0 mm (0.3–0.5, 0.5–0.8, 0.8–1.4, and 1.4–2.0 mm).
The fractions were all pretreated with K2HPO4. Briefly, 5 g (dry weight) of Lemna gibba per liter were
exposed to K2HPO4 (0.3 M) at 18 ◦C for 30 min. During the pretreatment, the material was agitated
at 140 rpm in an orbital shaker (All Sheng™, Hangzhou Allsheng Instruments Co, Ltd., Hangzhou,
China). Upon completion of the exposure time, the biosorbent was washed with deionized water.
When the resulting wash water had a pH near the deionized water being used, the material was dried
in an oven at 60 ◦C for 48 h [17]. Each fraction of dried, pretreated Lemna gibba (PLEM) was stored in a
separate, well-labeled, hermetically-sealed bottle at room temperature (rt).

2.3. The Influence of Different Physicochemical Parameters on the Biosorption of Co2+ by PLEM

Experiments to evaluate the effect of several physicochemical variables on the biosorption of Co2+

by PLEM were carried out in 500 mL Erlenmeyer flasks. They contained 120 mL of a solution with a
known concentration of Co2+ at a predetermined pH value. Subsequently, an addition was made of
0.12 g of PLEM at a certain particle size, thus achieving a biosorbent concentration of 1 g (dry weight) L−1.
The suspensions were left at 18 ◦C (rt) for 2 h under constant agitation at 140 rpm in an orbital shaker
(All Sheng™, Hangzhou Allsheng Instruments Co, Ltd., Hangzhou, China). The pH of the solutions
was adjusted to the desired value and maintained constant throughout the assay by adding 0.1 M HCl
and 0.01 M NaOH.

Firstly, the pH varied (2, 3, 4, 5, 6, and 7), while maintaining the initial concentration of Co2+

(Cini) at 100 mg L−1 and the particle size of PLEM at 0.3–0.5 mm. Later, distinct particle sizes (0.3–0.5,
0.5–0.8, 0.8–1.4, 1.4–2.0, and 0.3–0.8 mm) were utilized, while maintaining Cini at 100 mg L−1 and the
pH at 7.0. Finally, different initial values of Cini (10, 20, 40, 60, 80, 100, 200, and 300 mg L−1) were used,
while maintaining the pH at 7.0 and the particle size at 0.3–0.8 mm.

During the experiment, samples were taken at various exposure times and filtered to afford a
solution free of biosorbent. The filtrate of each flask was diluted properly for the posterior quantification
of the cobalt concentration. From the values obtained, the biosorption capacity of Co2+ by PLEM was
calculated at a series of exposure times using Equation (1):

q =
V
M

(Cini −C) (1)

where q (mg g−1) is the capacity of biosorption of Co2+, V (L) is the total volume of the solution, M (g)
is the biosorbent mass, and Cini and C (mg L−1) correspond to the initial concentration of Co2+ in the
solution and its concentration at time t (h), respectively. When the system reaches equilibrium, t = teq,
C = Ceq and q = qeq. Based on the values of biosorption capacity found, the most suitable pH of the
solution and the best particle size for the removal of Co2+ were selected for the rest of the biosorption
experiments. For each of the parameters examined, controls free of biosorbent were established and
analyzed for possible changes in the concentration of cobalt.

2.4. Kinetic Modeling of the Biosorption of Co2+ by PLEM

For the kinetic modeling of the biosorption of Co2+ by PLEM, the equations of pseudo-first-order,
pseudo-second-order, and fractional power were employed (Table 1).

123



Processes 2020, 8, 1532

Table 1. Biosorption models were tested.

Kinetic Models Equation Parameters

Pseudo-first-order [18] q = qeq1
[
1− e(−k1t)

]
k1—pseudo-first-order sorption velocity
constant (min−1)
qeq1—equilibrium biosorption capacity
predicted by the model (mg g−1)

Pseudo-second-order [18] q = t(
1

k2∗qeq2
2

)
+

(
t

qeq

)

k2—pseudo-second-order sorption velocity
constant (g mg−1 min−1)
qeq2—equilibrium biosorption capacity
predicted by the model (mg g−1)

Fractional power [18] q = kFPtv kFP—constant of the model (mg g−1)
ν—velocity constant (h−1)

Isothermal models Equation Parameters

Langmuir [19,20]
qeq =

qmL bLCeq

1+bLCeq

RL = 1
1+bLCini

qmL—maximum biosorption capacity
determined by Langmuir (mg g−1)
bL—Langmuir constant, linked to affinity
for the active sites (L mg−1)
Cini—initial concentration (mg L−1)
RL—separation factor

Freundlich [19] qeq = kF Ceq
1/nF

kF—Freundlich constant, related to the
biosorption capacity (mg g−1 (mg L−1)−1/nF)
nF—Freundlich constant, linked to the
intensity of sorption

Sips [19] qeq =
qmSP kSP Ceq

nSP

1+kSP Ceq
nSP

qmSP—maximum biosorption capacity,
determined by Sips (mg g−1)
kSP—constant of the model (mg L−1)−nSP

nSP—exponent of the model

Redlich-Peterson [19] qeq =
kRP Ceq

1+aRP Ceq
bRP

kRP—constant of the model (L g−1)
aRP—constant of the model (mg L−1) −bRP

bRP—exponent of the model

2.5. Biosorption Isotherm Studies at Different Temperatures

In 125 mL flasks were poured 30 mL of solutions of Co2+ at distinct concentrations (20, 40, 60, 80,
100, 200, and 300 mg L−1), adjusting the pH to 7.0. Then 0.03 g of PLEM (particle size = 0.3–0.8 mm) was
placed in each flask to ensure a concentration of 1 g L−1 of PLEM. The suspensions were left for 2 h at
18, 30, 40, 50, or 60 ◦C to reach biosorption equilibrium. Subsequently, the samples from each flask were
filtered, and the residual concentration of Co2+ was quantified in each filtrate. With the experimental
results of the biosorption capacity found at equilibrium (qeq) and the residual concentration of cobalt at
equilibrium (Ceq) for each initial concentration of metal assayed (Cini), the isotherm for adsorption was
calculated. It was then possible to select the best mathematical model for describing the experimental
behavior. With this objective in mind, models of two (Langmuir and Freundlich) and three parameters
(Sips and Redlich-Peterson) were used (Table 1).

2.6. Determination of the Thermodynamic Parameters

The thermodynamic parameters examined were the changes in Gibbs free energy (∆G0, J mol−1),
in standard entropy (∆S0, J mol−1 K−1), and in standard enthalpy (∆H0, J mol−1). With the data on the
isotherms for biosorption at equilibrium, the coefficient of distribution (Kd, L g−1) was obtained for
each temperature and concentration assayed using Equation (2) [21]:

Kd =
qeq

Ceq
(2)
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In the graph of Ln Kd vs. Ceq for each temperature, the point at which the ordinate crosses the
origin corresponds to Ln K0 (K0 being the sorption constant at equilibrium, L g−1). These values were
substituted in Equation (3) to find the change in Gibbs free energy [22]:

∆G0 = −RT Ln K0 (3)

where R is the constant of the ideal gases (8.315 J mol−1 K−1), and T is the absolute temperature (K)
during biosorption. The change in standard entropy (∆S0) was found by Equation (4):

∆S0 =
∂∆G0

∂T
(4)

The slope of the graph of ∆G0 vs. T indicates the mean value of ∆S0. The change in the standard
enthalpy was furnished by Equation (5):

∆G0 = ∆H0 + T∆S0 (5)

2.7. Desorption of Co2+ from the Biosorbent

To evaluate desorption, the biosorbent was first saturated by exposing PLEM (1 g L−1, with a
particle size of 0.3–0.8 mm) to a solution of Co2+ (300 mg L−1, pH 7.0, rt) under constant agitation
at 140 rpm for 2 h. Upon completion of this time, the biosorbent was washed with deionized water
several times to eliminate the excess cobalt and then dried in an oven at 60 ◦C for 48 h. Finally, it was
stored in hermetically-sealed bottles until further use.

For the desorption of Co2+ from PLEM, diverse solutions were tested as eluents: Water at rt
(H2O rt, the control), water at 60 ◦C (H2O 60 ◦C), various acidic solutions (HCl, H2SO4, HNO3,
C2H2O4, KH2PO4, and NH4Cl) and three alkaline compounds (NaOH, NaHCO3, and K2HPO4).
The concentration of all compounds was 0.1 M. Desorption was carried out by placing 120 mL of one
of the distinct eluent solutions in each Erlenmeyer flask and adding the saturated biosorbent at a
concentration of 1 g L−1. The material was maintained under constant agitation at 140 rpm and 18 ◦C
for 2 h, collecting and filtering samples from each of the flasks at different times. The concentration of
desorbed metal on each filtrate was quantified. The percentage of desorption at time t was calculated
with Equation (6) [23]:

ED(%) =
V(CD −Cini)

M qeq
× 100 (6)

where Cini and CD (mg L−1) are the initial concentration of metal in the solution (t = 0 h) and the
concentration of Co2+ eluted from the solution at time t, respectively, and qeq (mg g−1) is the amount of
Co2+ retained per gram of biosorbent (determined experimentally). The results of the percentage of
the desorption were compared to select the adequate solution for eluting Co2+ from PLEM.

2.8. Biosorption-Desorption Cycles

PLEM was saturated with Co2+ for 2 h, as described in the previous section. Upon completion of
this time, samples of the solution were taken to assess the biosorption capacity of PLEM in the first
stage (Equation (1)). Subsequently, the saturated biosorbent was washed, dried, and subjected to the
desorption of Co2+ (as already explained) by putting 1 g L−1 of the material in a solution with the
selected eluent and leaving it under constant agitation at 140 rpm and rt for 2 h. Samples were then
taken to quantify the concentration of Co2+ in the solution and calculate the percentage of desorption
for the first cycle (Equation (6)). PLEM was washed with deionized water and dried at 60 ◦C for 48 h
to be submitted to posterior cycles. Three cycles of biosorption/desorption were carried out under
the same conditions, allowing for the comparison of the capacity of biosorption and percentage of
desorption from one cycle to another.
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2.9. Scanning Electron Microscope Coupled to Energy-Dispersive X-ray Spectroscopy (SEM-EDX)

The possible changes in the structure and composition of the surface of PLEM, due to the process
of biosorption and the posterior desorption of Co2+ were explored on a scanning electron microscope
(SEM). The three types of samples of PLEM (unexposed to Co2+, saturated, and desorbed in the first
cycle) were dried for 24 h at 60 ◦C. Subsequently, they were covered with carbon to be later observed
with a JEOL high-resolution scanning electron microscopy (HR-SEM) (model JSM7800F, Jeol Ltd.,
Tokyo, Japan) with an acceleration voltage of 5 kV.

2.10. Analytical Methods

Co2+ was quantified by the dimethylglyoxime (DMG) method, with which a compound is formed
with an intensity of color proportional to the concentration of Co2+ present in the solution [24].
The measurement of absorbance was conducted in a Spectronic Genesys UV/Vis 10 spectrophotometer
(Thermo Electron Scientific Instruments Corp, Madison, WI, USA) at 400 nm. The concentration of
Co2+ was established by constructing metal-type curves with at least 10 distinct known concentrations.

2.11. Statistical Analysis

Each experiment was performed independently at least twice, and the determinations of residual
cobalt were made at least three times, with the aim of attaining the appropriate statistical power.
Data are expressed as the mean ± standard deviation (SD) of the values obtained experimentally.
Regarding the values from the kinetics of biosorption and the experimental biosorption capacity at
equilibrium (qeq), differences between groups were examined with two-way ANOVA and Tukey’s test
(with a confidence interval of α = 0.05) on the GraphPad Prism® Ver 8.4 program 2020 (GraphPad
Software Inc, San Diego, CA, USA). The kinetic and equilibrium parameters were scrutinized by
nonlinear regression on the same software, selecting the best model in accordance with a variety
of error functions: The correlation coefficient (R2), the absolute sum of squares (ASE), the standard
deviation of the residuals (Sy.x) and Akaike’s information criterion (AICc). The data from the three
cycles of biosorption/desorption were compared with one-way ANOVA and Dunnett’s test (confidence
interval, α = 0.05) on the GraphPad Prism® Ver 8.4 program 2020 (GraphPad Software Inc., San Diego,
CA, USA).

3. Results and Discussion

No change in the concentration of Co2+ was found for the PLEM-free solutions, used as controls
for the evaluation of the influence of the physicochemical conditions herein tested. Thus, the removal of
Co2+ from the aqueous solution can be fully attributed to the effect of biosorption produced by PLEM.

3.1. The Effect of pH

The level of pH is one of the physicochemical factors that most influence the biosorption of heavy
metals [25]. The pH values of 2–7 were presently employed because the precipitation of cobalt was
observed experimentally as of pH 8, likely due to the formation of cobalt hydroxide [26,27]. At each
pH value, the biosorption capacity was evaluated with respect to time (Figure 1a). With the pH at 2 or
3, the cobalt removal capacity was near 0.
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Figure 1. Capacity of biosorption of Co2+ by pretreated Lemna gibba (PLEM): (a) At various pH
values of the solution (Cini = 100 mg L−1, particle size = 0.3–0.5 mm), (b) with distinct particle
sizes of PLEM (Cini = 100 mg L−1, pH = 7.0), and (c) at different initial concentrations of the metal
(pH = 7.0, particle size = 0.3–0.8 mm). The continuous lines were predicted by the pseudo-second-order
kinetic model.

The sorption capacity was enhanced with each increment in pH from 4 to 7, which can be easily
explained by considering the pH of the plant material (1.67), which results in zero point of charge
(ζ0) [17]. When the pH of a solution is less than that found at ζ0, the net charge of the surface of the
biosorbent is positive. Hence, an electrostatic repulsion exists between the positive charge of both the
metal ions and the surface of the biosorbent [28]. In contrast, when a solution has a pH value above
that at ζ0, the net charge of the surface of the biosorbent is negative, and there is an attraction with the
positively charged metal ion [29]. A pH value of 5–7 herein afforded the fastest biosorption of Co2+

during the first 10 min (0.17 h) of the experiment. After this time, however, the velocity of removal
of the metal decreased until reaching equilibrium, at which point the velocity of net transfer was 0.
The initial rapid biosorption was due to the greater number of sites on PLEM available for the uptake of
the sorbate and the higher concentration of Co2+ in the aqueous solution. As time passed, the available
sites and the concentration of free cobalt ions were both diminished, leading to a gradual decline in the
velocity of the removal of Co2+ until reaching the equilibrium dynamic. It was observed that as the pH
increased, the biosorbent removed more Co2+, and therefore, required more time to reach equilibrium
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(teq). The same phenomenon has been reported for the effect of pH on the biosorption of other divalent
metal ions [29].

A summary of the of Co2+ removal capacity at experimental equilibrium (qeq), the time to reach
equilibrium (teq), and the values of the parameters and error functions for each model and at each pH
value assayed are provided in Table 2. None of the kinetic models employed fit the experimental results
at pH 2 or 3, probably owing to the minimal biosorption of Co2+ under these conditions. At pH 4,
a reduction in the removal capacity was only found after 0.75 h (Figure 1a), a time period not included
in the process of biosorption. Hence, the corresponding data was not considered when determining
the values of the parameters for the kinetic models. With a pH of 4–7, the pseudo-second-order model
had the highest correlation coefficient (R2) and the lowest values for ASE, Sy.x, and AICc compared
to the other two models (pseudo-first-order and fractional power). The Elovich model was also
evaluated, but is not listed in the tables because the R2 was too small, and the parameters obtained had
exaggerated SD values. Given that a pH of 7 produced the greatest biosorption capacity at equilibrium,
this value was used for further testing.

Table 2. Kinetic parameters of the biosorption of Co2+ by PLEM at various pH values of the solution
(Cini = 100 mg L−1, particle size = 0.3–0.5 mm).

Parameter
pH

4.0 5.0 6.0 7.0

qeq (mg g−1) 12.35 ± 0.09 17.85 ± 0.08 29.78 ± 0.18 40.13 ± 0.18
teq (h) 0.25 0.25 0.25 0.5

Pseudo-first-order

qeq1 (mg g−1) 12.19 ± 0.15 17.51 ± 0.13 29.20 ± 0.22 38.80 ± 0.26
k1 (h−1) 18.81 ± 0.98 25.03 ± 1.11 41.79 ± 2.32 34.96 ± 1.59
R2 0.9740 0.9757 0.9699 0.9777
ASE 17.570 33.360 104.200 139.400
Sy.x 0.6468 0.7860 1.389 1.607
AICc −33.79 −22.54 41.25 57.55

Pseudo-second-order

qeq2 (mg g−1) 13.69 ± 0.22 18.61 ± 0.11 30.57 ± 0.16 40.86 ± 0.09
k2 (g mg−1 h−1) 1.88 ± 0.17 2.28 ± 0.10 2.51 ± 0.13 1.50 ± 0.03
R2 0.975 0.990 0.989 0.998
ASE 16.81 13.75 35.23 12.31
Sy.x 0.6327 0.5046 0.8077 0.4775
AICc −35.73 −72.18 −19.50 −78.37

Fractional power

kFP (mg g−1) 15.03 ± 0.56 18.37 ± 0.33 30.61 ± 0.39 40.85 ± 0.52
v (h−1) 0.211 ± 0.02 0.107 ± 0.01 0.073 ± 0.007 0.086 ± 0.008
R2 0.758 0.676 0.667 0.7293
ASE 68.31 133.90 190.00 342.90
Sy.x 1.341 1.637 1.949 2.619
AICc 55.70 80.49 73.88 104.6
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3.2. The Effect of Particle Size

Particle size is a physical property that affects the surface area of contact between a sorbent and the
liquid phase, thus playing a key role in biosorption [30,31]. When the particle size is reduced, the area
of contact is amplified, and the sites of sorption are more accessible, generating a better capacity,
efficiency, and velocity of biosorption and a decrease in the time to reach equilibrium (Figure 1b).
The present results are in agreement with previous reports of an enhanced biosorption capacity as the
particle size diminishes, considering particles from 0.3 to 2.0 mm (Table 3).

Table 3. Kinetic parameters of the biosorption of Co2+ by PLEM, using different particle sizes
(Cini = 100 mg L−1, pH = 7.0).

Parameter
Particle Size (mm)

0.3–0.5 0.5–0.8 0.8–1.4 1.4–2 0.3–0.8

qeq (mg g−1) 40.13 ± 0.18 39.77 ± 0.25 33.38 ± 0.17 32.25 ± 0.07 40.05 ± 0.16
teq (h) 0.5 0.75 1.0 1.0 0.5

Pseudo-first-order

qeq1 (mg g−1) 38.80 ± 0.26 38.01 ± 0.29 31.74 ± 0.32 30.91 ± 0.31 38.76 ± 0.25
k1 (h−1) 34.96 ± 1.59 36.02 ± 1.98 13.66 ± 0.62 12.41 ± 0.52 35.08 ± 1.56
R2 0.978 0.968 0.969 0.973 0.979
ASE 139.4 191.9 154.2 130.8 134.0
Sy.x 1.607 1.885 1.690 1.556 1.575
AICc 57.55 75.43 63.20 53.97 55.32

Pseudo-second-order

qeq2 (mg g−1) 40.86 ± 0.09 40.07 ± 0.10 34.45 ± 0.23 33.64 ± 0.19 40.80 ±0.09
k2 (g mg−1 h−1) 1.50 ± 0.03 1.55 ± 0.04 0.61 ± 0.02 0.56 ± 0.02 1.52 ± 0.09
R2 0.998 0.998 0.991 0.994 0.998
ASE 12.31 14.66 46.04 27.98 11.73
Sy.x 0.478 0.521 0.923 0.720 0.466
AICc −78.37 −68.58 −4.504 −32.39 −81.09

Fractional power

kFP (mg g−1) 40.85 ± 0.52 40.18 ± 0.45 33.06 ± 0.58 32.02 ± 0.59 40.78 ± 0.52
v (h−1) 0.09 ± 0.01 0.09 ± 0.01 0.17 ± 0.01 0.18 ± 0.01 0.08 ± 0.01
R2 0.729 0.781 0.819 0.814 0.723
ASE 342.9 256.4 422.2 453.9 348.1
Sy.x 2.619 2.265 2.906 3.013 2.638
AICc 104.6 89.47 115.4 119.2 105.4

The biosorption of Co2+ was not significantly different (p > 0.05) between the size intervals of
0.3–0.5 mm and 0.5–0.8 mm. Therefore, a kinetic study was carried out to remove Co2+ by PLEM at a
particle size of 0.3–0.8 mm. The statistical analysis with two-way ANOVA and Tukey’s test indicated
the lack of significant difference (p > 0.05) between the equilibrium biosorption capacity qeq values of
the samples with the following three particle sizes: 0.3–0.5, 0.5–0.8 mm, and 0.3–0.8 mm. The Co2+

biosorption rate was slightly faster (as expected) at the smaller particle size range (0.3–0.5 mm),
reaching equilibrium at 0.5 h. The particle size range of 0.5–0.8 mm achieved equilibrium in a longer
period of time (0.75 h), probably due to the greater surface area available with a smaller particle size,
leading to faster binding of Co2+ ions to the surface of the biosorbent. With a particle size range
of 0.3–0.8 mm, the time required to reach equilibrium (teq) of Co2+ biosorption by PLEM was 0.5 h,
similar to the time found for the smallest particles tested (0.3–0.5 mm).
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One advantage of employing a particle size of 0.3–0.8 mm is that it is possible to utilize fixed-bed
columns packed with the material. Volesky [32] suggested using a particle size of 0.4–0.7 mm,
since smaller sizes could obstruct the bed and provoke a drop in pressure. Additionally, particles of
0.3–0.8 mm (but not smaller) allow for the application of more biosorbent material. If the particle size
range is under 0.3 mm, pretreatment is more difficult. Hence, a particle size of 0.3–0.8 mm was chosen
for the rest of the experiments. The experimental results of the Co2+ removal capacity at equilibrium
(qeq) were compared to the parameters of the kinetic models assayed (Table 3). As can be appreciated,
the equation of the pseudo-second-order model shows a higher correlation coefficient (R2) and lower
error functions (ASE, Sy.x, and AICc) than the other two models.

3.3. The Effect of the Initial Co2+ Concentration

The initial concentration of metallic ions is an important variable because it significantly affects
the biosorption capacity and the time to reach equilibrium [33]. A boost in the initial concentration
of the metal from 10 to 300 mg L−1 generated an 8.46-fold rise (from 5.46 to 46.17 mg g−1) in the
biosorption capacity at equilibrium (Figure 1c). Increasing the initial concentration of the sorbate,
while maintaining the concentration of the biosorbent constant likely amplified the driving force
behind sorption (the transfer of the cobalt ions from the aqueous solution to the surface of the
biosorbent), a consequence of the higher gradient of concentration. Moreover, there is a greater
probability of Co2+ binding to the active sites available in the sorbent, which would bring about a
better biosorption capacity [34]. The experimental data on biosorption capacity at equilibrium (qeq),
the time required to reach equilibrium (teq), and the values of the parameters of the kinetic models and
their corresponding error functions are listed in Table 4. Of the theoretical models applied to the data,
the pseudo-second-order model gave the values closest to those found experimentally (as occurred
with the other environmental variables) for the distinct initial concentrations of Co2+.

The sorption velocity (k2) is a kinetic parameter known to be related to the time to reach
equilibrium, and therefore, depends on the initial concentration of the metal. The analysis of the
kinetic parameters with two-way ANOVA and multiple comparisons by Tukey’s test revealed a
significant difference in relation to teq and k2 between two initial concentrations of Co2+ (Cini): 10 and
300 mg L−1. The corresponding values for teq were 0.05 and 0.75 h, while those for k2 were 6.847 and
1.402 g mg−1 h−1, respectively (Table 4). Thus, an increase in the initial concentration of cobalt led to a
decrease in k2 and a longer time necessary to reach equilibrium, which is in agreement with previous
reports on the biosorption of metallic ions [33,35].
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3.4. Biosorption Isotherm Studies at Various Temperatures

To understand the sorbate-sorbent interaction, it is crucial to assess the isotherm of biosorption
and model it at several temperatures. This approach also allows for the prediction of the maximum
biosorption capacity of the sorbent (qm) and consequently a comparison of distinct sorbents
(a prerequisite for the design of an adsorption system) [36,37]. Biosorption at equilibrium was
established by examining the variation of the biosorption capacity at equilibrium (qeq) with respect to
the concentration of the sorbent at equilibrium (Ceq). The relation between the experimental isotherms
and those predicted by the theoretical models for the biosorption of Co2+ by PLEM at different
temperatures is shown in Figure 2.
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The maximum experimental sorption capacity (qm exp) was determined at each temperature,
as were the values of the other parameters and the error functions (R2, ASE, Sy.x, and AICc) for the
models of isotherms (Table 5).

Table 5. Isotherms for the biosorption of Co2+ by PLEM.

Parameter
Temperature (◦C)

18 30 40 50 60

qm exp (mg g−1) 46.17 ± 0.41 46.33 ± 0.19 47.73 ± 0.12 48.49 ± 0.21 49.35 ± 0.22

Langmuir

bL (L mg−1) 0.047 ± 0.005 0.046 ± 0.005 0.046 ± 0.004 0.045 ± 0.003 0.048 ± 0.006
qmL (mg g−1) 51.12 ± 1.49 52.66 ± 1.82 52.78 ± 1.48 54.97 ± 1.27 55.57 ± 1.91
RL 0.508 − 0.068 0.509 − 0.073 0.508 − 0.075 0.513 − 0.076 0.498 − 0.071
R2 0.993 0.990 0.993 0.996 0.990
ASE 13.65 19.18 12.9 8.856 21.46
Sy.x 1.508 1.788 1.466 1.215 1.891
AICc 16.28 18.99 15.82 12.81 19.89

Freundlich

kF (mg g−1 (L g−1)1/nF) 11.05 ± 2.65 10.82 ± 2.66 10.6 ± 2.39 10.94 ± 2.43 11.71 ± 2.80
nF 3.64 ± 0.70 3.504 ± 0.67 3.433 ± 0.59 3.422 ± 0.58 3.53 ± 0.67
R2 0.924 0.922 0.938 0.939 0.926
ASE 140.7 150.4 120.7 126 161
Sy.x 4.842 5.006 4.484 4.582 5.179
AICc 34.94 35.47 33.71 34.05 36.01

Sips

kSP (L g−1) 0.022 ± 0.005 0.018 ± 0.005 0.022 ± 0.005 0.026 ± 0.004 0.023 ± 0.008
qmSP (mg g−1) 47.55 ± 1.026 48.25 ± 1.065 48.79 ± 1.122 51.57 ± 0.975 51.55 ± 1.677
nSP 1.295 ± 0.086 1.367 ± 0.095 1.294 ± 0.092 1.224 ± 0.066 1.304 ± 0.131
R2 0.998 0.998 0.998 0.999 0.996
ASE 3.713 4.38 4.055 2.504 9.674
Sy.x 0.8617 0.936 0.900 0.7077 1.391
AICc 15.19 16.51 15.9 12.04 22.85

Redlich-Peterson

kRP (L g−1) 1.822 ± 0.096 1.789 ± 0.126 2.006 ± 0.222 1.964 ± 0.099 1.996 ± 0.178
aRP (L mg−1)bRP 0.017 ± 0.003 0.014 ± 0.004 0.023 ± 0.009 0.019 ± 0.004 0.015 ± 0.006
bRP 1.142 ± 0.029 1.171 ± 0.044 1.095 ± 0.057 1.116 ± 0.028 1.162 ± 0.054
R2 0.999 0.998 0.996 0.999 0.997
ASE 2.111 4.197 7.774 1.824 7.069
Sy.x 0.6498 0.9162 1.247 0.604 1.189
AICc 10.68 16.17 21.1 9.507 20.34

Regarding the isotherm models of two parameters, the Langmuir model afforded the best
correlation coefficient (R2 > 0.99) and the smallest error functions. The value of the separation factor
(RL) reflects the nature of biosorption, which is considered unfavorable with RL ≥ 1, favorable with
0 < RL < 1, an irreversible if RL = 0 [38]. The values of RL calculated presently indicate that biosorption
is favorable (0.07 < RL < 0.5) at all temperatures assayed.

On the other hand, each of the models of three parameters (Sips and Redlich-Peterson) provided a
higher correlation coefficient (R2 > 0.996) and lower error functions than the models of two parameters.
Overall, the Redlich-Peterson model gave the lowest error functions. The values of maximum
biosorption capacity predicted by the isotherm of Sips (qmSP = 47.55 to 51.55 mg g−1) at the five
temperatures herein employed were very close to the experimental data (qm exp = 46.17 to 49.35 mg g−1).
Compared to the capacity for the biosorption of Co2+ previously reported for diverse biosorbents,
the value found in the current study reveals an excellent capacity for PLEM (Table 6). Thus, it is an
attractive biosorbent for the detoxification of water contaminated with Co2+.
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Table 6. Capacity for the biosorption of Co2+ by different materials.

Material Biosorption Capacity (mg g−1) pH Reference

Cocos nucifera leaf 3.69 5 [39]
Spent coffee 5.37 6 [40]
Rhytidiadelphus squarrosus 7.38 6 [41]
Natural hemp fibers 13.58 4.5–5 [26]
Activated carbon from hazelnut shells 13.88 6 [42]
Alginate from Callithamnion corymbosum sp. 18.79 4.4 [43]
Sargassum wightii 20.63 4.5 [44]
Carbonized lemon peel 22.00 6 [45]
Watermelon rind 23.30 5 [46]
Prunus dulcis bio-char 27.86 7 [36]
Teak leaves 29.48 5 [47]
MgCl2-pretreated Ficus carica leaves 33.9 6 [48]
Acacia nilotica 35.45 5 [37]
NaOH-treated lemon peels 35.71 6 [49]
Almond green hull 45.50 ND [50]
PLEM 46.47 7 The present study
Corn silk 82.04 6 [25]
NaOH-pretreated Mangifera indica leaves 114 5 [51]

ND, no data.

3.5. Thermodynamic Parameters

Graphs were constructed to find the thermodynamic parameters, ∆G0 (Figure 3a), ∆H0, and ∆S0

(Figure 3b), and the corresponding values were determined (Table 7).
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Figure 3. Graphs based on the values of (a) Ln Kd vs. Ceq and (b) ∆G0 vs. T, which were used to
calculate the thermodynamic parameters of biosorption of Co2+ by PLEM.

Table 7. Thermodynamic parameters of biosorption of Co2+ by PLEM.

Temperature ◦C ∆G0 (J mol−1) ∆H0 (J mol−1) ∆S0 (J mol−1 K−1)

18 −684.8 2461.3 10.81 ± 1.89
30 −804.3 2471.6
40 −825.0 2558.8
50 −959.4 2532.6
60 −1172.1 2427.9

The Gibbs free energy (∆G0) values are negative for the biosorption of Co2+ by PLEM (Table 7),
suggesting a spontaneous process. The biosorption has been reported to improve as the temperature
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rises [22]. The positive values of ∆H0 show an endothermic biosorption, which is consistent with the
enhanced biosorption capacity (qm exp) presently found at higher temperatures (Table 5). The change
in the mean calculated standard enthalpy was ∆H0

prom = 2.49 KJ mol−1. A value below 40 kJ mol−1

is indicative of a process of physisorption [21]. The positive value of standard entropy (∆S0) reveals
a high affinity of Co2+ for PLEM [22], and thus, the probability that the metal promotes structural
changes in the biosorbent. Hence, the process of biosorption likely increases the degree of disorder of
the whole system [25,52]. According to the values of the thermodynamic parameters, adsorption of
Co2+ by PLEM is spontaneous and favorable, allowing this material to be utilized for the removal of
metal from polluted water.

3.6. Desorption

The elution of Co2+ after its sorption by PLEM was tested with various acids and bases (Figure 4).
Overall, the strong acids (HCl, HNO3, and H2SO4) were the best eluent solutions, giving superior
desorption percentages (>94%) compared to the weak acids (<65%) or alkaline compounds (<20%).
Water, whether at rt or 60 ◦C, was not capable of eluting more than 10% of Co2+.
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Thus, the biosorbent was positively charged at the pH of acid solutions, resulting in an electrostatic
repulsion with the sorbate [53]. Accordingly, physisorption seems to play a key role in the process
of biosorption of Co2+ by PLEM. On the other hand, a high concentration of H+ ions in the acid
solutions could cause competition with Co2+ for these sorption sites, favoring ionic interchange,
and consequently, the desorption process [54]. Since 0.1 M HCl was the eluent with the greatest
percentage of desorption (100%), the biosorbent was eluted with this solution in posterior assays.

The effect of pH on the biosorption/desorption of Co2+ suggests that the main biosorption
mechanism is electrostatic attraction, a physical process between negatively charged groups of the
biosorbent and the positive charge of Co2+. The thermodynamic value of ∆H0

prom (2.49 KJ mol−1)
indicates a physisorption process, which reinforces the idea of electrostatic attraction being the principal
mechanism of biosorption.

3.7. Biosorption-Desorption Cycles

Considering the indispensable requirement of recyclability for the practical application of a
biosorbent, an evaluation of the cycles of biosorption/desorption is necessary to assure that the material
can be regenerated in a cost-effective manner [23]. Additionally, insights are provided as to the best
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way to dispose of the biosorbent once it is no longer useful. Few such studies have been reported for
the biosorption/desorption of Co2+ [9,43].

The biosorption capacity of PLEM in the first cycle (46.17 ± 0.41 mg g−1) was diminished 8.53%
in the second cycle and a cumulative 17.89% by the end of the third cycle (Figure 5a), representing
significant differences. Hence, the eluent herein employed (0.1 M HCl) could have damaged the
composition and structure of the biosorbent, affecting the sorption sites and reducing the capacity of
Co2+ removal from one cycle to the next [55]. However, PLEM maintained an elevated capacity of
Co2+ removal throughout the three cycles. During all three cycles, moreover, Co2+ was completely
desorbed (ED = 100%) from the biosorbent (Figure 5b), evidencing its recyclability. After the end of its
useful life, PLEM can be integrated into compost with null impact on the environment because of not
containing any Co2+.
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3.8. Scanning Electron Microscopy Coupled with Energy-Dispersive X-ray Spectroscopy (SEM-EDX)

The SEM-EDX analysis of PLEM before exposure to Co2+ (Figure 6a) reveals a course and porous
surface with agglomerations of the biosorbent. Hence, the surface is characterized by an ample
exposure of the active sites for the capture of Co2+. The EDX spectra of PLEM evidences a surface free
of Co2+.
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Figure 6. SEM and EDX micrograph of PLEM during the first biosorption/desorption cycle: (a) Before
exposure to Co2+, (b) saturated with Co2+, and (c) subsequent to desorption of the biosorbent with
0.1 M HCl.
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The micrograph of PLEM saturated with Co2+ (Figure 6b) shows a more homogenous surface
(on which rectangular particles are dispersed) than PLEM prior to contact with Co2+. The following
desorption with 0.1 M HCl (Figure 6c), the appearance of the surface of PLEM is similar to that observed
before exposure to Co2+. In the EDX spectrum, two peaks corresponding to Co2+ indicate its presence
after the biosorption step (Figure 6b). The absence of such peaks after desorption (Figure 6c) evidenced
the adequacy of the eluent solution for the total recovery of the metallic ion. Consequently, HCl was
able to regenerate the biosorbent for posterior cycles of biosorption/desorption.

4. Conclusions

The results demonstrate that PLEM is an attractive, economical, sustainable, and environmentally
friendly material for the removal of Co2+ from aqueous solutions. The capacity of biosorption of Co2+

by PLEM was enhanced by smaller particle size, a greater pH of the solution, and a higher initial
concentration of the metal. The main mechanism of removal of Co2+ from the aqueous solution is
physisorption based on electrostatic attraction. While the kinetics of the experimental biosorption
data were adequately described by the pseudo-second-order model, the isotherms of biosorption
at equilibrium at different temperatures were properly predicted by the Sips and Redlich-Peterson
models. According to the thermodynamic study, the biosorption of Co2+ by PLEM is an endothermic
and spontaneous process. The best eluent solution for the recovery of both the metal and the biosorbent
material was 0.1 M HCl. PLEM can be used for at least three cycles of biosorption/desorption, with a
high capacity of biosorption and complete desorption in each cycle, revealing the recyclability of
the material, and therefore, the possibility of its economical use. The SEM-EDX analysis confirmed
the biosorption of Co2+ by PLEM and the posterior desorption of the plant material by means of its
exposure to 0.1 M HCl.
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Abstract: Amino groups in the chitosan polymer play as a functional group for the removal of
cations and anions depending on the degree of protonation, which is determined by the solution
pH. A hydrogel beadlike porous adsorbent was used to investigate the functions and adsorption
mechanism of the amino groups by removal of Cu(II) as a cation and As(V) as an anion for a single
and mixed solution. The uptakes of Cu(II) and As(V) were 5.2 and 5.6 µmol/g for the single solution
and 5.9 and 3.6 µmol/g for the mixed solution, respectively. The increased total capacity in the
presence of both the cation and anion indicated that the amino group (NH2 or NH3

+) species was
directly associated for adsorption. The application of a pseudo second-order (PSO) kinetic model
was more suitable and resulted in an accurate correlation coefficient (R2) compared with the pseudo
first-order (PFO) kinetic model for all experimental conditions. Due to poor linearization of the PFO
reaction model, we attempted to divide it into two sections to improve the accuracy. Regardless of
the model equation, the order of the rate constant was in the order of As(V)-single > Cu(II)-single >

As(V)-mixed > Cu(II)-mixed. Also, the corresponding single solution and As(V) showed a higher
adsorption rate. According to intraparticle and film diffusion applications displaying two linear
lines and none passing through zero, the rate controlling step in the chitosan hydrogel bead was
determined by both intraparticle and film diffusion.

Keywords: adsorption; amino group; kinetic; multifunction; cation; anion

1. Introduction

The application of natural biopolymers, chitosan, has been reported for water and
wastewater treatment as adsorbents owing to their natural abundance, nontoxicity, hydrophilicity,
and biodegradability [1,2]. Chitosan has been utilized in various ways according to their required
use, such as (nano)particles [3], beads [1], or membranes [4] in solution, and have demonstrated high
effective removal efficiencies and uptakes for cations and anions. Similar to alginate, chitosan bead
was formed by covalent crosslinking [5] and H-bonds interaction [6]. Chitosan exhibits the ability
to remove cation heavy metals [7]. Moreover, chitosan is useful for removing anions, such as As(V),
phosphate [8], dyes [9], and toluene [10]. This is because of the unique characteristic linked to the
amino group. The removal by the amino group can be explained by Equation (1) for cations and
Equation (2) for anions. The amino functional groups exist as NH3

+ and NH2 via protonation and
deprotonation, respectively, and these bind with an anion via electrostatic forces and with a cation
heavy metal via surface complexation [11].

R-NH2 + Cu(II)→ R-NH2Cu(II) by coordination (1)

R-NH3
+ + HAsO4

2−→ R-NH3
+HAsO4

2− by electrostatic force (2)
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The adsorption process in water and wastewater treatment has been recently regarded as one of the
most effective technologies for pollutant removal from gas or liquid to solid media, owing to the flexible
design and easy operation with high removal efficiency [12]. However, because of the presence of
cation and anion pollutants in solution, each process was separately installed and operated as a
dual or multiple column in the full process to remove cations and anions, respectively. For example,
Cr(VI) and Cr(III) have been treated by anion exchange and cation exchange [13]. Otherwise, chemical
modification involves preparing a multifunctional adsorbent by grafting [14], coating to inorganic
or organic materials, or both [12,15]. Therefore, interest in the simultaneous removal of cations
and anions has increased. The degree of protonation is defined by the pKa value, which usually
ranges from 6.0 to 7.0 [11]. The preparation of a granular type is possible with a porous adsorbent,
which leads to the application of an adsorption process [16]. Moreover, the chemical stability (insoluble
chitosan) under acidic conditions is increased by the crosslinking reaction, resulting in an expansion of
its use in the field of water and wastewater treatment [17].

Generally, for porous adsorbents, like granular activated carbon (GAC), the adsorption process
occurs through four consecutive stages [18]. The migration of the molecular adsorbate is divided into
(1) transferring from the bulk solution to a layer of thin film (bulk diffusion), which is excluded when
three stages are described; (2) solute transport by diffusion through a liquid boundary layer to the
external surface of the adsorbent; (3) penetration from the external (sorbent) surface of the sorbent
to the intraparticle pores; and (4) adsorption on both the external and internal available surfaces
via interactions of the solute. Because the first and fourth stages are relatively fast, the second and
third stages determine the rate of the entire adsorption process, which is called the rate limiting or
controlling step [19–21].

Several mathematical models have been introduced and reported to describe the optimized
fitting of adsorption kinetics and diffusion. Based on these models, the models can be classified with
adsorption reaction and adsorption diffusion [22]. The most common adsorption reaction models are
the pseudo first-order (PFO) and pseudo second-order (PSO) models that describe the interaction of
pollutants present as ions and molecules on the adsorbent surface, although sometimes erroneous
overestimation of the rate constant occurs due to the underestimation of instantaneous driving force
for sorption [23]. The nonlinear PFO (NPFO) and PSO (NPSO) should be linearized to calculate the
parameters, which can be compared to determine the adsorption mechanism.

Although the adsorption reaction model provides adsorption information, such as uptake, rate,
and nature of the adsorption, more valuable adsorption mechanism would be provided from an
adsorption diffusion model that describes what controls the overall rate. The adsorption diffusion
model has been classified as having two parts: an internal diffusion and external mass transfer model.
The internal diffusion model was introduced by Crank [24], Weber and Morris [25], and Bangham [23].
Among the three internal diffusion models, the model by Weber and Morris is the simplest and is
widely used to explain the adsorption mechanism. The external mass transfer model was proposed by
Spahn and Schlunder (1975) [26] and Boyd (1947) [27].

Since the amino group interacts with Cu(II) and As(V) by coordination and electrostatic force,
respectively, each interaction is influenced by the presence of counter-ion. Therefore, it is required to
determine the effect of counter-ion on the adsorption characteristic. In the present study, the overall
goal was to investigate the multifunctional behavior of the amino group and determine the adsorption
rate and sorption mechanism of Cu(II) and As(V) on hydrogel chitosan beads in batch and kinetic
sorption tests. The specific objectives were to (1) determine the removal efficiency of Cu(II) and As(V)
under single and mixed conditions, (2) observe the sorption kinetics using PFO and PSO, (3) compare
the linear and nonlinear models from the adsorption kinetics, and (4) investigate intraparticle and
external mass transfer diffusion and the effect of the presence of a counter-ion.
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2. Material and Methods

2.1. Chemicals

Chitosan was purchased from Sigma-Aldrich (St. Louis, MI, USA) as flakes with a
medium molecular weight of ~250,000 g/mol and a 75–85% degree of deacetylation from chitin.
The glutaraldehyde solution (25 wt.%) was obtained from SHOWA (Tokyo, Japan). The solution of
Cu(II) and As(V) was prepared using CuCl2·2H2O and arsenate (NaHAsO4H2O) purchased from
Sigma-Aldrich (St. Louis, MI, USA). All other chemicals, including HCl and NaOH, were purchased
from Sigma-Aldrich (St. Louis, MI, USA) and were ACS grade and used without further purification.

2.2. Preparation of Chitosan Beads

Chemically stable chitosan beads were prepared in three steps [12,28]. Briefly, we first prepared a
2.5% chitosan solution using 1% HCl from chitosan flakes and beads of chitosan were prepared by
dropping the chitosan solution in 1M NaOH during mild stirring, and crosslinking was achieved by
adding chitosan beads to a 0.5 M glutaraldehyde (GA) solution. Finally, the cross-linked hydrogel
chitosan beads were washed several times and stored in Deionized water (DI) until use.

2.3. Batch Adsorption Tests

A series of batch tests were performed to determine the uptake of Cu(II) and As(V) and determine
the adsorption rate for the single and mixed solutions. The adsorption experiment to find the uptake
of Cu(II) and As(V) was conducted with 0.15 ± 0.01 g of chitosan bead in 50 mL of 0.031 mmol/L for
Cu(II) or 0.021 mmol/L for As(V) at single solution, and 0.032 mmol/L for Cu(II) and 0.027 mmol/L for
As(V) at mixed solution. Each sample was rotated at 90 rpm for 48 h.

To determine the adsorption rate, batch kinetic tests were carried out in a 0.5 L glass bottle with
0.75 ± 0.015 g of chitosan bead, including 0.055 and 0.049 mmol/L of Cu(II) and As(V) at single solution,
and 0.038 and 0.055 mmol/L of Cu(II) and As(V) at mixed solution, respectively. For both experiments,
the initial solution pH of 5.0–5.5 for was adjusted with weak HCl or NaOH solution at a desired time.
An aliquot of the sample solution was removed at desired intervals and stored in a refrigerator (4 ◦C).
Cu(II) and As(V) in single and mixed solutions are referred to as Cu(II)-single and As(V)-single and
Cu(II)-mixed and As(V)-mixed, respectively. The concentration of Cu(II) and As(V) were analyzed
with ICP–OES (Prodigy, Reemanlabs, Mason, OH, USA). The uptake of adsorbate was calculated by

qt =
(C0 −Ct)V

M
(3)

2.4. Adsorption Reaction Model

The experimental data were analyzed by using the following four kinetic models.

2.4.1. Pseudo First-Order Model

The assumption of pseudo first-order (PFO) is that (1) the rate of occupation of sorption sites is
proportional to the number of unoccupied sites and (2) sorption only occurs on localized sites and
there is no interaction between the sorbed ions, which correspond to the monolayer of adsorbates on
the adsorbent surface [29,30]. The equation of PFO, which was first proposed by Lagergreen (1907),
can be represented as follows [31]:

dqt

dt
= K1(qe − qt) (4)

2.4.2. Pseudo Second-Order Model

The pseudo second-order (PSO) model was first described by Ho and McKay (1998) for the kinetic
process of the adsorption of divalent metal ions onto peat [32]. While the PFO model estimated the
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initial stage of adsorption, the adsorption behavior was described during the entire range or final stage
of adsorption process via the PSO model [18,33]. The following PSO Equation (5) can be presented:

dqt

dt
= K2(qe − qt)

2 (5)

2.5. Adsorption Diffusion Model

2.5.1. Intraparticle Diffusion

The intraparticle diffusion model, which considers pore diffusion, was developed and proposed
by Weber and Morris (1963) as follows [25]:

qt = Kit0.5 + C (6)

The internal diffusion model assumes that internal diffusion of the adsorbate is the slowest
step, resulting in the rate-controlling step during the adsorption process, and the adsorption is
instantaneous [33].

2.5.2. External Mass Transfer

To identify the external mass transfer, it is assumed that the diffusion of the adsorbate is
controlled by the liquid film around the adsorbent. Spahn and Schlunder (1975) suggested the
following equation [26]:

V
dC
dt

= −KsA(C−Cs) (7)

3. Results and Discussion

3.1. Batch Test

A series of batch tests was conducted for the single and mixed solutions of Cu(II) and As(V)
at pH ~5.5, and the uptakes are shown in Figure 1. The individual uptakes were ~5.2–5.6
µmol/g for Cu(II) and As(V) for the single solution, indicating the difference of two uptakes is
less than 10%. For the mixed solution, the uptakes for Cu(II) and As(V) were 3.6 (30% decrease)
and 5.9 (5% increase) µmol/g, respectively, resulting in a total capacity increase to 9.4 µmol/g, which
reached 87% of the sum of each ion. This increased total capacity of chitosan can be explained by
the hybrid characteristic of the amino group in chitosan. The available sorption sites are separated
for Cu(II) and As(V) based on Equations (1) and (2), respectively. As a result, Cu(II) and As(V) can
independently interact with NH2 and NH3

+, respectively. However, Figure 2, calculated based on the
Katchalsky equation [34], shows that over 80% of amino groups are protonated as NH3

+ at a pKa of
6.0–7.0, which enhances the adsorption for As(V) via electrostatic forces. Theoretically, when the pKa

(depending on the molecular weight and the degree of deacetylation) is estimated to be 5.5 for the
inner chitosan polymer, the reaction is proportionally related to the presence of amino groups. Another
assumption is additional association with Cu(II) except for the amino groups. Domard (1987) suggested
that the oxygen on the OH group in the chitosan polymer also contributes to chelation with heavy
cation metals [35].
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Figure 1. Removal uptake of Cu(II) and As(V) in a presence of single and/or mixed solution. 
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Figure 2. Degree of protonation (α) of chitosan as a function of pH and pKa. 
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single and mixed solutions are shown in Figure 3. The dash lines indicate the point of 90% uptake. 
For all cases, it is likely that the adsorption rate was initially faster and then became slower. This 
phenomenon may be governed by the chance of collision between ions and the adsorbent. At the 
beginning of the reaction, the higher concentration in the experiment led to surface adsorption with 
the higher driving force, which reduced the mass transfer resistance in the bulk and film layer [21]. 
Then, 90% of the sorption removal for Cu(II) was reached at 6 and 24 h, and for As(V), at 0.5 and 6 h 
for the single and mixed solutions, respectively. The sorption equilibrium for As(V) was more quickly 
achieved than for Cu(II), and the single solution was at least four times faster than the mixed solution. 
The relative long equilibrium of Cu(II) is similar to that in Kannamba et al. (2010) [36], who reported 
that 12 h is required for equilibrium using chitosan flakes. As(V) reached equilibrium at 5 h using 
0.25–0.35 mm-sized chitosan [37]. 

A longer equilibrium time was required for the mixed solution regardless of the species. This 
was because of the competition derived from the increased mass of the adsorbate for the limited 
absorbable sites despite their separation. According to prior studies [38], increasing the initial 
concentration retards the equilibrium despite the higher concentration gradient. 

Figure 1. Removal uptake of Cu(II) and As(V) in a presence of single and/or mixed solution.

Processes 2020, 8, x FOR PEER REVIEW 5 of 15 

 

As(V) Cu(II)

Up
ta

ke
, μ

m
ol

/g

0

1

2

3

4

5

6

7

single
mixed

 
Figure 1. Removal uptake of Cu(II) and As(V) in a presence of single and/or mixed solution. 

pH in solution
4 5 6 7 8 9

De
gr

ee
 o

f p
ro

to
an

tio
n,

 α

0.0

0.2

0.4

0.6

0.8

1.0

pKa=5.0

pKa=7.5

pKa=7.0

pKa=6.5

pKa=6.0

pKa=5.5

 
Figure 2. Degree of protonation (α) of chitosan as a function of pH and pKa. 

3.2. Removal Efficiency 

The adsorption rates of Cu(II) and As(V) in the form of removal efficiency (%) vs. time (h) for 
single and mixed solutions are shown in Figure 3. The dash lines indicate the point of 90% uptake. 
For all cases, it is likely that the adsorption rate was initially faster and then became slower. This 
phenomenon may be governed by the chance of collision between ions and the adsorbent. At the 
beginning of the reaction, the higher concentration in the experiment led to surface adsorption with 
the higher driving force, which reduced the mass transfer resistance in the bulk and film layer [21]. 
Then, 90% of the sorption removal for Cu(II) was reached at 6 and 24 h, and for As(V), at 0.5 and 6 h 
for the single and mixed solutions, respectively. The sorption equilibrium for As(V) was more quickly 
achieved than for Cu(II), and the single solution was at least four times faster than the mixed solution. 
The relative long equilibrium of Cu(II) is similar to that in Kannamba et al. (2010) [36], who reported 
that 12 h is required for equilibrium using chitosan flakes. As(V) reached equilibrium at 5 h using 
0.25–0.35 mm-sized chitosan [37]. 

A longer equilibrium time was required for the mixed solution regardless of the species. This 
was because of the competition derived from the increased mass of the adsorbate for the limited 
absorbable sites despite their separation. According to prior studies [38], increasing the initial 
concentration retards the equilibrium despite the higher concentration gradient. 
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3.2. Removal Efficiency

The adsorption rates of Cu(II) and As(V) in the form of removal efficiency (%) vs. time (h)
for single and mixed solutions are shown in Figure 3. The dash lines indicate the point of 90%
uptake. For all cases, it is likely that the adsorption rate was initially faster and then became
slower. This phenomenon may be governed by the chance of collision between ions and the adsorbent.
At the beginning of the reaction, the higher concentration in the experiment led to surface adsorption
with the higher driving force, which reduced the mass transfer resistance in the bulk and film layer [21].
Then, 90% of the sorption removal for Cu(II) was reached at 6 and 24 h, and for As(V), at 0.5 and 6 h
for the single and mixed solutions, respectively. The sorption equilibrium for As(V) was more quickly
achieved than for Cu(II), and the single solution was at least four times faster than the mixed solution.
The relative long equilibrium of Cu(II) is similar to that in Kannamba et al. (2010) [36], who reported
that 12 h is required for equilibrium using chitosan flakes. As(V) reached equilibrium at 5 h using
0.25–0.35 mm-sized chitosan [37].
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(dash lines indicate 90% removal efficiency (%), and the dotted line for Cu(II)-single and Cu(II)-mixed
were very close).

A longer equilibrium time was required for the mixed solution regardless of the species.
This was because of the competition derived from the increased mass of the adsorbate for the limited
absorbable sites despite their separation. According to prior studies [38], increasing the initial
concentration retards the equilibrium despite the higher concentration gradient.

3.3. Adsorption Reaction Kinetics

3.3.1. Nonlinear Pseudo First-Order (PFO) and Second-Order (PSO) Models

From Equation (4) for PFO, the integrating form for the boundary conditions of t = 0 to t = t and
for qt = 0 to qe = qt is expressed as nonlinear (Equation (8)).

qt = qe
(
1− e−K1t

)
(8)

After separating the variables from Equation (5) for PSO and by applying the boundary condition
(t = 0 to t = t and qt = 0 to qe = qt), the nonlinear PSO follows Equation (9).

qt =
K2qet

1 + K2q2
e t

(9)

Nonlinear PFO (NPFO) and nonlinear PSO (NPSO) were modeled using Equations (8) and (9),
and the calculated variables, including qecal., K, and R2, are listed in Figure 4 and Table 1.
Upon comparing the R2, although both NPFO and NPSO showed good agreement (>0.94),
except for Cu(II)-mixed, NPSO achieved higher accuracy for all experimental conditions.
Additionally, the qecal. was closer to qeexp. for NPSO than for NPFO. As shown in Figure 4,
the simulated NPFO line did not likely represent a sudden change in qe at 3–6 h leading to a
lower R2. Moreover, the pseudo n order equation, Equation (10), based on adsorption capacity was
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simulated to determine the accurate kinetic order (n) [39]. The calculated n values were 1.98, 2.01, 1.84,
and 1.98 for Cu(II)-single, As(V)-single, Cu(II)-mixed, and As(V)-mixed, respectively.

qt = qe{1− [ 1(
1 + Kn(n− 1)qn−1

e t
) ]

1
n−1 } (10)

Although methodological bias is introduced for PSO [40], the NPSO is the more appropriate
kinetic model with a higher applicability for PSO, indicating that the adsorption process is mainly
associated with chemisorption [18,41], whereas PFO proceeds by diffusion through a boundary [22].
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Table 1. Kinetic parameters using nonlinear PFO and PSO models for Cu(II) and As(V) in
single and mixed solutions.

Cu(II)-Single Cu(II)-Mixed As(V)-Single As(V)-Mixed

qeexp. (b) 1.85 1.25 2.4 2.92

PFO
qecal. (c) 1.64 1.07 2.30 2.62

K 2.16 0.187 3.96 2.10
R2 0.969 0.819 0.997 0.942

PSO
qecal. 1.71 1.17 2.34 2.74

K 2.19 0.258 5.28 1.28
R2 0.986 0.891 0.999 0.979

PNO (a)
qecal. 1.45 0.813 2.03 2.32

K 15.7 4.04 36.3 12.4
n 1.98 1.84 2.01 1.98

(a) indicates pseudo n order. (b) indicates experimental qe.
(c) indicates calculated qe.

The rate constant K was considered to determine the adsorption equilibrium [42].
Both absolute K1 and K2 are in the order of As(V)-single > Cu(II)-single > As(V)-mixed > Cu(II)-mixed.
This observation shows that a higher K was calculated for the single solution and As(V), regardless of
the kinetic model.
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3.3.2. Linear PFO and PSO

Linearization of PFO and PSO was attempted to determine the best-fitting model by minimizing the
error distribution between experimental and predicted values. Linear PFO (LPFO) and PSO (LPSO) were
derived from Equations (8) and (9), respectively, and expressed by Equations (11) and (12), respectively.

ln(qe − qt) = ln qe −K1t (11)

t
qt

=
1

K2q2
e
+

1
qe

t (12)

Equations (11) and (12) are frequently applied to fit experiment data instead of nonlinear PFO and
PSO models. The calculated parameters are listed in Table 2 and shown in Figures 5 and 6 for LPFO
and LPSO, respectively. Note that Equation (12) is one of the linearized PSO expressions among the
five equations derived from Equation (9) and is the most valid and widely used expression, showing
the highest R2 and similarity between qeexp. and qecal. [43,44]. Our study also obtained the most valid
R2 from Equation (12) (data not shown).

Table 2. Kinetic parameters for the linear PFO and PSO models for Cu(II) and As(V) in single and
mixed solutions.

PFO PSO

Without Separation t ≤ 1 t ≥ 3

qe-exp. qe-cal. K1 R2 qe-cal. K1 R2 qe-cal. K1 R2 qe-cal. K2 R2

Cu(II)single 1.85 0.529 0.0437 0.526 1.69 1.38 0.952 0.268 0.0231 0.514 1.75 5.37 0.999
Cu(II)mixed 1.25 1.03 0.102 0.990 1.17 0.489 0.979 1.11 0.104 0.992 1.23 1.86 0.981
As(V)single 2.4 0.259 0.0371 0.240 1.95 2.39 0.918 0.0816 0.00212 0.0129 2.32 12.5 0.999
As(V)mixed 2.92 0.959 0.0700 0.820 2.54 1.21 0.860 0.552 0.0530 0.954 2.89 24.2 0.999
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and Simonin (2016) [40] separated the times in terms of the initial from the other times. Both results 
show that the calculated parameters at the initial time can be relatively compared to the nonlinear 
equation and PSO; however, the rest of the region should be ignored, indicating that a different 
adsorption mechanism is expected [47]. In this study, Figure 5 is shown with two regions and Table 
2 includes the separate parameters clarified from previous studies. For the condition of 1 ≤ h, the R2 
and qecal. are comparable to NLFO, but at 3 ≥ h, both R2 and qecal. were not comparable Thus, we 
concluded that linearization of the PFO model included unreasonable data that were influenced by 
the failure to represent the kinetics and limited by the initial adsorption time [40]. 

Figure 5. Linear PFO model for (a) Cu(II) and (b) As(V) with two sections.

Table 2 and Figures 5 and 6 clearly verify the effect of linearization. While the fitting accuracy
by R2 increased from 0.891 to 0.981 for Cu(II)-mixed and others were enhanced to 0.999 for LPSO,
the accuracy decreased from ~0.9 to 0.526 and 0.240 for Cu(II)-single and As(V)-single, respectively,
for the LPFO model. Similarly, poor values from linearization were reported in several studies [45,46].
Attempts have been made to overcome the poor relation for the LPFO model. Na and Park
(2011) [47] and Simonin (2016) [40] separated the times in terms of the initial from the other times.
Both results show that the calculated parameters at the initial time can be relatively compared to the
nonlinear equation and PSO; however, the rest of the region should be ignored, indicating that a
different adsorption mechanism is expected [47]. In this study, Figure 5 is shown with two regions and
Table 2 includes the separate parameters clarified from previous studies. For the condition of 1 ≤ h,
the R2 and qecal. are comparable to NLFO, but at 3 ≥ h, both R2 and qecal. were not comparable Thus,
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we concluded that linearization of the PFO model included unreasonable data that were influenced by
the failure to represent the kinetics and limited by the initial adsorption time [40].
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Upon comparison of nonlinear and linear PFO and PSO models, the highest R2 was acquired for
LPSO followed by NPSO and NPFO, and the relative lowest was for the LPFO model. This trend is the
same as shown by Kumar (2006), who studied methylene blue on activated carbon [44]. Moreover,
the qecal. was compared with qeexp. for all conditions. Based on the results of comparison with
R2 and qe-cal., to estimate the appropriate parameters, the nonlinear application was more suitable
and acceptable in this study. Although the comparison of R2 cannot describe a sufficient criterion [48],
Simonin (2016) suggested that the PSO model better describes a diffusion-controlled process than the
PFO model [40].

Before discussing the value of K, the effect of the initial concentration should be first considered
because a higher initial concentration contributes to a higher concentration gradient, which can enhance
the initial sorption rate and require more time to reach equilibrium [49]. However, it can cause a
decrease in the entire sorption rate due to the higher competition between adsorbate and adsorbent
active sites [50]. In this study, Cu(II) and As(V) in the single and mixed solutions were 0.055 and
0.049 mmol/L and 0.038 and 0.055 mmol/L, respectively, where ~31% of the Cu(II) concentration was
decreased in the mixed solution and a ~l0% difference in concentration between Cu(II) and As(V)
in single solution was found. According to the K1 and K2 from NPFO, NPSO, and LPSO (LPFO
was excluded), the K value was in the following order regardless of kinetic model: As(V)-single >

Cu(II)-single > As(V)-mixed >> Cu(II)-mixed. The effect of the initial concentration difference for
Cu(II) was negligible because the K value for Cu(II)-mixed showed 3–11 times lower than for other
conditions, although the concentration of Cu(II) in the mixed solution showed a 31% decrease.

Based on the order of K, As(V) and single solution had higher rate constants than Cu(II) and
the mixed solution. Generally, the value of K increased with increased initial concentration as
chemical conditions [49] and shaking speed as physical conditions [50]. The phenomena indicate
that for the mixed condition, As(V) and Cu(II) competed with each other at limited activated sites,
and the rate declined. As mentioned in Section 3.1, the functional group in chitosan, the amino group,
is present in the form of NH2 or NH3

+ depending on the solution pH, and it has been suggested that
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Cu(II) can coordinate with NH2 and As(V) can react with NH3
+ via electrostatic forces [15]. Therefore,

electrostatic forces initially occurred and led to the rapid adsorption rate of As(V).

3.4. Diffusion Model

Both diffusion and adsorption on the activated site were influenced by the surface area, the reactivity
of the surface, and liquid film thickness for external diffusion, and by the reaction of surface and pore
structure for internal diffusion. Generally, film diffusion is controlled in a specific system followed
at poor mixing, low concentration, small particle sizes of the adsorbent, and a higher affinity of
the adsorbate for the adsorbent; whereas, good mixing, larger particle size of the adsorbent, high
concentration of adsorbate, and a low affinity of the adsorbate for the adsorbent are controlled at
intraparticle diffusion [21,49,51].

3.4.1. Intraparticle Diffusion

A plot of adsorbate uptake versus the square root of time (t0.5) is shown in Figure 7, based on
Equation (6), and some calculated parameters are listed in Table 3. There are theoretical interpretations
of the intraparticle diffusion equation. C is an arbitrary constant representing the boundary layer
thickness, and a larger value of C represents a thicker boundary layer [18,21,52]. If the value of
C is zero, which corresponds to no boundary layer, the linear line should pass through the origin.
Consequently, film diffusion could be ignored due to no or less thickness, and thus, intraparticle
diffusion would remain as the rate-controlling step through the entire adsorption kinetic process.
However, this is only the theoretical explanation using Equation (6). Many studies have reported
nonzero intercepts, indicating that the rate-limiting step involves both intraparticle and film diffusion
in most adsorption processes. As shown in Figure 7 and Table 3, owing to the very low R2 with
the single regression line, it is unable to predict one linear line for the experiment data; instead, it
could be divided with two different segments for all cases. Thus, Figure 7 was segregated with
two linear regressions, illustrating that both film and intraparticle diffusion control the adsorption
diffusion. Moreover, another study [53] suggested that intraparticle diffusion has three regressions
in the macro, meso, and micro pores with a horizontal line as the equilibrium. Another study
observed three linear regions, including initially rapid surface loading, then pore diffusion, and finally
horizontal equilibrium [21]. However, it was not easy to differentiate three or four regions in this study.
Consequently, the two linear regions were primarily observed and clearly explained by the adsorption
process between the film and intraparticle diffusion [49,54]. Additionally, the initial rapid increase
was represented by film diffusion [21,55]. As a result, two linear lines and the value of C (y-axis) both
revealed diffusion was coincidentally involved in the adsorption of Cu(II) and As(V).

Some observations were made based on the data in Table 2. The highest and lowest values of
Ki were for As(V)-single and Cu(II)-mixed in the first regression line, respectively, and the order was
reversed to Cu(II)-mixed and As(V)-single in the second line. As mentioned regarding the first rapid
adsorption related to film diffusion, the higher Ki1 for As(V) compared with that of Cu(II) indicated a
higher surface adsorption reaction with an active site leading to an electrostatic force between NH3

+

and HAsO4
−. According to the assumption where close to the zero of slope (K) in the second section

represents intraparticle diffusion, which stands for the equilibrium process [21], the single solutions of
Cu(II) and As(V) quickly accomplished equilibrium, whereas mixed solutions required more time to
reach equilibrium, which was the same result as with the PSO model.

The order of C was As(V), As(V)-Cu(II), Cu(II), and Cu(II)-As(V) regardless of separation,
which is related to boundary diffusion or surface adsorption. As a result, the higher C for As(V)
demonstrated that As(V) removal was primarily associated with surface adsorption [22].
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Table 3. Diffusion parameters for the Weber and Morris intraparticle model for Cu(II) and As(V) in
single and mixed solutions.

First Section Second Section Without Separation

C K R2 C K R2 C K R2

Cu(II)-single 0.0286 1.42 0.986 1.45 0.0497 0.605 2.23 0.103 0.850
Cu(II)-mixed −0.00285 0.452 0.999 0.301 0.137 0.954 1.41 0.00916 0.482
As(V)-single 0.0861 2.30 0.953 2.30 0.00483 0.0994 2.21 0.00345 0.238
As(V)-mixed 0.0787 2.17 0.956 2.23 0.103 0.850 0.470 0.0175 0.852

3.4.2. External Mass Transfer

To identify the external mass transfer, Equation (7) was expressed with Equation (13) by plotting
the values between Ct/Co and ln (Ct/Co), respectively.

− lnCt
C0

= Ks
A
V

t (13)

Like the intraparticle diffusion model, when the plot using Equation (13) is linear and passes
through zero regardless of Ks, A, or V, it suggests that film diffusion governs the adsorption kinetic
process [56]. To carefully predict the external diffusion, Figure 8a was segregated with two regions in
Figure 8b, and then showed that the slope sharply increased at the beginning (≤ 1 h) and gradually
decreased after 1 h, which is a similar trend as that found in a prior study [47]. Note that the simplified
Equation (13) is comparable with the LPFO model in Equation (9); additionally, Figure 8 is very similar
to Figure 5 in the current study. The rapid slope (Ks·A/V) of the regression line indicates that external
mass transfer occurred [57], and the lowest slope for the Cu(II) mixed solution can be assumed to be
relatively associated with a strong effect of intraparticle diffusion. Therefore, both intraparticle and
external diffusion simultaneously influence the adsorption kinetics.
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4. Conclusions

In this study, we described the interaction between the amino group in the chitosan polymer
and the cation of Cu(II) and anion of As(V) to determine the adsorption mechanism. Additionally,
the effect of each ion on adsorption was also studied for single and mixed solutions. According to the
increased capacity of the Cu(II) and As(V) mixed solution, the amino group in chitosan was in the form
of NH2 and NH3

+, and each functional group directly participated in the removal of the anion and
cation, respectively. The PSO model is more suitable than PFO, indicating that surface chemisorption
occurred primarily for both Cu(II) and As(V) adsorption. Because the linearization of PFO expanded
the error, lowering the correlation coefficient (R2), two segregation regression lines dependent on time
were effective at describing the adsorption. Because the two types of diffusion models showed no
passing through of the zero regression line, both intraparticle and film diffusion were considered as
rate-controlling steps for Cu(II) and As(V) adsorption. A higher rate constant (K) for As(V) than for
Cu(II) was obtained from the electrostatic interaction between NH3

+ and HAsO4
2−.
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Nomenclature

A Surface area of adsorbent (m2)
C0 Initial concentration in the solution, mg/L
Ct Liquid phase concentration at any time, mg/L
K1 Sorption rate constant (min−1) at PFO
K2 Sorption rate constant (g/mg·min) at PSO
Ki Intraparticle diffusion rate constant (mg/g·min1/2)
Kn n order diffusion rate constant
Ks The liquid-film mass transfer coefficient (m2/s)
M Mass of adsorbent (g)
n Kinetic order
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qe Adsorbate uptake at equilibrium (mg/g)
qt Adsorbate uptake at any time (mg/g)
t Reaction time (min)
V Volume of batch experiment (L)

References

1. An, B.; Son, H.; Chung, J.; Choi, J.W.; Lee, S.H.; Hong, S. Calcium and hydrogen effects during sorption of
copper onto an alginate-based ion exchanger: Batch and fixed-bed column studies. Chem. Eng. J. 2013, 232,
51–58. [CrossRef]

2. Sessarego, S.; Rodrigues, S.C.G.; Xiao, Y.; Lu, Q.; Hill, J.M. Phosphonium-enhanced chitosan for Cr(VI)
adsorption in wastewater treatment. Carbohydr. Polym. 2019, 211, 249–256. [CrossRef] [PubMed]

3. Morisi, R.E.; Alsabagh, A.M.; Nasr, S.; Zaki, M.M. Multifunctional nanocomposites of chitosan, silver
nanoparticles, copper nanoparticles and carbon nanotubes for water treatment: Antimicrobial characteristics.
Int. J. Biol. Macromol. 2017, 97, 264–269. [CrossRef]

4. Wan, Y.; Creber, K.A.M.; Peppley, B.; Bui, V.T. Ionic conductivity of chitosan membranes. Polymer 2003, 44,
1057–1065. [CrossRef]

5. Philippova, O.E.; Korchagina, E.V. Chitosan and its hydrophobic derivatives: Preparation and aggregation
in dilute aqueous solutions. Polym. ScI. Ser. A 2012, 54, 552–572. [CrossRef]

6. Wang, Z.; Nie, J.; Qin, W.; Hu, Q.; Tang, B.Z. Gelation process visualized by aggregation-induced emission
fluorogens. Nat. Commun. 2016, 7, 12033. [CrossRef]

7. Wan Ngah, W.S.; Endud, C.S.; Mayanar, R. Removal of copper(II) ions from aqueous solution onto chitosan
and cross-linked chitosan beads. React. Funct. Polym. 2002, 50, 181–190. [CrossRef]

8. Kwok, K.C.M.; Koong, L.F.; Al Ansari, T.; Mckay, G. Adsorption/desorption of arsenite and arsenate on
chitosan and nanochitosan. Environ. Sci. Pollut. Res. 2018, 25, 14734–14742. [CrossRef]

9. Wang, X.; Tang, R.; Zhaong, Y.; Yu, Z.; Qi, C. Preparation of a novel chitosan based bioplymer dye and
application in wood dyeing. Polymers 2016, 8, 338. [CrossRef]

10. Mohamed, M.; Ouki, S. Removal mechanism of toluene from aqueous solutions by chitin and chitosan.
Ind. Eng. Chem. Res. 2011, 50, 9557. [CrossRef]

11. An, B.; Jung, K.Y.; Zhao, D.; Lee, S.H.; Choi, J.W. Preparation and characterization of polymeric ligand
exchanger based on chitosan hydrogel for selective removal phosphate. React. Funct. Polym. 2014, 85, 45–53.
[CrossRef]

12. An, B.; Choi, J.W. An experimental application of four types of chitosan bead for removal of cationic and
anionic pollutants. Water Air Soil pollut. 2019, 230, 314. [CrossRef]

13. Zhang, J.; Guo, W.; Guo, Q.; Jin, L.; Liua, Z.; Hu, S. On-site separation of Cr(VI) and Cr(III) in natural waters
by parallel cartridge ion-exchange columns. RSC Adv. 2017, 7, 50657. [CrossRef]

14. Dou, Q.; Liu, L.; Yang, B.; Lang, J.; Yan, X. Silica-grafted ionic liquids for revealing the respective charging
behaviors of cations and anions in supercapacitors. Nat. Commun. 2017, 8, 2188. [CrossRef] [PubMed]

15. Guo, X.; Chen, F. Removal of arsenic by bead cellulose loaded with iron oxyhydroxide from groundwater.
Environ. Sci.Technol. 2005, 39, 6808–6818. [CrossRef] [PubMed]

16. Wahba, M.I. Porous chitosan beads of superior mechanical properties for the covalent immobilization of
enzymes. Int. J. Biol. Macromol. 2017, 105, 894–904. [CrossRef]

17. Li, N.; Bai, R. Copper adsorption on chitosan–cellulose hydrogel beads: Behaviors and mechanisms.
Sep. Purif. Technol. 2005, 42, 237–247. [CrossRef]

18. Magdy, Y.H.; Altaher, H. Kinetic analysis of the adsorption of dyes from high strength wastewater on cement
kiln dust. J. Environ. Chem. Eng. 2018, 6, 834–841. [CrossRef]

19. McKay, G. The Adsorption of basic dye onto silica from aqueous solution-solid diffusion model.
Chem. Eng. Sci. 1984, 39, 129–138. [CrossRef]

20. Altaher, H.; Khalil, T.E.; Abubeah, R. The effect of dye chemical structure on adsorption on activated carbon:
A comparative study. Color. Technol. 2014, 30, 205–214. [CrossRef]

21. Hameed, B.H.; El-Khaiary, M.I. Malachite green adsorption by rattan sawdust: Isotherm, kinetic and
mechanism modeling. J. Hazad. Mater. 2008, 159, 574–579. [CrossRef]

155



Processes 2020, 8, 1194

22. Pholosi, A.; Naidoo, E.B.; Ofomaja, A.E. Intraparticle diffusion of Cr(VI) through biomass and magnetite
coated biomass: A comparative kinetic and diffusion study. S. Afr. J. Chem. Eng. 2020, 32, 39–55. [CrossRef]

23. Huang, Y.; Farooq, M.U.; Lai, S.; Feng, X.; Sampranpiboon, P.; Wang, X.; Huang, W. Model fitting of sorption
kinetics data: Misapplications overlooked and their rectifications. AIChE 2018, 64, 1793–1805. [CrossRef]

24. Crank, J. The Mathematics of Diffusion, 2nd ed.; Clarendon Press, Oxford Science Publications: London,
UK, 1975.

25. Weber, W.J.; Morris, J.C. Kinetics of adsorption on carbon from solution. J. Sanit. Eng. Div. 1963, 89, 31–59.
26. Spahn, H.; Schlunder, U. The scale-up of activated carbon columns for water purification based on results

from batch test. I. Theoretical and experimental determination of adsorption rates of single organic solutes
in batch test. Chem. Eng. Sci. 1975, 30, 529–537. [CrossRef]

27. Boyd, G.E.; Adamson, A.W.; Myers, L.S. The exchange adsorption of ions from aqueous solutions by organic
zeolites. II. Kinetics. J. am. Chem. Soc. 1947, 69, 2836–2848. [CrossRef]

28. Kim, T.; An, B. Adsorption characteristic of Cu(II) and phosphate using non-linear and linear isotherm
equation for chitosan bead. J. Korean Soc. Water Wastewater 2020, 34, 201–210. [CrossRef]

29. Salam, M.A.; Al-Zhrani, G.; Kosa, S.A. Removal of heavy metal ions from aqueous solution by multi-walled
carbon nanotubes modified with 8-hydroxyquinoline: Kinetic study. J. Ind. Eng. Chem. 2014, 20, 572–580.
[CrossRef]

30. Largitte, L.; Pasquier, R. A review of the kinetics adsorption models and their application to the adsorption
of lead by an activated carbon. Chem. Eng. Res. Des. 2016, 109, 495–504. [CrossRef]

31. Lagergreen, S. Zur theorie der sogenannten adsorption geloster stoffe. Z. fur Chem. Ind. der Kolloide
1907, 2, 15.

32. Ho, Y.S.; McKay, G. Sorption of dye from aqueous solution by peat. Chem. Eng. J. 1998, 70, 115–124.
[CrossRef]

33. Wang, J.; Guo, X. Adsorption kinetic models: Physical meanings, applications, and solving methods.
J. Hazar. Mater. 2020, 390, 122156. [CrossRef] [PubMed]

34. Katchalsky, A. Problems in the physical chemistry of polyelectrolytes. J. Polym. Sci. 1954, 12, 159–184.
[CrossRef]

35. Domard, A. Determination, of N-acetyl content in chitosan samples by c.d. measurements. Int. J. Biol.
Macromol. 1987, 9, 333–336. [CrossRef]

36. Kannamba, B.; Laxma Reddy, K.L.; AppaRao, B.V. Removal of Cu(II) from aqueous solutions using chemically
modified chitosan. J. Hazad. Mater. 2010, 175, 939–948. [CrossRef]

37. Gérente, C.; Andrès, Y.; McKay, G.; Le Cloirec, P. Removal of arsenic(V) onto chitosan: From sorption
mechanism explanation to dynamic water treatment process. Chem. Eng. J. 2010, 158, 593–598. [CrossRef]
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Abstract: The objective of this paper is to establish the significance of the mycoremediation of
contaminants such as Cd2+ to achieve sustainable and eco-friendly remediation methods. Industries
such as electroplating, paint, leather tanning, etc. release an enormous amount of Cd2+ in wastewater,
which can drastically affect our flora and fauna. Herein, we report on the in vitro bioadsorption of
Cd2+ ions using fungal isolates obtained from different contaminated industrial sites. The detailed
studies revealed that two fungal species, i.e., Trichoderma fasciculatum and Trichoderma longibrachiatum,
were found to be most effective against the removal of Cd2+ when screened for Cd2+ tolerance on
potato dextrose agar (PDA) in different concentrations. Detailed adsorption studies were conducted
by exploring various experimental factors such as incubation time, temperature, pH, inoculum size,
and Cd2+ salt concentrations. Based on optimum experimental conditions, T. fasciculatum exhibited
approximately 67.10% removal, while T. longibrachiatum shows 76.25% removal of Cd2+ ions at pH 5.0,
120 h incubation time, at 30◦C. The inoculum sizes for T. fasciculatum and T. longibrachiatum were 2.5%
and 2.0%, respectively. Finally, the morphological changes due to Cd2+ accumulation were examined
using scanning electron microscopy (SEM). Further, Fourier transform infrared spectroscopy (FTIR)
spectroscopy reveals the presence of various functional groups (-CH, –C=O, NH and –OH), which
seem to be responsible for the efficient binding of Cd2+ ions over the fungal surfaces.

Keywords: T. longibrachiatum; T. fasciculatum; bioadsorption; cadmium; heavy metals; isotherms;
bioadsorption mechanism; mycoremediation
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1. Introduction

The emerging worldwide environmental problems of the past decades are mostly related to
the superfluous increase in metallic contaminants in the environment [1–6]. Inorganic contaminants
such as heavy metals released into the environment through various industrial, agricultural, and
domestic practices [5,6]. Heavy metals may also enter into the environment by natural sources, but
the extent of such exposures is non-significant. Heavy metals are often present together with organic
pollutants in industrial wastewater [7]. The industrial effluents are rich in dissolved salts of Cr, Cu, Ni,
Zn, and Cd, etc., and can cause a serious problem to the surrounding environment. Heavy metals
pollution causes serious problems due to their non-biodegradable nature [8,9]. Although these metals
are vital for the proper functioning of biological systems but only in trace concentrations, higher
concentrations may lead to disturbed functioning of bio-geo-chemical cycles [10–12]. In addition,
serious health issues may arise if such metal ions can enter into the food chains and their corresponding
products. Thus, even 1.0–10 mg/L can cause health problems in human beings such as jaundice, facial
edema, blue lungs, kidney damage, hearing disorder, skin cancer, asthma, protein metabolism, and
bronchial cancer, etc. [13,14]. Therefore, a number of traditional physiochemical treatment techniques
have been reported to remove the heavy metals from wastewater, especially from the industrial
wastewater, to name a few, electro-coagulation, solvent extraction, ion-exchange, electro-reduction,
reverse osmosis, adsorption, membrane separation, chemical precipitation, and so on [15–29]. Even
though used widely, these above-mentioned techniques exhibited several disadvantages which include
the utilization of high-cost equipment and monitoring systems, the use of various expensive chemicals,
the discharge of toxic sludge, long processing time, the production of toxic waste products that need
further processing, and so on [23–31]. Thus, it is the necessity of the time to develop a new, simple, and
inexpensive method for heavy metal removal from wastewater. Recently, by utilizing living/non-living
microorganisms and their derivatives to remove the heavy metals from industrial wastewater is
considered a promising technique [32–34]. Accordingly, the bioremediation can be considered as one
of the most important and advantageous process that can efficiently remove the heavy metals from
industrial wastewater. The entrapment of the heavy metal ions and their corresponding sorption
on the binding cites of the cellular structures leads to the bioadsorption of heavy metal ions from
the industrial wastewater [35,36]. As a result of the faster adsorption process, the microbial cells
are considered as an important and advantageous scaffold for the biosorption of heavy metals and
wastewater treatment.

In this study, different fungal isolates extracted from various contaminated sites (Haryana, India)
were cultured and screened for tolerance to Cadmium (Cd2+). Various process factors, i.e., inoculum
size, pH, initial metal ion concentration, temperature, and incubation time on the Cd2+ removal by
highly efficient Cd2+ tolerant fungal isolates have been investigated and presented in this article. In
addition, mechanisms of Cd2+ removal by efficient Cd2+ tolerant fungal isolates have also been studied.

2. Materials and Methods

2.1. Chemicals Used

Potato dextrose broth (PDB) and nutrient media, potato dextrose agar (PDA), were procured
from Hi-Media, Mumbai India. Cd(NO3)2, was provided by Fine-Chem Limited, Mumbai, India.
The solutions were prepared in triply distilled water (conductivity =0.5 µS cm−1), and the reagents
were used without any further purification.

2.2. Sample Collection and Isolation of Fungi

Samples from various sites such as industrial effluents, sewerage discharge, and sludge were
collected from Karnal, Panipat, and Sonepat districts of Haryana (India). The samples were stored
at 4 ◦C prior to further processing. Fungal isolates were isolated from samples by the PDA serial
dilution method. The serial dilutions were made up to 106 and 1 mL of each dilution i.e., 104 and 106
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were poured over PDA plates. An incubation of cultured petri plates was performed at 28 ◦C for 96 h.
The prominently grown fungal colonies were regenerated and purified using the streak plate method.

2.3. Screening and Identification of Efficient Cd2+-Tolerant Fungal Isolate

The isolated fungal isolates were tested for their potential to remove Cd2+ at 25, 50, and 75 mg/L
concentrations. The concentrations were prepared from a sterilized 100 mg/L solution of Cd(NO3)2

containing PDA. A loop full of purified isolates was positioned at the Petri plates’ center comprising
of PDA (pH 5.0) and the above-mentioned Cd2+ concentrations. The growth of fungal isolates on
the pure PDA medium was labeled ‘Control’. All plates were sealed with parafilm and subjected to
incubation of 5 days. Based on the visual observation, the growth of fungal isolates was labeled as
absent growth (−), least growth (+), less than normal growth (++), slightly less than normal growth
(+++), and normal growth (++++). The highly efficient Cd2+-tolerant fungal isolates were sent for
identification to the Indian Agricultural Research Institute, New Delhi, India.

2.4. Optimization of Batch Cultures

The highly efficient Cd2+-tolerant fungal culture was tested at different pH, i.e., 3.5, 4.0, 4.5, 5.0, 5.5,
and 6.0 for uptake and percentage removal of Cd2+ from PDA containing 20 mg/L of Cd2+. First, 1M
HCl and 1M NaOH were used to adjust the pH of PDB. Then, 1mL spore suspension of efficient fungal
culture containing 104 spores (1%) was inoculated into 250 mL Erlenmeyer conical flasks containing
100 mL of PDB enriched with 20 mg/L of Cd2+ followed by shaking these flasks for 120 h at 30 ◦C. For
the control, a non-inoculated flask having 20 mg/L of Cd2+ and PDB was used. After 120h, fungal
growth was collected through filtration using Whatman Filter Paper No. 1, which was later dried for
48 h at 80 ◦C in an oven and then weighed. Atomic absorption spectrophotometer (AAS, GBC 932,
Dandenong, Australia) was used to evaluate the Cd2+ concentration left in the filtrate. To evaluate
the incubation time effect, the incubation time was varied between 24 and 144h under optimum pH.
Under optimum pH and incubation time, the effect of inoculum size was investigated by performing
batch experiments at different inoculum sizes i.e., 0.5%, 1.0%, 1.5%, 2.0%, 2.5%, and 3.0%. Temperatures
of 20, 25, 30, and 35 ◦C were studied to examine the temperature effect at optimum pH, incubation
time, and inoculum size. Under optimum pH, the effect of initial Cd2+ concentration, inoculum size,
and incubation time was investigated by changing the concentrations of Cd2+ ions from 5 to 50 mg/L.
The process to perform all the experiments was the same as mentioned above. All experiments were
performed in triplicate, and data were statistically examined by t-test with the help of SPSS 11.5.

The Cd2+ uptake by fungal biomass was calculated as follows:

Q =
ν
(
C0 −C f

)

M
(1)

where Q is the Cd2+ uptake (mg/g); C0 and Cf are the initial and leftover concentrations of Cd2+ (mg/L),
respectively; v is the total volume of the solution (L); and M the dried biomass of fungus (g).

The removal of Cd2+ (%) was calculated using following equation:

% Removal of Cd2+ =
C(initial) −C( f inal)

C(initial)
× 100 (2)

2.5. Equilibrium Isotherms

2.5.1. Langmuir Isotherm

Langmuir isotherm is a mathematical deduction of kinetic equilibrium between the condensation
and loss of adsorbed molecules.
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Ce/qe =1/qmax b + Ce/qmax (3)

where Ce is equilibrium concentration of Cd2+ (mg/L), qe is amount of Cd2+ adsorbed per gram of
fungal biomass (mg/g), qmax is Langmuir constant, and b is the energy of adsorption. The values of b
and qmax were evaluated by the intercept and slope of the graph, respectively.

2.5.2. Freundlich Isotherm

This isotherm is the result of empirical consideration and expressed as

qe = Kf Ce1/n (4)

where qe is the Cd2+ adsorbed (mg/g), Ce is the equilibrium concentration of Cd2+ (mg/L), Kf is
the adsorption coefficient (mg/g) and directly related to the standard free energy change, and n is
the empirical constant.

The linear logarithmic form of the isotherm is:

Log qe = (1/n) log Ce + log Kf (5)

From the straight-line plot between log qe and log Ce, the values of of Kf and 1/n were found.

2.6. Scanning Electron Microscopy (SEM) and Fourier Transform Infrared Spectroscopy (FTIR) Analysis

The morphological changes in the fungi without and after incubating with Cd2+ were visualized
using Scanning Electron Microscopy (SEM; JSM-6100, JEOL, Tokyo, Japan). The changes in surface
chemical profiling were analyzed and interpreted by Fourier transform infrared spectroscopy (FTIR)
(Perkin Elmer Spectrum BXII, Waltham, MA, USA, in 4000–400 cm−1 frequency range with a resolution
of 1 cm−1).

3. Results and Discussion

3.1. Isolation, Screening, and Identification of Cd2+-Resistant Fungal Biomass

Twenty-five sludge, industrial effluents and sewage samples were collected from Panipat, Sonepat
and Karnal districts of Haryana, India to isolate fungal isolates. All the fungi were maintained on PDA
slants (pH 4.5) at 30 ◦C. Screening of these fungal isolates on PDA containing 25, 50, and 75 mg/L of
Cd2+ showed that 13 fungal isolates were tolerant to 25 mg/L Cd2+, 7 fungal isolates were tolerant
to 50 mg/L, and 3 fungal isolates were tolerant to 75 mg/L (Table 1). Such phenomena indicate that
some fungal isolates exhibited inhibition at higher metal ions concentrations. Out of three fungal
isolates tolerant to 75 mg/L Cd2+, the highly Cd2+-tolerant fungal isolate FS7 and FS16 were identified
as Trichoderma fasciculatum (ITCC 7547) and Trichoderma longibrachiatum (ITCC 7062) by the Indian
Culture Collection, Indian Agricultural Research Institute. IARI, New Delhi, India.
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Table 1. Growth profile of all the fungal isolates on potato dextrose agar (PDA) (pH 5.0, temperature
30 ◦C) containing 25, 50, and 75 mg/L of Cd2+ after five days.

Sr. No. Fungal Isolate Code Control
Cd2+ Ion Concentration (mg/L)

25 50 75

1 FS1 ++++ ++ ++ +

2 FS2 ++++ ++ ++ +

3 FS3 ++++ ++ ++ +

4 FS4 ++++ ++++ +++ ++

5 FS5 ++++ ++ ++ +

6 FS6 ++++ ++ ++ +

7 FS7 ++++ ++++ ++++ +++

8 FS8 ++++ − − −
9 FS9 ++++ ++++ +++ ++

10 FS10 ++++ ++++ +++ ++

11 FS11 ++++ − − −
12 FS12 ++++ ++++ +++ +++

13 FS13 ++++ − − −
14 FS14 ++++ ++ + −
15 FS15 ++++ − − −
16 FS16 ++++ ++++ ++++ +++

17 FS17 ++++ + − −
18 FS18 ++++ + − −
19 FS19 ++++ - − -

20 FS20 ++++ +++ ++ +

21 FS21 ++++ +++ ++ +

22 FS22 ++++ ++++ +++ ++

23 FS23 ++++ +++ ++ +

24 FS24 ++++ − − −
25 FS25 ++++ ++ + −

Note: Absent growth (−), least growth (+), less than normal growth (++), slightly less than normal growth (+++),
and normal growth (++++).

3.2. Optimization of Process Parameters

Various surface and physiochemical properties—for instance, pH, incubation time, inoculum
size, temperature, metal ion concentrations, quantity of biosorbents, etc. are affecting the process for
the bioaccumulation of heavy metal ions in fungal biomass.

3.2.1. pH Effect

In the process to remove the heavy metal ions from fungi, the pH plays an important and significant
role. The observed results demonstrated that there was an enhancement in the Cd2+ ion uptake and
percentage removal up to pH 5.0 from the liquid medium by T. fasciculatum and T. longibrachiatum.
After pH 5.0, the uptake and percentage removal was significantly decreased with the increasing pH
(Figure 1a). The outcomes showed that the ideal pH for uptake and percentage removal of Cd2+ +

from the liquid medium by T. fasciculatum and T. longibrachiatum was 5.0.
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Figure 1. Effect of operational parameters on the Cd2+ removal efficiency by T. fasciculatum and T.
longibrachiatum (a) pH (b) Incubation Time (c) Inoculum Size (d) Temperature (e) Concentration of Cd.

The observed uptake and percentage removal of Cd2+ from the liquid medium by T. fasciculatum
at pH 5.0 were 2.63 mg/g and 59.20%, respectively. In addition, the uptake and percentage removal of
Cd2+ by T. longibrachiatum were 3.59 mg/g and 81.60%, respectively. Interestingly, it has been reported
that the optimum pH is important to get better results regarding the removal of heavy metal ions using
fungal isolates [37,38]. In many cases, the optimal value of pH was 5.0, which shows a maximum
removal of heavy metal ions (Pb(II), Cd(II), As(III), and Hg(II)) by fungus isolates such as Penicillium
purpurogenum [37,38].

3.2.2. Incubation Time Effect

Figure 1b exhibits the incubation time effect on the Cd uptake and percentage removal from
the liquid medium by T. fasciculatum and T. longibrachiatum. It was observed that at optimum pH
5.0, the uptake and percentage removal of Cd2+ ions from the liquid medium by T. fasciculatum
and T. longibrachiatum were increased with increasing the incubation time. Interestingly, it was seen
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the uptake and percentage removal were enhanced from 24 h to 120 h; however, they reduce after 120 h.
The maximum uptake and percentage removal of Cd2+ by T. fasciculatum at 120 h incubation time were
3.56 mg/g and 60.55%, respectively. Nevertheless, at 120 h incubation time, the uptake and percentage
removal of Cd2+ ion by T. longibrachiatum were 4.2 mg/g and 82.2%, respectively.

It is believed by most of the researchers that ion exchange or physical adsorption at the surface of
the cell might relate with the initial rapid phase [39]. However, in the presence of salt, the metal ion
transport into the cytoplasm across the cell membrane via an active metabolism-dependent transport is
responsible for the slower phase [40]. Moreover, in the absence of salt, other biosorption mechanisms
that consist of complexation, microprecipitation, etc. due to the diffusion of metal ions into the cell
debris are responsible for the second slower phase [41].

3.2.3. Inoculum Size Effect

Under the optimized conditions (pH 5.0, incubation time 120 h), with increasing the inoculum
size from 0.5% to 3.0%, the Cd2+ ion uptake and percentage removal was enhanced up to a particular
size and then reduced. Figure 1c depicts the relation between the Cd2+ ion uptake and percentage
removal and inoculum size. The experimental observations confirmed that the uptake and percentage
removal of the Cd2+ ion was increased with increasing the inoculum size from 0.5% to 2.5% for T.
fasciculatum and 2.0% for T. longibrachiatum, while it declined afterwards. The maximum uptake and
percentage removal of Cd2+ from the liquid medium by T. fasciculatum was approximately 2.15 mg/g
and 62.60%, respectively. Moreover, under the same optimized experimental conditions, the Cd2+

ion uptake and percentage removal in the liquid medium by T. longibrachiatum were 2.29 mg/g and
89.85%, respectively. Interestingly, after the inoculum size 2.5% for T. fasciculatum and 2.0% for T.
longibrachiatum, the uptake and percentage removal of the Cd2+ ions were decreased significantly. It has
been reported that the percentage removal of heavy metal ions increases with enhancing the adsorbent
dose due to the fact that it increases the adsorption sites, which leads to high adsorption and high
removal efficiency [42–44].

3.2.4. Temperature Effect

Interestingly, the adsorption medium temperature is also substantially important in the biosorption
of the metal ions by microbial cells for energy-dependent mechanisms. As reported in the literature,
mostly, the adsorption is considered as an exothermal process [45]. To understand the effect of
temperature on the uptake and percentage removal of Cd2+ ions, temperature-dependent experiments
were performed by keeping all other optimized experimental conditions the same, i.e., pH 5, incubation
time 120h, inoculum size 2% for T. longibrachiatum. Figure 1d exhibits the relation between the Cd2+

ion uptake and percentage removal and adsorption temperature. The observed results revealed that
under optimized conditions, the maximum Cd2+ion uptake and percentage removal from the liquid
medium by both fungi were obtained at 30 ◦C. It was interesting to note that for T. fasciculatum,
the maximum Cd2+ uptake and percentage removal was 1.92 mg/g and 63.85%, respectively while for
the T. longibrachiatum, the uptake and percentage removal was 2.40 mg/g and 84.25%, respectively.

3.2.5. Initial Metal Concentration Effect

Initial metal ion concentrations also have a particular effect on the adsorption characteristics
of heavy metal ions. Figure 1e shows the effect of initial metal ion concentration on the uptake
and percentage removal of Cd2+ ions using fungal isolates. To check the initial ion concentrations,
several concentrations (5–50 mg/L) were tested, and all the experiments were performed at optimized
experimental conditions, i.e., pH 5.0, incubation time (120 h), inoculum size (2.5% for T. fasciculatum,
and 2.0% for T. longibrachiatum), and temperature 30 ◦C. The observed results confirmed that under
optimized reaction conditions, for both fungal isolates, the Cd2+ uptake and percentage removal
increased with the increasing the Cd2+ concentrations from 5 to 20 mg/L, and afterwards, a decline
was seen. At an optimum concentration of 20 mg/L, the uptake and percentage removal of Cd2+
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from liquid medium was 2.27 mg/g and 67.10% for T. fasciculatum and 2.34 mg/g and 76.25% for T.
longibrachiatum, respectively. This enhancement may be because of an increase in the electrostatic
associations (comparative with covalent interactions), including sites of continuously lower affinity for
metal ions [46].

3.3. Adsorption Isotherms

The availability of a finite number of binding sites can be expected in the Langmuir model, which
equally distributed to the sorbent surface. It presents the same attraction for single-layer sorption
with no interaction between sorbed species. The Freundlich equation provides the adsorption data for
a limited concentration range and proposed an adsorption sites heterogeneity on the biomass [47]. By
changing the pH from 3.5 to 6.0 for Cd2+ ion removal from the liquid medium using T. fasciculatum
and T. longibrachiatum, the obtained results were examined, and sorption isotherms were calculated.
Figure 2 exhibits the calculated Langmuir and Freundlich isotherms for Cd2+ removal by T. fasciculatum
and T. longibrachiatum. As a result of the higher value of correlation coefficients R2 > 0.90, the observed
results revealed that the Cd2+ removal using both the fungal isolates, i.e., T. fasciculatum and T.
longibrachiatum, better fit with the Langmuir isotherm models compared with the Freundlich isotherm.
Various parameters of Langmuir and Freundlich models for the Cd2+ ion sorption on the live cells of
T. fasciculatum and T. longibrachiatum are presented in Table 2. As observed, the maximum Cd2+ ion
adsorption capacities (qmax) for T. fasciculatum and T. longibrachiatum fungal isolates were 1.90 mg/g
and 0.80 mg/g, while the calculated correlation coefficients (R2) were 0.99 and 0.99 for both the fungal
isolates, respectively.
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The observation revealed that after 120 h, the hyphae of both the fungi was tube shaped, septate, 
and diverged with no metal treatment. However, after treatment with 20 mg/L of Cd2+ after 120 h, 
there was a thorough disruption and dissolution of mycelium of T. fasciculatum and T. 
longibrachiatum. These metals were consistently intact to the fungal mycelium, and a higher 
absorption of Cd2+ ions along with flocculation in mycelium was seen. The formation of such 
complexes was most probably because of the detoxification mechanism, in which normally fungal 
isolates are used in order to manage the lethal concentrations of heavy metal ions [48].  

Figure 2. (a,c) Langmuir and (b,d) Fredundlich isotherms for Cd2+ removal by T. fasciculatum and T.
longibrachiatum, respectively.
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Table 2. Langmuir and Freundlich isotherm constants for removal of Cd2+ by T. fasciculatum and T.
longibrachiatum.

Isotherms Parameters T. fasciculatum T. longibrachiatum

Langmuir
qmax (mg/g) 1.90 0.80

b (L/mg) −2.23 −2.75

R2 0.99 0.99

Freundlich
Kf (L/g) −0.15 0.02

n −3.11 −0.95

R2 0.84 0.84

3.4. SEM and FTIR Analysis

The morphological changes before and after the Cd2+ ions accumulation in the fungal isolates, i.e.,
T. fasciculatum and T. longibrachiatum, were further analyzed by scanning electron microscopy (SEM),
and the results are presented in Figure 3.

Figure 3. SEM images of (a) T. fasciculatum control and (b) after treatment with Cd2+, (c) T. longibrachiatum
control and (d) after treatment with Cd2+.

The observation revealed that after 120 h, the hyphae of both the fungi was tube shaped, septate,
and diverged with no metal treatment. However, after treatment with 20 mg/L of Cd2+ after 120 h,
there was a thorough disruption and dissolution of mycelium of T. fasciculatum and T. longibrachiatum.
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These metals were consistently intact to the fungal mycelium, and a higher absorption of Cd2+ ions
along with flocculation in mycelium was seen. The formation of such complexes was most probably
because of the detoxification mechanism, in which normally fungal isolates are used in order to manage
the lethal concentrations of heavy metal ions [48].

To understand the metal ions bindings, the attachment of various functional groups on the fungal
surface are important to study. To examine the functional groups available on the surfaces of
fungal isolates, FTIR studies were performed for both the fungal biomass, i.e., T. fasciculatum and T.
longibrachiatum before and after Cd2+ ions treatment. Figure 4 exhibits the typical FTIR spectra in
the range of 450–4000 cm−1 for both the fungal biomass, i.e., T. fasciculatum and T. longibrachiatum
before and after Cd2+ ions treatment. The Cd2+ free biomass of T. fasciculatum and T. longibrachiatum
exhibited several absorption peaks, which show the complex nature of the biomass. The peak that
appeared in the range of 3500–3200 cm−1 was due to stretching of the N–H bond of the amino groups
and the O–H bond of the hydroxyl group. Upon Cd2+ loading to the biomass of T. fasciculatum and
T. longibrachiatum, a significant change in the peak positions was seen, which confirmed the Cd2+

binding with hydroxyl and amino groups (Table 3). The peaks that appeared at 2853 cm−1 and
2922 cm-1 exhibited the presence of C–H methyl groups stretching. Furthermore, the peak shown at
1747 cm−1 represents the native carbonyl stretching, while the peak at 1373 cm−1 represented as CH
symmetric/symmetric band. The peaks that appeared at 2853 cm−1, 2922 cm−1, and 1747 cm−1did not
show any significant change in samples exposed to Cd2+ except for a peak exhibited at 1373 cm−1,
which showed a slight change from its original position.

Figure 4. Fourier transform infrared spectroscopy (FTIR) spectra of (a) T. fasciculatum and (b) T.
longibrachiatum fungal biomass before and after treatment with Cd2+.
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Table 3. FTIR peaks and their corresponding functional groups of T. fasciculatum and T. longibrachiatum
before and after the addition of Cd2+.

Sr. no.
T. fasciculatum T. longibrachiatum Assigned Groups

Control Cd2+ Addition Control Cd2+ Addition

1 3332.6 3320.1 3363.5 3325.2 -OH, -NH

2 2923.6 2924.3 2923.3 2923.3 -CH, -OH

3 2853.3 2853.2 2854.6 2854.9 -CH

4 1745.4 1746.0 1744.9 1745.1 -C=O, of ester group

5 1654.8 1654.3 1645.5 1648.1 -C=O, COO

6 1560.2 1563.0 1554.5 1558.8 -NH

7 1373.8 1375.6 1372.3 1373.8 -CH

In case of Cd2+-unloaded spectra of T. Fasciculatum and T. longibrachiatum, the peaks appeared
at 1650 and 1544 cm−1 are related with the C=O of amide I and the NH/C=O blend of the amide II
bond, respectively confirming the availability of the carboxyl groups [49,50]. It is interesting to see that
the peak positioned at 1544 cm−1 expanded in the presence of Cd2+ ions, which confirms the interaction
of Cd2+ with carboxyl groups. The above observations revealed the presence of various functional
groups such as -CH, -OH, –C=O, and –NH in the binding of Cd2+ions with the fungal biomass,
i.e., T. fasciculatum and T. longibrachiatum. The observed results are in agreement with the reported
literature [49–51].

3.5. Proposed Mechanism for Cd2+ Removal

Based on the findings of this work, we proposed the possible mechanism of T. fasciculatum and T.
longibrachiatum response to Cd2+ stress (Figure 5). The bioaccumulation of Cd2+ in T. fasciculatum and
T. longibrachiatum is a cumulative result of three pathways. First the Cd2+ get adsorbed over the fungal
outer membrane [52]. It has been shown in the FTIR results that various functional groups available
on the fungal surface showed significant changes in their peak positions, indicating the chemical
adsorption of Cd2+ over the membrane. Then, the ions are engulfed in the fungal cytoplasm where
they are assimilated and sequestrated by the cellular reactions [53]. In addition, the fungi can release
exopolysaccharides (high-molecular-weight polymers composed of sugar residues) to entrap or adsorb
the extracellular Cd2+ ions [54].
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Figure 5. Pictorial illustration of Cd2+ removal by T. fasciculatum and T. longibrachiatum.

4. Conclusions

In summary, 25 sludge, industrial effluents and sewage samples were collected to isolate fungal
isolates and screened to their tolerance to Cd2+ in PDA medium containing Cd2+ from 25 to 75 mg/L.
There was a decline in the number of fungi for their tolerance to Cd2+ with the increment in concentration
of Cd2+ from 25 to 75 mg/L. The removal of Cd2+ by highly effective fungi T. fasciculatum and T.
longibrachiatum was dependent on various experimental parameters such as temperature, initial metal
ion concentrations, pH, incubation time, inoculum size, etc. Under optimized conditions, i.e., pH 5.0,
inoculum size (2.5% for T. fasciculatum and 2.0% for T. longibrachiatum), incubation time (120 h), initial
Cd2+ concentration (20 mg/L), and temperature (30 ◦C), the maximum removal of Cd2+ was 67.10% for
T. fasciculatum and 76.25% for T. longibrachiatum. The observed data were well fitted with the Langmuir
and Freundlich isotherm models. The SEM examinations confirmed the morphological changes in
response to the Cd2+ aggregation in T. fasciculatum and T. longibrachiatum. Both the fungal isolate
exhibited Cd2+ binding on the cell wall surface as a mechanism of metal tolerance. The FTIR studies
confirmed the presence of various functional groups such as –CH, –OH, -C=O and –NH in the binding
of Cd2+ ions with the fungal biomass, i.e., T. fasciculatum and T. longibrachiatum. The observed results
revealed the potential biosorption tendency of T. fasciculatum and T. longibrachiatum to remove Cd2+

from wastewater.
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Abstract: A conceptual design of an industrial production plant for activated carbon was developed
to process 31.25 tons/day of industrial waste nutshells as the raw material and produce 6.6 ton/day
of activated carbon using steam as an activation agent. The design considered the cost of the
main equipment, the purchase price of the nutshells, basic services, and operation. A sensitivity
analysis was developed, considering the price of the finished product and the volume of raw material
processing varied up to ±25%. Furthermore, the total annual cost of the product was determined
based on the production of 2100 tons/year of activated carbon. Two cash flows were developed and
projected to periods of 10 years and 15 years of production, using a tax rate of 27%, a low discount
rate (LDR) of 10% per year, and without external financing. For a 10-year production project, the net
present value (NPV) was USD 2,785,624, the internal return rate (IRR) 21%, the return on investment
(ROI) 25%, and the discounted payback period (DPP) after the fifth year. Considering a project with
15 years of production, the NPV was USD 4,519,482, the IRR at 23%, the ROI 24%, and the DPP after
the fifth year of production.

Keywords: economic evaluation; production cost; nutshell waste; activated carbon

1. Introduction

Currently, there is a great interest in adopting more efficient and low-cost processes for the treatment
of wastewater. The rapid growth of the world population is resulting in increased contamination
of freshwater sources, generating conditions of water stress in the short term [1]. The adsorption
technique using activated carbon is one of the most-used methods for the removal of organic pollutants
and metal ions in wastewaters, with previous studies reporting effective removal of impurities [2,3].

Activated carbons are highly porous carbon materials with a high specific internal surface area and
commonly serve as adsorbent material in various industrial separation and purification applications [4].
Activated carbons can be obtained from chemical activation processes or physical activation of organic
precursors. Chemical activation consists of the impregnation of the raw material with chemical agents,
such as KOH, ZnCl2, and H3PO4, among others, and simultaneous carbonization (pyrolysis) of the
impregnated biomass in an inert gaseous atmosphere, where the main role of the activating compound
is the degradation of the cellulosic material [5,6]. On the other hand, two relevant processes are
involved in physical activation. The first process involves the pyrolysis of the raw material in an inert
atmosphere that usually uses a gaseous stream of nitrogen. The second stage of activation involves
gases, such as water vapor, carbon dioxide, or a mixture of these gasses with nitrogen or air in different
proportions at high temperatures for the final activation [5,6].
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Generally, the raw material’s pyrolysis process takes place at temperatures between 400 and 600 ◦C,
while the activation stage takes place between 800 and 1100 ◦C [5,6]. In comparison with chemical
activation, physical activation can be considered clean and environmentally friendly, which would avoid
the incorporation of impurities from chemical activation agents. There are various organic materials
that serve as raw materials for obtaining activated coals, such as coconut shells [7], rice shells [8],
palm shells [9], peanut shells [10], and nutshells [11], among others [5,6]. Recent studies have shown
that physically activating carbon with steam using nutshells as a precursor has presented interesting
characteristics for applications in the removal of heavy metals from effluents of polluted waters [12,13].
In this sense, it could be interesting to develop a complete economic evaluation of a nutshell activated
carbon production plant, using the parameters and conditions used in the laboratory.

There are few reports on the analysis of production costs of activated carbon production plants.
Noticeably, the study of Ng et al. [14] in 2003 considers the production-cost analysis for an activated
carbon plant from pecan shells. The study compares the physical activation with steam and the
chemical activation with phosphoric acid and reaches a production cost of 2.72 USD/kg and 2.89 USD/kg,
respectively. Choy et al. [15] in 2005 reported on the production of activated carbon from bamboo
waste and the evaluation of two production plants: one independent and one integrated. The study
presents a thorough economic investigation and sensitivity analysis, estimating values for the internal
return rate of 13.0% and 20.1%, respectively, among other economic indicators of interest. Subsequently,
Lima et al. [16] in 2008 reported the capital and operating costs for an activated carbon plant from
poultry waste, obtaining a global production cost of 1.44 USD/kg. Next, Stavropoulos et al. [17] in
2009 reported different production costs and other economic indicators for physically and chemically
activated carbon production processes based on precursors, such as used tires, wood, petroleum coke,
carbon black, coal, and lignite. The authors obtained production costs of 2.23 USD/kg, 2.49 USD/kg,
1.08 USD/kg, 1.22 USD/kg, 1.25 USD/kg and 2.18 USD/kg, respectively. Moreover, Vanreppelen et al. [18]
in 2011 reported results on the feasibility of a process to produce nitrogenous activated carbon by
co-pyrolysis of a mixture of particle board (chipboard) and melamine formaldehyde resin, estimating
different economic indicators and developing sensitivity analyses. Furthermore, Santadkha and
Skolpap [19] in 2017 reported the results of the economic evaluation for three types of production
processes: first, a process of generating activated carbon from coconut shells; second, a process of
regenerating coal obtained from the petrochemical industry, and, third, an integrated process that
combines the production and regeneration of activated carbon. Nandiyanto [20] in 2018 reported the
economic feasibility of the production of activated carbon and silica particles from rice straw residues,
obtaining various economic indicators, such as an internal return rate of 44.06% for a case study.

The present work updates, complements, and discusses new economic approaches on the
implementation of an industrial plant that produces physically activated carbon from nutshells. Results
can be extrapolated to various types of raw material, as long as the selected raw materials and process
conditions are similar. Although the assumptions made for the selected production process provide
an adequate initial technical basis for the economic evaluation of a production plant at the industrial
scale, there are limitations related to the conditions provided in this particular work. In this sense,
the precision of this study is highly dependent on the variation in the cost of the main equipment,
the cost of the raw material, the sale price of the product, and the estimated operating conditions of the
production process. Another weakness may be related to the use of the factorial method to estimate the
total capital investment used to calculate the economic indicators of profitability. Future work should
be directed towards the optimization of the selected production process, through the use of a suitable
chemical process simulation software. This information would greatly improve the economic study.
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2. Materials and Methods

2.1. Production Process

The production process and operational parameters were proposed based on recent bibliographical
data, which reported the obtaining of activated carbons from nutshells, using an inert nitrogen-based
atmosphere for the pyrolysis stage and a flow of steam as an activating agent for the activation
stage [13]. The parameters and conditions reported by Nazem et al. [13] were considered for the
conceptual plant design considering a specific area of 1248 m2/g for the activated carbon. This report
indicates the pyrolysis stage temperature of 600 ◦C and a residence time of 1 h. For the activation stage,
the operational conditions considered were 950 ◦C for temperature and 1 h for residence time. In the
present work, a conversion rate of 30% was considered for the pyrolysis stage, in which nutshells
are transformed into natural carbon, and a conversion rate of 70% for the activation stage, in which
previously obtained natural carbon is converted into activated carbon. An overall conversion rate
of 21% was established; consequently, this percentage of the available raw material of nutshells is
finally transformed into activated carbon. On the other hand, material and energy balances were
developed to obtain all the input and output flows of the production process, adjusted to the operating
conditions considering production for the base case of 6.6 ton/day of activated carbon with ±25%
variation. A sufficiently wide range of variation was considered to adequately establish the effect of the
parameters on the net present value. Finally, the requirements for basic water, nitrogen, steam, and fuel
services necessary for the operation of the process were estimated, as well as the size parameters for
the sizing of the main process equipment.

2.2. Economic Analysis

For the economic evaluation, the installation of the production process plant in Chile was
considered, because it has an appropriate availability of the raw material, access to ports of shipment,
stability, and economic integration at a global level. On the other hand, considering that the mass ratio
between the internal fruit and the shell is close to one, it was possible to establish that the quantity of
available nutshells in Chile is similar to the exports of shelled nuts considered under the International
Trade Center (ITC) code 080232. In this way, it was estimated that the availability of raw material was
close to 34 kton/year, sufficient to supply the 10 kton/year (±25%) needed for the proper development
of the investment project.

A working year of 360 days was considered, with a typical working period of 320 days/year
for production and 40 days/year for plant maintenance tasks, and with a density of 600 kg/m3 in the
case of nutshells and 500 kg/m3 in the case of the activated carbon obtained to size the main process
equipment. The cost of the main equipment was estimated from actual local commercial quotations
and costs present in the available literature [14–16]. The costs were updated to present value using the
chemical engineering plant cost index (CEPCI), applying Equation (1). The costs of the main equipment
were adjusted for required production capacity through Equation (2), using a typical exponent of 0.6
(six-tenths-factor rule) [21,22]. The operational labor costs were estimated graphically for an average
condition plant, yielding 27 employee-hours/day/processing step.

Cost Item (2019) = Cost Item (20XX) ×
[ Cost Index 2019
Cost Index 20XX

]
(1)

Cost New Capacity = Cost Old Capacity×
[

New Capacity
Old Capacity

]0.6

(2)

The total capital investment established from the total cost of the main process equipment installed
at the plant—including the auxiliary equipment, the total product cost including the operational labor,
the projected cash flows using the selling price of the product and the sensitivity analysis—were
determined taking as a guide the standard procedures described in Plant Design and Economics for
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Chemical Engineers by Peter & Timmerhaus [21,22]. In particular, the total capital investment was based
on the percentage of the delivered equipment cost method for a solids and liquids processing plant,
described in the previous reference. The depreciation of process equipment was calculated using the
linear method, and the income tax rate used was 27% (case of Chile) [23]. The expected error in the
estimation of factored costs is around ±25%. The sales price of the finished product (activated carbon)
for the base case was estimated at 2.75 USD/kg. Finally, economic indicators, such as net present value
(NPV), internal return rate (IRR), return on investment (ROI), and discounted payback period (DPP),
were determined. The equations for calculating NPV (Equation (3)), IRR (Equation (4)), and ROI
(Equation (5)) are shown below [15,17]. In the case of the DPP, it was estimated graphically using the
discounted cumulative cash flow.

NPV [USD] =
N∑

t=1

Ft

(1 + d)t − I0 (3)

NPV =
N∑

t=1

Ft

(1 + d∗)t − I0 = 0→ d∗ = IRR (4)

ROI [%] =
Ft

I0
× 100 (5)

where N = project duration [years], Ft = annual profit [USD], d = low discount rate (LDR = 10% average
market value), I0 = total capital investment [USD], and d* = internal return rate (it is the discount rate
when NPV = 0).

3. Results

3.1. Production Process Description (Base Case)

A processing capacity of 31,250 kg/day of nutshells was considered for the production of
6563 kg/day of activated carbon from nutshells for 320 effective working days of operation. Figure 1
shows the proposed production process for obtaining activated carbon from nutshells. The first stage
is to grind 31,250 kg/day of nutshells to reach a maximum granular particle size of 18 mesh (1.0 mm)
in a mill capable of processing 1302 kg/h and then to collect the ground raw material in two storage
silos with a capacity of 182 m3 each, allowing the raw material stock to be maintained for one week
of production.

Subsequently, in the second stage, the 31,250 kg/day of ground nutshells must be processed in six
independent loading processes per day of 5208 kg/load. The nutshells are fed to a rotary kiln where
the raw material’s carbonization process is carried out at a temperature of 600 ◦C with a residence
time of 1 h. To avoid the combustion of organic matter inside the furnace chamber, a nitrogen flow is
incorporated to displace the air. In this way, 1563 kg/load of natural coal is obtained from nutshells
as an intermediate product, with an estimated yield for this stage of 30%. The process of activation
is carried out at a temperature of 900 ◦C in the presence of a steam current as an activating agent
for a residence time of 1 h. 1094 kg/load of activated carbon from nutshells is obtained as the final
product of this stage, with a yield of 70%. The rotary reactor was designed with a volumetric load
ratio of 15% and an internal volume of approximately 58 m3. In the third stage, the activated carbon
produced passes to cooling equipment where the temperature decreases to 50 ◦C using a nitrogen
atmosphere and is stored in a silo of 92 m3 of capacity that means the stock can be kept for a week
of production. The fourth stage consists of passing the activated carbon through sieving equipment
capable of processing 273 kg/h of product. Finally, in the fifth stage, the packaging process of the
activated carbon produced is developed.
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nutshells by physical activation with steam.

3.2. Cost Estimation (Base Case)

The cost of the main equipment of the production process placed in the plant for the base case
considered is shown in Table 1. The total cost of the equipment, including auxiliary equipment,
is USD 1,063,044. Furthermore, it was considered that the cost of the auxiliary equipment is 10% of the
main process equipment. The construction material of the equipment considered was carbon steel.

Table 1. Main process equipment specifications and costs for the base case.

MAIN PROCESS EQUIPMENTS CAPACITY UNITS [USD]

1 Mill (Nutshell) 1302 kg/h 22,245
2 Silo/Bin (Nutshell Storage) 292 m3 103,473
3 Rotary Kiln Pyrolysis/Activation (6 process per day) 5208 kg/process 515,624
4 Rotary Cooler Activated Carbon (6 process per day) 1094 kg/process 78,479
5 Silo/Bin (Activated Carbon Storage) 84 m3 34,297
6 Vibrating Screen Sieve (Activated Carbon) 273 kg/h 7546
7 Packaging (Activated Carbon) 273 kg/h 45,816
8 Diesel Boiler 563 kg/h 27,896
9 Fuel Diesel Tank 109 m3 68,488

10 Cooling Water Tank 174 m3 62,540

C1 TOTAL MAIN EQUIPMENT COST 966,404

C2 TOTAL MAIN + AUXILIARY EQUIPMENT COST (1.1 × C1) 1,063,044

By using the total cost of the process equipment (including auxiliary equipment) as the 100%
value, the total capital investment for the base case was estimated at USD 5,427,905, as shown in
Table 2. In this sense, the total fixed-capital investment reached a value of USD 4,613,613 and a working
capital value of USD 814,292. Concerning the base case, the annual cost of raw materials reached a
value of USD 1,124,894 per year. This amount considered the purchase of 10 kton/year of nutshells
at a unit price of 100 USD/ton, the supply of boiler water of 2700 m3/year at a unit service price of
4 USD/m3, and the supply of liquid nitrogen of 185 ton/year at a unit price of 618 USD/ton. On the
other hand, the cost for basic fuel and cooling water services reached a value of USD 936,936 per
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year, considering a diesel oil supply of 1162 m3/year at a unit price of 800 USD/m3 and the supply of
cooling water of 1866 m3/year at a service price of 4 USD/m3. Operational labor costs were estimated
at USD 280,800, considering 27 employee-hours/day/processing step, five process stages as described
in Figure 1, 320 days of annual operation, and a cost of 6.5 USD/employee-hours. All mentioned costs
were estimated based on local values, considering a high rank to ensure an economic evaluation in the
most extreme case (the case of Chile). Consequently, the total cost of the product for the base case was
estimated at USD 4,523,987, as shown in Table 3.

Table 2. Total capital investment for the base case.

ITEM [USD]

A TOTAL FIXED-CAPITAL INVESTMENT A1 + A2 4,613,613
A1 TOTAL DIRECT PLANT COST 1 to 9 3,274,177
1 Delivered main equipment (includes auxiliary equipment) 100% 1,063,044
2 Purchased-equipment installation 39% 414,587
3 Instrumentation and controls (installed) 26% 276,392
4 Piping (installed) 31% 329,544
5 Electrical (installed) 10% 106,304
6 Buildings (including services) 29% 308,283
7 Yard improvements 12% 127,565
8 Service facilities (installed) 55% 584,674
9 Land (purchase is required) 6% 63,783

A2 TOTAL INDIRECT PLANT COST 10 to 14 1,339,436
10 Engineering and supervision 32% 340,174
11 Construction expenses 34% 361,435
12 Legal expenses 4% 42,522
13 Contractor’s fee 19% 201,978
14 Contingency 37% 393,326
B WORKING CAPITAL 15 + 16 814,292
15 About 15% of total capital investment 75% 707,988
16 Safety and hazard analyses 10% 106,304

TOTAL CAPITAL INVESTMENT A + B 5,427,905

Table 3. Total annual product cost for the base case.

ITEM [USD]

C MANUFACTURING COST C1 + C2 + C3 3,821,529
C1 DIRECT PRODUCTION COSTS 1 to 8 2,862,319
1 Raw materials (calculated) - 1,124,894
2 Operating labor (calculated) - 280,800
3 Direct supervisory and clerical labor (17.5% of operating labor) 17.5% 49,140
4 Utilities (calculated) - 936,936
5 Maintenance and repairs (6% of fixed-capital investment) 6.0% 276,817
6 Operating supplies (15% of cost for maintenance and repairs) 15.0% 41,523
7 Laboratory charges (15% of operating labor) 15.0% 42,120
8 Patents and royalties (4% of C1.1 to C1.7) 4.0% 110,089

C2 INDIRECT PRODUCTION COSTS 9 to 11 595,156
9 Depreciation (10% of fixed-capital investment) 10.0% 461,361
10 Local taxes (2.5% of fixed-capital investment) 2.5% 115,340
11 Insurance (0.4% of fixed-capital investment) 0.4% 18,454
C3 PLANT-OVERHEAD COSTS (60% of 2 + 3 + 5) 60.0% 364,054
D GENERAL EXPENSES 14 to 16 702,458
14 Administrative costs (15% of 2 + 3 + 5) 15.0% 91,014
15 Distribution and selling costs (11% of manufacturing cost) 11.0% 420,368
16 Research and development costs (5% of manufacturing cost) 5.0% 191,076

TOTAL PRODUCT COST C + D 4,523,987
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4. Discussion

It is important to mention that the costs reported in the bibliography are linked to different
time periods, which may affect the comparisons with respect to the values estimated in this work.
In this sense, the cost comparison described below considers this as a limitation of the present work.
As established in Table 1, the cost estimate of the main equipment and auxiliary equipment reached an
updated value of USD 1,063,064, which is, in some cases, similar to the costs found in the literature
for activated carbon production processes, using the physical route with steam as an activating agent.
This value was estimated considering a plant size to process 6.6 ton/day of waste nutshells as raw
materials. On the other hand, some of the most current costs are related to the estimate made by
Lima et al. [16] in 2008, which reported a total cost of main equipment of USD 1,776,000, to process
20 tons/day of poultry litter. Subsequently, Stavropoulos et al. [17] in 2009 reported a total cost for
process equipment of USD 1,154,416, for a production size of 4.5 ton/day considering various raw
materials. More recently, Santadkha and Skolpap [19] in 2017 reported a total cost of main machinery
and equipment of USD 1,301,429 for the generation of activated carbon from coconut shells and the
regeneration of spent activated carbon obtained from the petrochemical industries, considering a plant
capacity of 12 ton/day and 10 ton/day, respectively.

As previously mentioned, Table 3 shows that the total manufacturing cost for the base case reached
a value of USD 3,821,529, and the total cost of the product reached a value of USD 4,523,987. If we
divide these values by the total annual activated carbon production quantity of 2,100,000 kg/year,
we obtain a manufacturing cost of USD 1.82 per kg of product and USD 2.15 per kg of product,
respectively. For the calculation of these values, a non-zero cost for the raw material of USD 1,124,894
per year was considered. This makes a difference with other published studies that consider a marginal
cost or do not consider costs in this important item, which can decrease the total cost of the product
and lead to unrealistic conclusions about production costs, since any waste material used in industrial
processes acquires economic value [17].

The values mentioned above can be compared with some costs reported in similar studies,
being lower, for example, than the cost of the product obtained by Ng et al. [14] in 2003 who reached a
production cost of activated carbon from pecan shells of USD 2.72 per kg and USD 2.89 per kg when
the process was carried out by physical activation with steam and chemical activation with phosphoric
acid, respectively, considering a minimum cost of USD 35,000 for raw materials. The costs obtained in
the present work compare favorably with the costs reported by Stavropoulos et al. [17] in 2009 who
reported production costs of USD 2.23 per kg, USD 2.49 per kg, and USD 2.18 per kg for the production
of physically activated carbon with steam, using worn tires, wood, and lignite as raw materials,
respectively. It is important to highlight that these last values were obtained considering a zero cost
for raw materials. On the other hand, in the same study, lower production costs of USD 1.92 per kg,
USD 1.84 per kg, and USD 1.72 per kg were reported for the production of chemically activated carbon
with KOH, using worn tires, wood, and lignite as raw materials, respectively, considering a zero cost
for raw materials. However, when a non-zero value was considered for raw materials, higher costs
were calculated as USD 11.4 per kg, USD 6.39 per kg, and USD 5.38 per kg for the same precursors,
respectively. In another study developed by Lima et al. [16] a lower production cost of USD 1.44 per kg
was reported for an activated carbon plant from poultry waste, using physical activation with steam
and a subsequent washing step with hydrochloric acid, followed by a step rinse with water. However,
the cost was obtained considering a cost for raw materials of USD 269,537 per year, including the
transportation of poultry waste, which is below the value considered here.

4.1. Economic Evaluation (10-Year Production Project)

Figure 2 shows the cumulative discounted cash-flow diagrams (CDCF) at different applied
discount rates and without external financing, to determine the payback period for the capital
investment. The payback period was after the fourth year of production, giving a net present value of
USD 7,939,235 for a zero discount rate. For a 10% discount rate, the payback period was after the fifth
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year of production, giving a net present value of USD 2,785,624. Finally, for a discount rate of 20%,
the investment recovery period was after the ninth year of production, giving a net present value of
USD 176,231. In all cases the return on investment was 25%. On the other hand, Figure 3 shows the
variation curve of the net present value at different discount rates. The internal rate of return (IRR) was
estimated at 21%, which is higher than the minimum discount rate (LDR) of 10%, which is generally
used by companies for the evaluation of investment projects in chemical plants; therefore, the project is
viable for this particular condition.
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4.2. Sensitivity Analysis (Base Case of 10 Years of Production)

Figure 4 shows the effect on the NPV of the project’s cash flow at ten years of production as
a base case (using a tax rate of 27% and an LDR of 10% per year) due to the variation of ±25% in
the cost of the equipment delivered to the plant, including the auxiliary equipment, the purchase
price of the raw material (nutshells), the cost of basic services, and the cost of operational labor.
The NPV varied by up to ±78% when the cost of equipment delivered was modified from the base
case (USD 1,063,044). When the equipment delivered cost changed by +25%, a minimum NPV of
USD 611,708 was obtained, along with an IRR of 12% and an ROI of 18% for this case. On the other
hand, the NPV had a maximum variation of ±49% when the nutshells’ raw material price changed for
the base case (100 USD/ton), this variation being lower than the previous example. The NPV reached a
minimum value of USD 1,432,787, when the price of the raw material was increased by 25%, obtaining
an IRR of 16% and an ROI of 21%.
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Figure 4. Effect by variation in ±25% of the cost of equipment, the purchase price of nutshells, the cost
of services, and the cost in operating labor on the NPV considering an investment project of 10 years
of production.

When the costs of the basic services were modified, the NPV had a ±46% variation lower than
in the previous cases. Thus, the NPV reached a minimum value of USD 1,518,102 when the cost of
basic services increased by 25%, obtaining an IRR and ROI value of 16% and 21%, respectively. Finally,
the NPV had an ±29% variation when the cost of operational labor was modified for the base case
(USD 280,800). It was the smallest variation within the cases studied in this particular item. In this case,
the NPV minimum was USD 1,969,277, when the operational labor cost increased by 25%, obtaining an
18% IRR and an ROI of 22%.

Figure 5 shows the variation in net present value for the ±25% change in the volume of raw
material processing (nutshells) and in the sales price of the finished product (activated carbon),
which for the base case under consideration were 10 kton/year and 2.75 USD/kg, respectively. The NPV
varied by up to ±178% when the processing volume of the raw material was modified to the base
case. When the processing volume decreased by 25%, a minimum NPV with a negative value of
USD 2,170,121 was obtained.

The NPV had a ±234% variation when the sales price of the finished product was modified to
the base case. When this sales price decreased by 25%, a minimum NPV with a negative value of
USD 3,731,774 was obtained. Consequently, the final product’s sales price is the parameter with the
highest sensitivity of the series studied, as it delivers the most upper range of variation in the net
present value of the net cash flow of the investment project at 10 years of production.
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4.3. Economic Evaluation (15-Year Production Project)

Similar to the previous case, Figure 6 shows the cumulative discounted cash-flow diagrams
at different discount rates to determine the payback period. For a zero discount rate, the payback
period was after the fourth year of production, giving a net present value of USD 14,189,402. For a
10% discount rate, the payback period was after the fifth year of production, giving a net present
value of USD 4,519,482. For a discount rate of 20%, the payback period was after the ninth year of
production, giving a net present value of USD 686,744. In all cases the return on investment was 24%.
Figure 7 shows the variation curve of the net present value at different discount rates. From this figure,
the cost of the internal rate of return (IRR) can be graphically estimated at 23%. Therefore, the project
is feasible for this particular condition, as discussed above.
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4.4. Sensitivity Analysis (Base Case of 15 Years of Production)

Figure 8 shows the change in the NPV of the project cash flow at 15 years of production as a base
case (using a tax rate of 27% per year and an LDR of 10% per year) due to the variation in ±25% in
the cost of the equipment delivered (including auxiliary equipment), the price of the raw material
(nutshells), the cost of basic services, and the cost of operational labor. This analysis is similar to the
case seen above, which involves a 10-year production project. The NPV varied by up to ±54% when the
cost of the equipment delivered was modified from the base case (USD 1,063,044). When the delivered
equipment cost was increased by 25%, a minimum NPV was obtained of USD 2,096,311, along with an
IRR of 15% and an ROI of 17%.
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The NPV had a maximum variation of ±37% when the price of the nutshells’ raw material was
modified for the base case (100 USD/ton), this variation being lower than the previous case. When the
price of the raw material increased by 25%, a minimum NPV for this case of UDS 2,844,866 was
obtained, along with an IRR of 18% and an ROI of 20%. When the costs of the basic services were
modified, the NPV had a ±35% variation lower than in the previous cases. Thus, NPV reached a
minimum value of USD 2,950,474 for a +25% variation in the cost of basic services, obtaining a 19%
IRR and a 20% ROI. Finally, the NPV had a maximum difference of ±22% when the cost of operational
labor was modified to the base case (USD 280,800), the lowest variation being within the cases studied
in this particular item. In this case, a minimum NPV of USD 3,508,962, an IRR of 20%, and an ROI of
22% were obtained if the operational labor cost is increased by 25%.

Figure 9 shows the change in net present value for the ±25% change in the volume of processing
of the raw material and the selling price of the finished product for their base cases discussed above.
The NPV had a variation of up to ±136% when the processing volume of the raw material was changed
from the base case. When the processing volume decreased by 25%, a minimum NPV with a negative
value of USD 1,615,009 was obtained. On the other hand, the NPV had a ±177% variation when the
sales price of the finished product was modified for the base case. When this sales price decreased by
25%, a minimum NPV with a negative value of USD 3,496,851 was obtained. Consequently, the sales
price of the finished product is the most sensitive parameter of the series studied for the 15-year
production investment project, in a similar way to the 10-year operation project.
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5. Conclusions

Based on the economic analysis developed, it is estimated that the generation of activated carbon
from industrial waste nutshells by physical methods through the use of water vapor as an activating
agent is economically profitable under the particular characteristics of the cases studied in this work.
The activated carbon from nutshells would have a total cost of approximately USD 2.15 per kilogram
of final product. In addition, the total manufacturing cost reached a value of USD 1.82 per kilogram of
final product. For the calculation of these values, a non-zero cost was considered for the purchase of
the raw material. This consideration makes a difference with other published studies that consider a
marginal cost or do not consider the costs of purchasing raw materials. The estimated internal rate of
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return was 21% and 23% for 10 and 15 years of operating time, respectively. Such results are higher
than the typical minimum discount rate of 10%, which is generally used by companies to evaluate
investment projects in chemical plants, thus making the investment project viable. It was estimated
that for the projected case of 10 years of operation (tax rate of 27% and LDR of 10% per year), the return
on investment reaches 25%, and that for the planned case of 15 years of service (tax rate of 27% and
LDR of 10% per year) the return on investment reaches 24%. In both cases, the payment period was
made after the fifth year of production. The analysis of various sensitivity factors showed the limits to
ensure the profitability of the project. Among these factors, the selling price of the finished product is
the most sensitive parameter. On the other hand, one of the most important contributions of this work
is to try to reduce the degree of uncertainty in the estimation of production costs and in the analysis of
profitability indicators to provide a better approximation of the real costs involved in the economic
analysis of an activated carbon production plant and provide a greater amount of information for
potential industrial investors. In summary, this study can support the academic, research and financial
analysis of investment projects and provide valuable information to industrial investors who could
identify a good return on their investment capital.
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Abstract: The presence of endocrine disruptors in surface waters can have negative implications
on wildlife and humans both directly and indirectly. A molecularly imprinted polymer (MIP) was
explored for its potential to enhance the UV-Vis determination of trenbolone in water using solid-
phase extraction (SPE). The synthesized MIP was studied using Fourier transform infrared spectra
(FTIR) and scanning electron microscopy (SEM). Using the MIP resulted in a preconcentration and
enrichment factor of 14 and 8, respectively. Trenbolone binding on the MIP was shown to follow
a Langmuir adsorption and had a maximum adsorption capacity of 27.5 mg g−1. Interference studies
showed that the MIP selectivity was not compromised by interferences in the sample. The MIP could
be recycled three times before significant loss in analyte recovery.

Keywords: androgenic hormones; solid-phase extraction; molecularly imprinted polymers; tren-
bolone; endocrine disruptors

1. Introduction

Water is the most important natural resource for the survival of all living organisms [1].
Due to the rise of urbanization, climate change, industrial production and population,
the quality of water has been negatively affected [2–4]. As a result, many cities are facing
water shortages [1]. Moreover, pollution to surface waters not only contributes to water
shortages but can also lead to the degradation of grain quality. Pollutants entering the
soil or water pose a varying number of threats to the functioning of the ecosystem as
well as human health [5]. Soil is usually polluted with polycyclic aromatic hydrocarbons
(PAHs), petroleum-related compounds, chlorophenols, heavy metals, organic pollutants
and pesticides [5]. There is an overlap of the types of pollutants present in water and soil.
This is because of water runoff from contaminated soils, wastewater and septic tanks [6].
The United States and European Union, in 2002 and 2009, reported the presence of organic
pollutants, especially ones with endocrine-disrupting properties, in at least 80% of sam-
ples [7]. Since 2013, there have been approximately 1000 synthetic and natural compounds
with endocrine-disrupting properties [7]. The most investigated endocrine disruptors
include some personal care products, pharmaceuticals, poly brominated diphenyl ethers
(PBDEs) and hormones [8].

Androgenic hormones such as testosterone are C19 steroids and are responsible for
the development of masculine characteristics [9]. Thus, they are normally used as growth
promoters in human and veterinary therapies [10]. Anabolic androgenic steroids such as
testosterone are widely used by athletes to improve athletic performance because of their
mytrophic action [11]. Trenbolone and zeranol are hormonally active substances that can
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be used as growth promoters [12]. The use of these anabolic growth agents is banned by
the European Union, Russia and China [13]. This is because a number of studies have
shown that residues of these substances can be found in meat and other food stuffs [14].
Whereas this is the case in some countries such as South Africa, there is no information on
whether these substances are used legally or illegally. These substances have been detected
in the liver, bile, plasma, kidney and urine of the cattle [15]. This means that hormonal
residues can be found in animal excreta, which can directly pollute the soil and indirectly
affects water quality through leaching [16]. In the environment, these substances are per-
sistent [17]. More concerning is their endocrine-disrupting properties, even at extremely
low concentrations [18]. It is suspected that trenbolone can result in neurodegenerative
disorders such as Alzheimer’s disease when people are exposed to it for extended peri-
ods [19]. Therefore, analytical methods with the ability to detect these substances in water
are required.

With modern analytical chemistry, it is possible to determine an analyte of interest in
different kinds of sample matrices [20]. The analysis and quantification of hormones in wa-
ter matrices has predominantly been done using chromatographic techniques coupled with
different detectors [21–23] and electrochemical [24,25] and spectrophotometric [26,27] tech-
niques. Among these, gas and liquid chromatography (GC and LC) are the most prevalent
due to efficient separation and identification success [28]. However, the biggest limitation
of GC determination is the need for derivatisation and conversion [29]. These manipula-
tions can result in loss of analyte [29]. This has driven a surge in liquid chromatography
(LC) methods, which do not require chemical pre-treatment for hormonal analysis and
quantification [30]. LC methods often lack the GC specificity in complex matrices and thus
require sample preparation in order to ensure accurate quantification [31]. Spectropho-
tometric determination offers short analysis run times. It is also readily available and
simple, which makes it an attractive technique for routine analysis [32,33]. The major draw-
back of UV-Vis spectrophotometry is low sensitivity and poor selectivity in comparison to
chromatographic and electrochemical methods [34,35]. A sample preparation step can be
used to combat this disadvantage [34,35]. Hence, the goals of sample preparation include
the preconcentration of analytes to concentrations higher than the instrument’s limits of
detection, removal of interferences and isolation of the analytes from matrix effects [36].

Solid phase extraction (SPE) is the most widely used sample preparation technique
for the preconcentration and analysis of organic pollutants [37,38]. This is due to its
advantages, such as its simplicity, potential for automation, high enrichment factors and
high selectivity [39]. In addition, the most attractive advantage for analytical chemists is
the possibility of using a reduced amount of organic solvents and the fact that SPE is highly
tuneable with regard to the adsorbents used [35]. Previously, silica-bonded phases such as
C18 have been used for as adsorbents for SPE of wide range of organic pollutants [33,40–44].
However, recently, modified and tuned solid phase materials have been used to achieve
more specificity [45]. One of the most promising adsorbents with regard to selectivity
are molecularly imprinted polymers. Molecularly imprinted polymers (MIPs) have been
demonstrated to be useful for the specific recognition, binding and isolation of chemically
active target molecules [46]. MIPs can be prepared by moulding polymeric structures
around a target molecule through polymerisation in the presence of a cross-linking agent
and initiator [47]. The formation of a MIP follows a two-step process, where the first step
includes the formation of a template-monomer complex followed by polymerisation around
the template. Then, the template is removed by washing resulting in a polymer matrix
with specific analyte-binding sites [47,48]. MIPs provide high selectivity combined with
easy preparation and application. As such, they can be used for a variety of applications,
such as sensors [49–51], catalysis [52,53], capillary electrophoresis and separation [54] and
solid phase extraction [55,56].

The aim of this work was to prepare a molecularly imprinted polymer using trenbolone
as a template. The synthesised MIP was then evaluated for its binding and adsorption
characteristics. The effects of the sample pH, mass of the adsorbent, extraction time and
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eluent volume on the preconcentration of trenbolone using the prepared MIP were investi-
gated using multivariate optimisation. Quantification and method performance evaluation
were carried out using simple UV spectrophotometry. In our knowledge, molecularly
imprinted polymers have not been explored for the quantification of trenbolone using
UV-Vis spectrophotometry.

2. Materials and Methods
2.1. Materials

Ethanol, methanol, acetic acid, sodium hydroxide, methylacrylic acid, trenbolone
(analytical grade), anhydrous toluene, ethyleneglycoldimethacryate (EGDMA) and azo-
bisisobutyronitrile (AIBN) were all purchased from Sigma-Aldrich (München, Germany).
A 1000 mg L−1 trenbolone stock solution was prepared by dissolving the accurate appro-
priate amount with methanol. The stock solution was stored at 2 ◦C in a fridge until it
was required for use. Working solutions were prepared by diluting the stock solution with
ultra-pure water (Thermo Scientific, Deionizer Nanopure Diamond UV TOC Water System,
Waltham, MA, USA).

2.2. Instrumentation

A Heraeus Megafuge 16 centrifuge (Thermo Scientific) was used for all separations
during the study. A Heraeus vacuum oven (Thermo Scientific) was used for drying, and a
Thermomixer C (Eppendorf, Hamburg, Germany) was used for agitation. The polymer
surface was studied using a Quanta 3DFEG scanning electron microscope. The Carl Ziess
Axio light microscope was used to evaluate the surface of the particles using the Axiovision
software. Analyte quantification was done using an Analytik Jena Specord S600 UV-Vis
spectrophotometer in the wavelength range 180–400 nm with a 10 mm UV cuvette.

2.3. Synthesis of Molecularly Imprinted Polymer

The method for the synthesis of core-shell molecularly imprinted polymers (MIP)
was adopted from the authors of [57]. First, we added 50 mL of anhydrous toluene to a
2-neck round bottom flask, followed by the template molecule (0.264 mmol), methacrylic
acid (1.06 mmol), EGDMA (2.11 mmol) and 20 mg of AIBN. The solution was mixed for
10 min under a gentle stream of argon. The solution was heated at 50 ◦C for 6 h, then at
60 ◦C for a further 24 h. The products were then matured at a temperature of 85 ◦C for 6 h.
The template was then removed by washing the resulting polymer using methanol/acetic
acid mixture (9:1, v/v). The polymer was then dried under vacuum at 40 ◦C for 24 h before
use. Nonimprinted polymers (NIPs) were synthesised in the same way in the absence of
the template molecule.

2.4. Binding Characteristics and Adsorption Capacity

The binding studies were performed on solutions made using ultra-pure water at
room temperature by appropriately modifying the method described by Fernandes et al.,
2017 [58]. To investigate adsorption capacity, the MIP and NIP were weighed into cen-
trifuge tubes containing 10 mL of the trenbolone solution with concentrations varying
from 10–50 mg L−1 and shaken for 180 min at room temperature. The adsorbents were
then separated by centrifuging at 3500 rpm for 10 min and the supernatant absorbance
was measured at 350 nm. The difference between the initial and equilibrium trenbolone
concentration, Equation (1), can be considered as the amount of trenbolone bound to the
adsorbent. The adsorption capacity (Qe) was calculated using Equation (1).

Qe =
(C0 − Ce)× V

w
(1)

where C0 and Ce represent the initial and equilibrium concentrations (mg L−1), respectively,
V is the volume of the trenbolone solution used (L) and w is the amount of polymer used
for the adsorption process (g). The specific MIP recognition properties were evaluated
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using the imprinting factor (IF), which is the ratio between the MIP and NIP adsorption
capacity ratio, Equation (2):

IF =
Qe(MIP)

Qe(NIP)
(2)

where Qe(MIP) and Qe(NIP) are the MIP and NIP adsorption capacities, respectively.

2.5. Solid Phase Extraction of Trenbolone Using MIP

The extraction of trenbolone was done using solid-phase extraction in which an
appropriate amount of polymer was weighed into a centrifuge tube containing 10 mL
(3 mg L−1) of the trenbolone solution. The mixture was then agitated using a thermo
mixer. After extraction, the polymer and bulk solution were separated by means of
centrifugation at 3500 rpm for 10 min. After which, the analyte was eluted with a mix-
ture of methanol and acetic acid (9:1, v/v) by agitation and separated by centrifugation.
UV-Vis spectrophotometry was used to analyse the bulk and elute solution.

2.6. Optimisation of SPE Method

The optimisation of the factors (Table 1) that could affect the extraction of trenbolone
was done multivariately using a 2-level central composite design with mass of adsorbent
(MA), sample pH, extraction time (the time the sample and polymer were agitated, ET)
and eluent volume (EV) as the factors of interest.

Table 1. Parameter and levels used in central composite experimental design.

Factors Low Level (−1) Central Point (0) High Level (+1)

Mass of adsorbent (MA) (mg) 10 30 50
pH 4 6.5 9

Extraction time (ET) (min) 10 20 30
Eluent volume (µL) 400 700 1000

2.7. Analytical Performance and Validation of MIP Extraction Method

The selectivity of the MIP was tested using both adsorption and signal enhancement.
Briefly, 30 mg of polymers (NIP and MIP) were weighed into 15 mL centrifuge tubes. Then,
10 mL of 3 mg L−1 spiked lake water was added to the tube. The tubes were then agitated
for 20 min using a thermo mixer, after which centrifugation for 10 min at 3500 rpm was
used to separate the polymers from the bulk solution. The analyte was then eluted using
a methanol/acetic acid mixture (9:1, v/v) (700 µL). The elute and bulk solutions were both
analysed using a UV-Vis spectrophotometer. The analytical performance of the method was
evaluated using the limit of detection (LOD), limit of quantification (LOQ), linear range
(LR) and preconcentration and enrichment factors (PF and EF).

2.8. Reusability Studies

The reusability and regeneration of the polymer was studied by weighing 30 mg
of the polymer and 10 mL of a synthetic sample. The mixer was then agitated using a
thermo mixer for minutes. The polymer and supernatant were separated using a centrifuge
at 3500 rpm for 10 min. The analyte was then eluted with a mixture of methanol and
acetic acid (9:1, v/v) by shaking the eluent with polymer in a thermo mixer for 10 min.
Subsequently, centrifugation was used to separate the polymer and eluent. The elute was
quantified using UV-Vis spectrophotometry at 350 nm.

2.9. Selectivity Studies

The selectivity of the MIP was assessed using β-estradiol, which is one of the most
commonly detected hormones in the environment. In order to test the real sample selectivity
of the MIP in comparison to the NIP, lake water was spiked with 3 mg L−1 of trenbolone
and β-estradiol. After, the adsorption and preconcentration methods were applied on the
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samples. The distribution ratio was calculated according to Azodi-Deilami et al., 2014 [59]
using the equation:

KD =

(
Ci − C f

)
V

C f m
(3)

where Ci, Cf, V and m are the initial and equilibrium concentrations, solution volume and
polymer mass, respectively. The KD was then used to calculate the selectivity coefficient (α)
defined by the equation:

α =
KD(Trenbolone)

KD(β − estradiol)
(4)

3. Results and Discussion
3.1. Characterisation

The characterisation of the molecularly imprinted polymer (MIP) was done after the
removal of the template. The synthesized polymers were characterised to understand
their most prominent functional groups using Fourier transform infrared spectra (FTIR)
(Figure 1) and their surface characteristics were studied using scanning electron microscopy
(SEM) equipped with an energy dispersive X-ray spectrometer (EDS) in order to investigate
the chemical compositions of the polymers (Figure 2A–D).

Figure 1. Fourier transform infrared spectra (FTIR) for the molecularly imprinted polymer (MIP) and
nonimprinted polymer (NIP).

As seen in Figure 1, the MIP and NIP spectra shared a similar FTIR profile. This was
due to the fact that the MIP and NIP synthesis were similar except for the absence of the
template molecule in the synthesis of the NIP. The band at 1720 cm−1 was a characteristic
peak attributed to the COOH functional group. The second characteristic peak for poly
methacrylic acid was found at 1456 cm−1, which was as a result of the C-C double bond,
whereas the bands at 2900 cm−1 and 3000 cm−1 were due to the C-H stretching. A similar
profile observed by Gupta and colleagues [60].

The SEM images of the MIP and NIP (Figure 2A,B) showed the presence of a bulk
polymer. There were no significant differences between the MIP and NIP surfaces, as ex-
pected. This was because the synthesis routes of the two polymers was similar except for
the presence of the template in the preparation of the MIP. The EDS spectra (Figure 2C,D)
for both the MIP and NIP showed that both polymers had similar elemental compositions.
This was due to the removal of the template from the MIP, resulting in the MIP and NIP
having relatively similar elemental compositions [61].
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Figure 2. Scanning electronic microscopy (SEM) images for (A) MIP and (B) NIP and X-ray spectrometer (EDS) spectra for
(C) MIP and (D) NIP.

3.2. Binding Characteristics and Adsorption Capacity

The binding characteristics and adsorption capacity studies were carried out to evalu-
ate the differences in analyte binding between the MIP and NIP. From the sorption studies,
there was a clear difference between the adsorption of trenbolone on the MIP and NIP
(Figure 3 shows the UV spectra for the analyte solution before incubation (sample) and
the solutions after incubation on the MIP and NIP). This was shown by the difference
in the absorbance, which can be directly correlated to the trenbolone concentration on
the respective solutions. The imprinting factor was used to evaluate the MIP recognition
properties. According to the literature, a MIP with an IF of >1.2 can be classified as suitable
for the recognition of the analyte [55]. The calculated imprinting factor for the synthesized
polymer was 2.41, which is greater than 1.2, meaning that the MIP had suitable recognition
properties [62,63].

The concentration difference was further confirmed by actual concentrations in study-
ing the adsorption capacities of the respective polymers, as shown in Figure 4. The MIP
generally had higher adsorption capacity in comparison with the NIP. This was expected
as the MIP has specific imprinted sites on the polymer for the analyte [56]. Thus, this in-
formed the choice of using the MIP only for the optimisation of the extraction procedure.
Adsorption studies were done to investigate the adsorption behaviour of the MIP and NIP.
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The equilibrium adsorption data for trenbolone onto the polymers was investigated using
Langmuir [64] and Freundlich [64] isotherms with the nonlinear Equations (5) and (6).

Langmuir : qe =
qmkLCe

1 + kLCe
(5)

where qe, qm, kl and Ce are amount of trenbolone adsorbed, maximum adsorption capacity,
Langmuir constant and concentration of trenbolone at equilibrium respectively.

Freundlich : qe = KFCe
1
n (6)

where KF, Ce and n are the measure of adsorption capacity, equilibrium concentration and
indicator of adsorption effectiveness, respectively.

Figure 3. Graph showing the effect of the MIP for the removal of trenbolone in a 10 mg/L solution.
NIP = 10 mg/L solution after adsorption onto the nonimprinted polymer, MIP = 10 mg/L solu-
tion after adsorption onto the imprinted polymer and Sample = original 10 mg/L solution before
adsorption.

Figure 4. Adsorption capacity studies for the NIP and MIP.

The adsorption data obtained for trenbolone adsorption onto the MIP were shown to
fit the Langmuir isotherm with a correlation coefficient of 0.9263, which was greater than the
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R2 of 0.8100 for the Freundlich isotherm. This meant that the adsorption of trenbolone onto
the MIP was homogenous and thus assumed monolayer adsorption [65–67]. The maximum
adsorption capacity calculated using the Langmuir isotherm was found to be 27.5 mg g−1.
Trenbolone adsorption onto the NIP was characterized by the Freundlich adsorption
isotherm with an adsorption capacity of 11.4 mg g−1.

3.3. Multivariate Optimisation

The optimisation results were analysed using the analysis of variance (ANOVA), re-
sponse surface methodology and desirability function in order to determine the significant
factors, interaction effects and desirable conditions for optimum extraction [68]. The anal-
ysis of variance is reported in the form of a Pareto chart (Figure 5), where the redline is
indicative of the 95% confidence interval that a factor has significant effect on the extraction
of trenbolone using the MIP [69]. From the Pareto chart, there was no factor that was
significant for the extraction at the 95% confidence level. The reason for this could be the
dependency of the analyte adsorption on the sites created during the imprinting, resulting
in the extraction being a result of the analyte removal from the MIP.

Figure 5. Pareto chart of standardized factors for the extraction of trenbolone. Factor (Q): Factor
(quadratic); factor (L): Factor (linear); 2Lby3L: MA-EV (mass of adsorbent and eluent volume)
interaction; 1Lby4L: ET-pH (extraction time—solution pH) interaction; 1Lby2L: ET-MA (extraction
time—mass of adsorbent) interaction; 3Lby4L: EV-pH interaction; 1Lby3L: ET-EV interaction; 2Lby4L:
MA-pH interaction.

The response surface methodology was used to investigate the interactive effects of the
independent factors on the analytical response (extracted trenbolone concentration). The 3D
response surface plots are presented in Figure 6. The combined effected of MA and other
factors (ET, pH and EV) revealed that better adsorption was obtained as the mass increased
from 10–50 mg (Figure 6A,D,E). This suggests that an increased mass of a polymer increases
the available template binding sites, thus leading to quantitative trenbolone extraction.
The interactive effect between MA and EV shows that high recoveries were obtained
when the eluent volume was between 700 µL and 800 µL (Figure 6D). This implies that
higher eluent volumes (>500 µL) are required for the complete removal of the template
(trenbolone) from the polymer. A similar trend was observed in Figure 6B,F. The combined
effect of ET with pH, MA and EV shows that quantitative extraction of trenbolone took
place at any point where ET > 0. These findings correspond to the Pareto chart results,
which show that this factor was not significant at the 95% confidence level. The effect of
pH showed that, at highly acidic pH < 4, the extraction efficiency of the adsorbent was
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low (Figure 6C,E,F). The reason for this could be that an acidic environment causes the
unbinding of the analyte from the MIP.

The profile of desirability and predicted values (Figure 7) was used to estimate the
optimum conditions based on the desirability of each factor [70]. The highest extraction
was assigned a desirability of 1, while the central and lowest were assigned 0.5 and 0,
respectively. A desirability value of 1 was selected as the target and used to estimate the
conditions required for optimum signal enhancement. These conditions included a sample
pH of 6.5, MA of 30 mg, ET of 20 min and EV of 700 µL. The predicted conditions were
then experimentally confirmed and resulted in an average concentration of 19.57 ± 0.15
and enhancement factor of 7.8.

 

Figure 6. Response surface methodology plots showing the interaction between the independent factors (A) MA and ET,
(B) EV and ET, (C) pH and MA, (D) pH and ET, (E) EV and MA and (F) pH and EV.

3.4. Analytical Performance and Validation of MIP Extraction Method

The analytical performance of the method was evaluated using the limits of detection
(LOD) and quantification (LOQ), the linear range (LR), %RSD, enrichment factor (EF)
and preconcentration factor (PF). The LOD and LOQ are described by the expressions
LOD = 3×sd

m and LOQ = 10×sd
m , respectively, where sd is the standard deviation of

seven replicates of the lowest concentration standard sample prepared in ultra-pure water
and m is the slope of the calibration curve [71]. From this method, the LOD, LOQ, LR,
%RSD, EF and PF were found to be 0.07, 0.24 mg L−1, LOQ—10 mg L−1, 0.75, 7.2 and
14, respectively.

The adsorption and recovery % of trenbolone was then used to determine the effec-
tiveness of the polymers in selectively binding trenbolone. The experimental results are
presented in Figure 8, where it can be noted that the MIP had superior adsorption and
enhancement in comparison to the NIP. This means that the MIP could selectively bind
trenbolone in the presence of interferences better than the NIP. The selectivity coefficient
(α) for the MIP was found to be 4.96, with distribution ratio (KD) values of 1.14 and 0.23 for
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trenbolone and b-estradiol, respectively. The α for the NIP was found to be 1.17, with KD
values of 0.15 and 0.13, respectively. The higher KD for the trenbolone confirmed better
MIP selectivity when compared to the NIP.

Figure 7. Desirability profiles with predicted values for the investigated factors affecting the extraction of trenbolone.

 

Figure 8 

 

Figure 9 
Figure 8. Adsorption and extraction performance of the MIP in comparison to the NIP.
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3.5. Polymer Reusability

The reusability studies of the polymer were carried out using the polymer in the
preconcentration procedure, eluting the analyte, washing the polymer with the eluent
and vacuum-drying the polymer for reuse after each cycle. The reusability results are
presented in Figure 9, where it can be noted that, in cycles 1–3, the trenbolone recovery was
above 95%. A significant decrease in recovery was observed in the fourth cycle, where the
recovery was 70.7 ± 0.32%.

 

Figure 8 

 

Figure 9 
Figure 9. Trenbolone percent recovery during different cycles of reusing the MIP (n = 3).

4. Conclusions

A molecularly imprinted polymer based on a trenbolone template was prepared.
The FTIR spectra of MIP and NIP showed that the chemical compositions of the polymers
were similar, while the SEM image of MIP was more ordered in comparison to that of NIP.
Using UV-Vis spectrophotometry quantification and adsorption data, the imprinting factor
and isotherms showed that the MIP was favourable. The MIP was then used in solid-phase
extraction of trenbolone. The extraction procedure was optimised using a multivariate
experimental design based on central composite, and the SPE optimum conditions were
found to be pH of 6.5, MA of 30 mg, ET of 20 min and EV of 700 µL. The adsorption
of trenbolone was found to favour Langmuir, which meant the adsorption followed a
monolayer mechanism with an imprinting factor (IF) of 2.41. The MIP was found to be
recyclable for up to three times with recoveries above 95%.
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35. Sobańska, A.W.; Kałębasiak, K.; Pyzowski, J.; Brzezińska, E. Quantification of sunscreen benzophenone-4 in hair shampoos by
hydrophilic interactions thin-layer chromatography/densitometry or derivative UV spectrophotometry. J. Anal. Methods Chem.
2015, 1–7. [CrossRef]

36. Zygler, A.; Wasik, A.; Namie, J. Retention behaviour of some high-intensity sweeteners on different SPE sorbents. Talanta 2010, 82,
1742–1748. [CrossRef]

37. Dimpe, K.M.; Nomngongo, P.N. Current sample preparation methodologies for analysis of emerging pollutants in different
environmental matrices. TrAC Trends Anal. Chem. 2016, 82, 199–207. [CrossRef]

38. Chigome, S.; Darko, G.; Torto, N. Electrospun nanofibers as sorbent material for solid phase extraction. Analyst 2011, 136,
2879–2889. [CrossRef]

39. Wierucka, M.; Biziuk, M. Application of magnetic nanoparticles for magnetic solid-phase extraction in preparing biological,
environmental and food samples. Trends Anal. Chem. 2014, 59, 50–58. [CrossRef]

40. Sun, X.; Wang, M.; Peng, J.; Yang, L.; Wang, X.; Wang, F.; Zhang, X.; Wu, Q.; Chen, R.; Chen, J. Dummy molecularly imprinted
solid phase extraction of climbazole from environmental water samples. Talanta 2019, 196, 47–53. [CrossRef]

41. Zhang, M.; Mao, Q.; Feng, J.; Yuan, S.; Wang, Q.; Huang, D.; Zhang, J. Validation and application of an analytical method for the
determination of selected acidic pharmaceuticals and estrogenic hormones in wastewater and sludge. J. Environ. Sci. Heal Part A
2016, 51, 914–920. [CrossRef]

42. He, S.; Wang, R.; Wei, W.; Liu, H.; Ma, Y. Simultaneous determination of 22 residual steroid hormones in milk by liquid
chromatography–tandem mass spectrometry. Int. J. Dairy Technol. 2020, 73, 357–365. [CrossRef]

43. Medina, G.S.; Acquaviva, A.; Reta, M. Development of monolithic sorbent cartridges (m-SPE) for the extraction of non-steroidal
anti-inflammatory drugs from surface waters and their determination by HPLC. Microchem. J. 2020, 159, 105447. [CrossRef]

44. Raeke, J.; Lechtenfeld, O.J.; Wagner, M.; Herzsprung, P.; Reemtsma, T. Selectivity of solid phase extraction of freshwater dissolved
organic matter and its effect on ultrahigh resolution mass spectra. Environ. Sci. Process Impacts 2016, 18, 918–927. [CrossRef]
[PubMed]

45. Bizkarguenaga, E.; Ros, O.; Iparraguirre, A.; Navarro, P.; Vallejo, A.; Usobiaga, A.; Zuloaga, O. Solid-phase extraction com-
bined with large volume injection-programmable temperature vaporization—gas chromatography—mass spectrometry for the
multiresidue determination of priority and emerging organic pollutants in wastewater. J. Chromatogr. A 2012, 1247, 104–117.
[CrossRef] [PubMed]

46. Gast, M.; Sobek, H.; Mizaikoff, B. Advances in Imprinting Strategies for Selective Virus Recognition A Review. Trends Anal. Chem.
2019, 114, 218–232. [CrossRef]

47. Chen, L.; Wang, X.; Lu, W.; Wu, X.; Li, J. Molecular imprinting: Perspectives and applications. Chem. Soc. Rev. 2016, 45, 2137–2211.
[CrossRef]

201



Processes 2021, 9, 186

48. Ming, W.; Wang, X.; Lu, W.; Zhang, Z.; Song, X.; Li, J.; Chen, L. Magnetic molecularly imprinted polymers for the fluorescent
detection of trace 17β-estradiol in environmental water. Sens. Actuators B Chem. 2017, 238, 1309–1315. [CrossRef]

49. Ahmad, O.S.; Bedwell, T.S.; Esen, C.; Garcia-Cruz, A.; Piletsky, S.A. Molecularly imprinted polymers in electrochemical and
optical sensors. Trends Biotechnol. 2019, 37, 294–309. [CrossRef]

50. Ansari, S.; Masoum, S. Molecularly imprinted polymers for capturing and sensing proteins: Current progress and future
implications. TrAC Trends Anal. Chem. 2019, 114, 29–47. [CrossRef]

51. Karaseva, N.; Ermolaeva, T.; Mizaikoff, B. Piezoelectric sensors using molecularly imprinted nanospheres for the detection of
antibiotics. Sens. Actuators B Chem. 2016, 225, 199–208. [CrossRef]

52. Zhang, Z.; Li, Y.; Zhang, X.; Liu, J. Molecularly imprinted nanozymes with faster catalytic activity and better specificity. Nanoscale
2019, 11, 4854–4863. [CrossRef] [PubMed]

53. Muratsugu, S.; Shirai, S.; Tada, M. Recent progress in molecularly imprinted approach for catalysis. Tetrahedron. Lett. 2020, 61,
151603. [CrossRef]

54. Turiel, E.; Martin-Esteban, A. Molecularly imprinted polymers: Towards highly selective stationary phases in liquid chromatogra-
phy and capillary electrophoresis. Anal. Bioanal. Chem. 2004, 378, 1876–1886. [CrossRef] [PubMed]

55. Zink, S.; Moura, F.A.; da Silva Autreto, P.A.; Galvao, D.S.; Mizaikoff, B. Efficient prediction of suitable functional monomers for
molecular imprinting via local density of states calculations. Phys. Chem. Chem. Phys. 2018, 20, 13153–13158. [CrossRef]

56. Fernandes, R.S.; Dinc, M.; Raimundo, I.M., Jr.; Mizaikoff, B. Synthesis and characterization of porous surface molecularly
imprinted silica microsphere for selective extraction of ascorbic acid. Microporous Mesoporous Mater. 2018, 264, 28–34. [CrossRef]

57. Ma, J.; Yuan, L.; Ding, M.; Wang, S.; Ren, F.; Zhang, J.; Du, S.; Li, F.; Zhou, X. The study of core-shell molecularly imprinted
polymers of 17β-estradiol on the surface of silica nanoparticles. Biosens. Bioelectron. 2011, 26, 2791–2795. [CrossRef]

58. Fernandes, R.S.; Dinc, M.; Raimundo, M.R., Jr.; Mizaikoff, B. Analytical Methods microspheres for the selective extraction of
vanillin. Anal. Methods 2017, 9, 2883–2889. [CrossRef]

59. Azodi-Deilami, S.; Najafabadi, A.H.; Asadi, E.; Abdouss, M.; Kordestani, D. Magnetic molecularly imprinted polymer nanoparti-
cles for the solid-phase extraction of paracetamol from plasma samples, followed its determination by HPLC. Microchim. Acta
2014, 181, 1823–1832. [CrossRef]

60. Gupta, N.V.; Shivakumar, H.G. Investigation of swelling behavior and mechanical properties of a pH-sensitive superporous
hydrogel composite. Iran J. Pharm. Res. IJPR 2012, 11, 481.

61. Arabi, M.; Ghaedi, M.; Ostovan, A. Synthesis and application of in-situ molecularly imprinted silica monolithic in pipette-tip
solid-phase microextraction for the separation and determination of gallic acid in orange juice samples. J. Chromatogr. B 2017,
1048, 102–110. [CrossRef]

62. Nantasenamat, C.; Naenna, T.; Ayudhya, C.I.N.; Prachayasittikul, V. Quantitative prediction of imprinting factor of molecularly
imprinted polymers by artificial neural network. J. Comput. Aided Mol. Des. 2005, 19, 509–524. [CrossRef] [PubMed]

63. Kidakova, A.; Boroznjak, R.; Reut, J.; Öpik, A.; Saarma, M.; Syritski, V. Molecularly imprinted polymer-based SAW sensor for
label-free detection of cerebral dopamine neurotrophic factor protein. Sens. Actuators B Chem. 2020, 308, 127708. [CrossRef]

64. Langmuir, I. The constitution and fundamental properties of solids and liquids. II. Liquids. J. Am. Chem. Soc. 1917, 39, 1848–1906.
[CrossRef]

65. Nqombolo, A.; Mpupa, A.; Gugushe, A.S.; Moutloali, R.M.; Nomngongo, P.N. Adsorptive removal of lead from acid mine
drainage using cobalt-methylimidazolate framework as an adsorbent: Kinetics, isotherm, and regeneration. Environ. Sci. Pollut.
Res. 2019, 26, 3330–3339. [CrossRef]

66. Mashile, P.P.; Mpupa, A.; Nomngongo, P.N. Adsorptive removal of microcystin-LR from surface and wastewater using tyre-based
powdered activated carbon: Kinetics and isotherms. Toxicon 2018, 145, 25–31. [CrossRef]

67. Gugushe, A.S.; Nqombolo, A.; Nomngongo, P.N. Application of Response Surface Methodology and Desirability Function in the
Optimization of Adsorptive Remediation of Arsenic from Acid Mine Drainage Using Magnetic Nanocomposite: Equilibrium
Studies and Application to Real Samples. Molecules 2019, 24, 1792. [CrossRef]

68. Mashile, G.P.; Mpupa, A.; Nomngongo, P.N. In-syringe micro solid-phase extraction method for the separation and preconcentra-
tion of parabens in environmental water samples. Molecules 2018, 23, 1450. [CrossRef]

69. Mpupa, A.; Mashile, G.P.; Nomngongo, P.N. Ultrasound-assisted dispersive solid phase nanoextraction of selected personal care
products in wastewater followed by their determination using high performance liquid chromatography-diode array detector.
J. Hazard. Mater. 2019, 370, 33–41. [CrossRef]

70. Khor, C.P.; Jaafar, M.B.; Ramakrishnan, S. Optimization of Conductive Thin Film Epoxy Composites Properties Using Desirability
Optimization Methodology. J. Optim. 2016, 2016, 1–8. [CrossRef]

71. Manzo, V.; Miró, M.; Richter, P. Programmable flow-based dynamic sorptive microextraction exploiting an octadecyl chemically
modified rotating disk extraction system for the determination of acidic drugs in urine. J. Chromatogr. A 2014, 1368, 64–69.
[CrossRef]

202



processes

Article

Enhanced Adsorptive Removal of β-Estradiol from
Aqueous and Wastewater Samples by Magnetic
Nano-Akaganeite: Adsorption Isotherms, Kinetics,
and Mechanism

Anele Mpupa 1,2, Azile Nqombolo 1,2,3, Boris Mizaikoff 1,4 and
Philiswa Nosizo Nomngongo 1,2,3,*

1 Department of Chemical Sciences, University of Johannesburg, Doornfontein Campus, P.O. Box 17011,
Johannesburg 2028, South Africa; 216051138@student.uj.ac.za (A.M.); azilenqombolo@gmail.com (A.N.);
boris.mizaikoff@uni-ulm.de (B.M.)

2 DSI/NRF SARChI Chair: Nanotechnology for Water, University of Johannesburg,
Doornfontein 2028, South Africa

3 DSI/Mintek Nanotechnology Innovation Centre, University of Johannesburg,
Doornfontein 2028, South Africa

4 Institute of Analytical and Bioanalytical Chemistry, Ulm University, Albert-Einstein-Allee 11,
89081 Ulm, Germany

* Correspondence: pnnomngongo@uj.ac.za; Tel.: +27-11-559-6187

Received: 15 August 2020; Accepted: 14 September 2020; Published: 22 September 2020

Abstract: A surfactant-free method was used to synthesize iron oxyhydroxide (akaganeite, β-FeOOH)
nanorods and characterized using Fourier transform infrared spectroscopy (FTIR), X-ray diffraction
(XRD), scanning electron microscopy combined with energy-dispersive X-ray spectroscopy (SEM-EDS),
and transmission electron microscopy (TEM). The synthesized nanoadsorbent was applied for the
adsorptive removal of β-estradiol from aqueous solutions. The parameters affecting the adsorption
were optimized using a multivariate approach based on the Box–Behnken design with the desirability
function. Under the optimum conditions, the equilibrium data were investigated using two and three
parameter isotherms, such as the Langmuir, Freundlich, Dubinin–Radushkevich, Redlich–Peterson,
and Sips models. The adsorption data were described as Langmuir and Sips isotherm models and
the maximum adsorption capacities in Langmuir and Sips of the β-FeOOH nanorods were 97.0 and
103 mg g−1, respectively. The adjusted non-linear adsorption capacities were 102 and 104 mg g−1 for
Langmuir and Sips, respectively. The kinetics data were analyzed by five different kinetic models,
such as the pseudo-first order, pseudo-second order, intraparticle, as well as Boyd and Elovich models.
The method was applied for the removal β-estradiol in spiked recoveries of wastewater, river, and tap
water samples, and the removal efficiency ranged from 93–100%. The adsorbent could be reused
up to six times after regeneration with acetonitrile without an obvious loss in the removal efficiency
(%RE = 95.4 ± 1.9%). Based on the results obtained, it was concluded that the β-FeOOH nanorods
proved to be suitable for the efficient removal of β-estradiol from environmental matrices.

Keywords: β-estradiol; akaganeite nanorods; adsorptive removal; endocrine disruptors;
desirability function

1. Introduction

Water is the most important natural resource for the survival of all organisms [1]. Due to the
increase in urbanization, climate change, industrial production, and population growth, the quality
of water can be negatively affected. Pollutants entering soil or water pose a variety of threats to the
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functioning of ecosystems and to human health [2]. Soil is frequently polluted with polycyclic aromatic
hydrocarbons (PAHs), petroleum-related compounds, heavy metals, chlorophenols, organic pollutants,
and pesticides [2]. There is an overlap of the types of pollutants present in water and soil, because of
water run-off from contaminated soils, wastewater, and septic tanks [3]. The United States and the
European Union in 2002 and 2009 reported that at least 80% of all collected samples were contaminated
with organic pollutants, which frequently have endocrine-disrupting properties [4]. The most widely
investigated endocrine disruptors include molecules or metabolites derived from personal care
products, pharmaceuticals, polybrominated diphenyl ethers (PBDEs), and hormones [5].

β-estradiol is a natural hormone excreted by mammals and is primarily produced by the
reproductive organs [6]. Naturally, β-estradiol plays a role in physiological processes, such as
reproduction and sexual function [7]. Estrogens from animal-derived food (for example, but not
limited to, eggs, milk, and fish) can be introduced to people via their usage as growth-promoting
agents, thus resulting in unnaturally high concentrations [8]. Elevated β-estradiol levels may interfere
with the function of the thyroid in birds and fish [9], may reduce fertility, and may lead to sexual
disorders. It is also known to generate congenital malformations in children [10]. The contamination
route is via animal and human excretions, as well as subsequent transport by sewage effluent into the
water systems [11]. Therefore, the decontamination of water systems used for later water consumption
is crucial for human and environmental wellbeing.

Numerous decontamination techniques, such as adsorption [12], catalytic degradation [13],
oxidation [14], and biodegradation [15], have been used to remove β-estradiol from aqueous systems.
Though seldom used because of difficulties in adsorbent removal, adsorption has great potential for
decontamination owing to its high efficiency and tunability. Adsorption can be tailored by the wide
variety of sorbets available, including carbon nanotubes [7], membranes [16], molecularly imprinted
polymers [17], and carbon-based materials [18]. Akaganeite is an iron oxyhydroxide (β-FeOOH)
with double chains of octahedral corners forming a tunnel-like framework of mesopores [19,20].
Akaganeite occurs naturally in a variety of soil types. Iron oxyhydroxide has also been prepared in
the laboratory and has been shown to remove both anions and cations [21]. It is also paramagnetic
at room temperature, which makes it easy to remove from any matrix it has been dispersed in using
an external magnet [22]. Consequently, it is useful as both a catalyst and an adsorbent material in
adsorption/preconcentration [19].

The main objective of this study was to explore the adsorption properties of β-estradiol onto a
synthesized akaganeite nanomaterial serving as the adsorbent material. Multivariate optimization
strategies were used to explore the effect of sample pH, adsorbent dosage, and extraction time for the
adsorptive removal of β-estradiol as an exemplary yet highly relevant analyte. The adsorption process
was studied in detail via adsorption isotherms, while the rate-limiting steps were investigated using
adsorption kinetics. Finally, the adsorption performance of the synthesized akaganeite was evaluated
using spiked wastewater samples.

2. Materials and Methods

2.1. Materials

The ferric (III) chloride, sodium hydroxide, and ethanol were all of analytical reagent grade and
β-estradiol the (98%) purchased from Sigma Aldrich (St. Loius, MO, USA) were used in the study.
A stock solution (20 mg L−1) was prepared by dissolving an appropriate amount of the β-estradiol in
methanol and refrigerated until required for use. Standard solutions were prepared daily by diluting
the stock solution with ultra-pure water (Direct-Q® 3UV-R purifier system, Millipore, Merck, KGaA,
Darmstadt, Germany).
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2.2. Instrumentation

All pH measurements were done using an OHAUS ST series pen pH meter (Nanikon, Switzerland).
The adsorption studies were carried out using the Branson 5800 Ultrasonic Cleaner (Danbury, CT,
USA). The FTIR measurements were taken using the KBr pellet technique and recorded in the region
400–4000 cm−1 using a Perkin Elmer Spectrum 100 spectrometer. Scanning electron microscopy (SEM,
TESCAN VEGA 3 XMU, LMH instrument, Czech Republic) coupled with energy-dispersive X-ray
spectroscopy (EDS) was used to study the morphology and elemental composition of the adsorbent at
an accelerating voltage of 20 kV. The transmission electron microscopic image was captured using
TEM (JEM-2100, JEOL, Tokyo, Japan). An Agilent high-performance liquid chromatography (HPLC)
1200 Infinity series, equipped with a photodiode array detector (Agilent Technologies, Waldbronn,
Germany), was used for all analysis. The separation was done using an Agilent Zorbax Eclipse Plus C18
column (3.5 µm × 150 mm × 4.6 mm) (Agilent, Newport, CA, USA) operated at an oven temperature
of 25 ◦C. The chromatograms were recorded using a 1.00 mL min−1 flow rate, a solvent mixture of
55% mobile phase A (water) and 45% mobile phase B (acetonitrile), and an adsorption wavelength of
260 nm using an isocratic elution system.

2.3. Sampling and Storage

Influent and effluent wastewater samples were collected from a local wastewater treatment plant
(WWTP, Gauteng, South Africa) in winter 2019. River water samples were collected from Apies River,
which is upstream from the wastewater treatment plant. Tap water samples were collected from the
University of Johannesburg Doornforntein campus. All samples were collected in 1 L glass bottles and
refrigerated until use.

2.4. Preparation of Akaganeite Nanorods

Akaganeite nanoparticles were prepared according to the method described by [23]. Briefly,
a 5 mol L−1 solution of NaOH was prepared in 30 mL deionized water and stirred at room temperature
in a beaker equipped with a magnetic stirrer. A 25 mL 2 mol L−1 FeCl3 was rapidly added to the NaOH
solution using a syringe; the stirring was continued for an hour. Ethanol was then added, and the
resulting precipitate was washed several times with a 1:1 ethanol–water solution. The precipitate was
then dried in an oven at 50 ◦C for 5 h.

2.5. Batch Adsorption of β-Estradiol

The adsorption was done using the batch incubation method described in [24]. The method was
optimized using the Box–Behnken design. The levels of independent factors, such as sample pH,
contact time (CT), and mass adsorbent (MA), are presented in Table S1. The appropriate amount
of adsorbent was then weighed and added to a glass bottle. Aliquots of a 10 mL sample solution
containing 6 mg L−1 β-estradiol were added into the sample bottle. The samples were then agitated
using an ultrasound water bath; thereafter, the adsorbent and supernatant were separated using an
external magnet. Thereafter, 1 mL of sample was filtered via a 0.22 µm PVDF filter before analysis
with HPLC. All the experiments were carried out in triplicates, after which the adsorption removal
efficiency was calculated using Equation (1):

%RE =

(
C0 −Ce

C0

)
× 100 (1)

where C0 and Ce are the initial and equilibrium concentrations, respectively.
An optimization process is a critical stage in analytical chemistry. This is because of regulations

due to the high cost of reagents and quantity of variables that affect the development and validation of
analytical methods [25]. Multivariate optimization is an important technique because it takes less time,
resources, and effort than the univariate approach. The design of experiments is important in analytical

205



Processes 2020, 8, 1197

applications [25]. Multivariate optimization strategies allow to efficiently minimize the parameter
space-saving time and resources when determining the optimum conditions, here for the deployment
of an adsorbent material [25]. For the adsorption of β-estradiol onto akaganeite, the (1) pH of the
sample, (2) mass of adsorbent (MA), and (3) contact time (CT) were optimized using a multivariate
approach, as presented in Table S1.

Under optimum conditions, the equilibrium isotherms and kinetics of adsorption were studied.
The β-estradiol solutions had concentrations ranging from 1 to 9 mg L−1. The equilibrium isotherm
studies were done in triplicates and the β-estradiol concentration adsorbed onto akaganeite nanorods
was calculated using Equation (2):

qe =
(C0 −Ce

m

)
V (2)

where C0 and Ce are the initial and equilibrium concentrations (mg. L−1) of β-estradiol, respectively,
and m (g) and V (L) represent the mass of the adsorbent and volume of the sample used. The adsorption
kinetics was investigated by the addition of 10 mL aliquots (6 mg. L−1) into 7 glass bottles. The bottles
were then sonicated for 1–60 min for each sample before magnetic separation and HPLC analysis.

2.6. Method Validation and Real Sample Analysis

The collected wastewater (influent and effluent), river, and tap water samples were analyzed
before adsorption and β-estradiol could not be detected in the sample. As a result, the method was
validated using spiked sample recoveries; this was due to the absence of certified reference materials
for emerging pollutants. To validate the method, wastewater effluent samples were spiked at two
levels (4 and 8 mg. L−1) with β-estradiol by appropriate dilution with the effluent water. The validation
experiments were carried out by adding 10 mL of the sample (adjusted to pH 5.25) onto 42.5 mg of
akaganeite in a capped glass bottle. The mixture was then agitated in an ultrasonic bath for 60 min,
after which the supernatant and adsorbent were separated using an external magnet before filtering
and HPLC analysis of the supernatant.

3. Results and Discussion

3.1. Characterisation of the Akaganeite Nanoparticles

Figure 1 shows the Fourier transform infrared spectrum of the as-synthesized akaganeite. The peaks
at 3437 and 3135 cm−1 were ascribed for OH stretching and the bending at 1620 cm−1 and 1009 cm−1

were assigned to the absorption bands of the iron oxyhydroxides arising from the Fe–OH and Fe–O
vibration of the akaganeite [19,26]. The bending peak at 650 cm−1 is reported to be the characteristic
vibrations of Fe–O in β-FeOOH [26]. Lastly, the OH bending band around the 1431 cm−1 region
corresponded to the β-FeOOH FTIR spectrum reported in the literature [19,26].

Akaganeite nanoparticles are known to be low-crystallinity materials, which during XRD
characterization are indicated by rather low-intensity peaks [27]. In Figure 2, an exemplary XRD data
set for the synthesized akaganeite nanoparticles are presented. From the XRD pattern, the characteristic
low-intensity peaks were observed, confirming low crystallinity. According to [26], decreasing the pH
of the synthesis media results in more crystalline akageneite, while increasing the pH of the synthesis
media results in less crystalline akaganeite nanoparticles, which was a similar case with the present
study (i.e., sodium hydroxide was used). According to [27], the diffraction peaks at around 2θ = 20◦
and 40◦ are characteristic nano-akaganeite peaks and are evident in Figure 2.
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Scanning electron microscopy (SEM) was used to investigate the surface morphology of the
akaganeite nanomaterial combined with energy-dispersive X-ray (EDX) for elemental analysis.
The major components of the akaganeite nanomaterial were determined by EDX and given in
the spectrum represented in Figure 3B. SEM images (Figure 3A,C) revealed aggregated akaganeite
nanoparticles, which resulted from the absence of a surfactant during the synthesis, as was reported
in [19]. The yellow frame in Figure 3C indicates the area used for evaluation by EDX.
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Transmission electron microscopy (TEM) studies, as shown in Figure 4, indicate the characteristic
rod-shaped akaganeite structures next to more spherical/octagonal particles, as described by [19].
While no surfactant was used herein, to better control the shape of the obtained akageneite material,
a surfactant is needed, ensuring more ordered mesostructures. However, one aim of the present study
was to ensure a straightforward and possibly simple synthesis route. Hence, a more uniform particle
shape/size was traded against the simplicity of the synthesis strategy, which in absence of surfactants
does not require further processing steps, including autoclaved heating and time-consuming Soxhlet
extraction [19].

Processes 2020, 8, x FOR PEER REVIEW 6 of 18 

Scanning electron microscopy (SEM) was used to investigate the surface morphology of the 
akaganeite nanomaterial combined with energy-dispersive X-ray (EDX) for elemental analysis. The 
major components of the akaganeite nanomaterial were determined by EDX and given in the 
spectrum represented in Figure 3B. SEM images (Figure 3A,C) revealed aggregated akaganeite 
nanoparticles, which resulted from the absence of a surfactant during the synthesis, as was reported 
in [19]. The yellow frame in Figure 3C indicates the area used for evaluation by EDX. 

 
Figure 3. An exemplary (A) SEM image and (B) EDX spectrum and (C) section analysed using EDX 
of the akaganeite nanomaterial synthesized in absence of a surfactant. 

Transmission electron microscopy (TEM) studies, as shown in Figure 4, indicate the 
characteristic rod-shaped akaganeite structures next to more spherical/octagonal particles, as 
described by [19]. While no surfactant was used herein, to better control the shape of the obtained 
akageneite material, a surfactant is needed, ensuring more ordered mesostructures. However, one 
aim of the present study was to ensure a straightforward and possibly simple synthesis route. Hence, 
a more uniform particle shape/size was traded against the simplicity of the synthesis strategy, which 
in absence of surfactants does not require further processing steps, including autoclaved heating and 
time-consuming Soxhlet extraction [19]. 

 
Figure 4. Exemplary TEM images of the synthesized akaganeite nanomaterial in absence of any 
surfactant. 

 

Figure 4. Exemplary TEM images of the synthesized akaganeite nanomaterial in absence of any surfactant.

3.2. Optimisation of Removal Procedure

A Pareto chart (see Figure S1) was used to identify critical factors during the adsorption process
by evaluating the variance within the experimental design matrix [28]. The Pareto chart is based
on analysis of variance (ANOVA), which is a linear model. As a result, during the analysis of the
Pareto chart, only the linear factors (i.e., factors with the index L) were included, while quadratic
factors (with the index Q) were not considered [29]. In the analysis of a Pareto chart, for a factor to
be considered statistically significant, its bar should pass the redline that indicates a p-value of 0.05
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(95% confidence level) [30,31]. The ultimately dominating factors were determined to include the
(1) pH of the sample, (2) the mass of adsorbent (MA), and (3) the contact time (CT). Of these three
factors, the only one beyond the 95% confidence line (red line in Figure S1) was the pH.

The response surface methodology (RSM) was used to investigate (a) the interaction and (b) the
quadratic effects of the main parameters pH, MA, and CT, respectively, using the data generated via a
Box–Behnken experimental design, yielding 3D surface plots (Figure S2) for these three parameters.
As it can be seen from Figure S2A, increasing the mass of the adsorbent increases the percentage removal
(% RE) with any pH below 7, and at a pH of around 7 the maximum % RE could be observed. The same
could be observed from the interaction of pH and contact time. Figure S2C shows the interaction
between CT and MA; masses between 25 and 10 together with a CT of 20 min gives a minimum 5 RE
while a CT and MA above 30 min and 30 mg results in higher percentage removal (% RE). The plots
were used in conjunction with the profiles of desirability to determine the optimum conditions.

Using the desirability function (DF, Figure S3) allows the simultaneous estimation of the optimal
values for all the investigated factors. Desirability always takes values within the 0–1 range where
0 indicates the least desired result (33.4% removal), 0.5 being the central point 69.4%, and 1 being
the most desirable value assigned a % removal of 105 [32,33]. According to the desirability profiles,
the optimal conditions for the adsorption process were a pH of 5.25, MA of 42.5 mg, and CT of 60 min.
The DF predicted values were then used to confirm the optimum conditions of the adsorption method.
To understand the effect of pH on the adsorption, the point of zero charge of akaganeite was considered.
At a pH lower than the point of zero charge, the surface of the material is positively charged, while at a
pH higher than the point of zero charge, the surface of the adsorbent is negatively charged [34–36].
The point of zero charge for the akaganeite nanorods as described in the literature is around 7–7.5 [21].
The optimum pH for the adsorption was found to be 5.25, which is lower than the point of zero charge
of akageneite. This means that the surface of the material was positively charged. β-estradiol also has
a pKa of 10.71, meaning that at the optimum pH, the analyte is in its molecular state. This translates to
the presence of the OH groups on the analyte to be available for ionic interaction between the β-FeOOH
and β-estradiol.

3.3. Adsorption Isotherms

The ratio between the concentration of adsorbed analyte and the amount of analyte remaining
in the supernatant solution at equilibrium conditions provides the absolute removal efficiency [24].
The interaction of the analyte species with the adsorbent material reaches a dynamic equilibrium after
a certain incubation time, which may be described via so-called isotherm models [37]. In the present
study, the isotherms for β-estradiol adsorbing at the surface of β-FeOOH nanorods were studied at
a pH of 5.25 with a β-estradiol concentration of 1–10 mgL−1, an adsorbent mass (MA) of 42.5 mg,
and contact time (CT) of 60 min at 25 ◦C. It was observed that the adsorption capacity increased with
an increase in initial β-estradiol concentration (Figure 5A). In this study, five isotherm models were
used to describe the equilibrium. These include the Langmuir, Freundlich, Dubinin–Radushkevich,
Redlich–Peterson, and Sips isotherm models, and the resulting plots are shown in Figure 5B–F. The R2

values for the different models were used to determine which model best fits the adsorption process.
The Langmuir and Freundlich models were used to determine the primary adsorption mechanism.
As seen in Table 1 the adsorption process fitted the Langmuir model with an R2 of 0.9996, which was
higher than the 0.8811 for the Freundlich model.

The β-estradiol adsorption data were fitted with Langmuir, Freundlich, Dubinin–Radushkevich,
and Redlich–Peterson isotherms models, as summarized in Table 1. Comparing the obtained
goodness-of-fit values in Table 1, the experimental data followed a Langmuir isotherm (R2 = 0.9996),
which was higher than for any other isotherm. This implies that adsorption occurs homogeneously at
the surface sites of the β-FeOOH nanomaterial and that the adsorption of β-estradiol may be assumed
occurring in a monolayer fashion. Thus, a Langmuir constant (KL) of 16 L g−1 and the maximum
adsorption capacity of 97.0 mg g−1 was obtained. The calculated separation factor (RL) of 0.10–0.25 for
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the β-estradiol adsorption on the β-FeOOH nanomaterial, according to the literature, demonstrates a
favorable adsorption [38,39].
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The Dubinin–Radushkevich isotherm is conventionally used to differentiate between chemical
and physical adsorption by evaluating the mean energy (E). It is said that an E value that is lower
than 8 kJ mol indicates physisorption dominance while an E value above 8 indicates chemisorption
dominance [40,41]. The calculated E value was 8.5 kJ mol−1, which indicates a chemisorption process.
The Redlich–Peterson model combines both the Freundlich and Langmuir isotherms, whereby B is
the exponent from the linear plot ranging between 0 and 1. If B equals 1, the model reduces to the
Langmuir equation, and if B = 0, it reduces to the Freundlich equation [42]. From the obtained results,
B has a value of 0.88, which again favors the Langmuir model to describe the interaction between
β-estradiol and the β-FeOOH nanorods. To further investigate monolayer adsorption, the Sips model
was used. When the Sips model exponent nS = 1, the adsorption process follows a Langmuir isotherm,
and when nS >1, the data is considered to fit the Freundlich model [43–45]. In this work, the Sips
model exponent was equal to 1, further confirming monolayer adsorption.
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Table 1. Adsorption models and parameters investigated in the present study.

Model Parameter R2

Langmuir
Ce
qe

= 1
qmax·KL

·Ce +
1

qmax
,RL = 1

1+KLC0

qmax (mg g−1) = 97.0
KL (L g−1) = 16
RL = 0.10−0.25

0.9996

Freundlich
ln qe = ln k f +

1
n ln Ce

KF (L/mg) = 66.6
n = 1.7 0.8853

Dubinin–Radushkevich
ln qe = ln qm − βE2

ε = RT ln
(
1 + 1

Cρ

)

E = 1√
2B

qD-R (mg/g) = 103
E (kJ/mol) = 8.5 0.9191

Redlich–Peterson
ln

(
kR · Ce

qe
− 1

)
= bR ln Ce + lnαR

α = 0.37
β = 1.6 0.9836

Sips qms (mg L−1) = 103 0.9961

qe =
qmsKSCnS

e

1+KSCnS
e

1
qe

= 1
qmSKS

(
1

Ce

) 1
nS + 1

qmS

KS (L g−1) = 1.7

nS = 0.97

qe: amount adsorbed; qmax: maximum monolayer adsorption; KL: Langmuir constant; Ce; concentration of
adsorbate at equilibrium; RL: separation factor; KF: adsorption capacity; 1/n: adsorption intensity; β: Dubin
constant: E: mean adsorption energy (kJ/mol) ε: Polanyi potential; R: gas constant; T: temperature; KR and αR:
Redlich-Peterson constants: B: slope qmS (mg L −1): Sips maximum adsorption capacity; KS (L g−1): Sips isotherm
model constant; nS: Sips isotherm model exponent.

The adsorption data were also fitted to the nonlinear isotherm models. This because the major
problem encountered when using linearized models is the violation of theories behind each model
using the modification of the original equation [46–48]. In such cases, the linearized model may give
best-fitting parameters as opposed to the original nonlinear model [46–48]. Therefore, to compare
the linearised and nonlinearized regression models, the data were fitted to the original nonlinear
isotherm equation (Table 2). The better-fitting kinetic of the nonlinear equations was investigated using
residual standard error (RSE) and R2. According to the RSE and R2, the best model is Redlich–Peterson,
followed by the Sips, Langmuir, Dubinin–Radushkevich, and Freundlich isotherms. In this study,
the isotherm parameters obtained for both linear and nonlinear models were comparable, indicating
that the two regression models were not significantly different at the 95% confidence level. Besides,
these findings proved that the linearized model did not violate the theory behind the original models.

3.4. Adsorption Kinetics

Batch experiments were carried out to investigate the adsorption kinetics of β-estradiol (Figure 6A)
using 42.5 mg of β-FeOOH nanorods, a concentration of 5 mg L−1 β-estradiol, and a pH of 5.25 at
room temperature (25 ◦C). As seen, the rapid uptake of β-estradiol by the adsorbent happened from
5–20 min and the equilibrium was attained between 20 and 60 min. The kinetics data were fitted
into various kinetics equations, as seen in Table 3. The plots for the pseudo-first order (ln (qe-qt)
vs. t), pseudo second order (t/qt vs. t), and Elovich (qt vs. ln t) kinetic models are shown in
Figure 6B–D. The derived parameters together with the correlation coefficient are summarized in
Table 3. As seen in Figure 6B and Table 3, the correlation coefficients for the pseudo-first-order model
was 0.6555. The experimental adsorption capacity (97.2 mg g−1) was almost four times higher than
the calculated (26.8 mg g−1) adsorption capacity. These finding suggested that the adsorption of
β-estradiol onto β-FeOOH nanorods was not an ideal pseudo-first-order reaction. The R2 value for the
pseudo-second-order model is higher than that of the first-order model. This suggests that the kinetic
equilibrium data were best described by a pseudo-second-order model. The calculated qe value of
the pseudo-second-order model is also 100 mg g−1, which is in agreement with the experimentally
obtained value of qe at 97.2 mg g−1. This agreement suggested that the adsorption process was driven
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by chemisorption involving the electrostatic interaction between the positively charged adsorbent and
lone pairs of electrons of β-estradiol. The Elovich kinetic model was used to describe the chemisorption
process on the surface of the β-FeOOH nanorods. The kinetics data were fitted to the Elovich equation
and gave a relatively good R2 value (0.9595), which shows that the uptake of β-estradiol onto the
β-FeOOH nanorods involved chemisorption [49].

Table 2. Non-linear adjusted adsorption isotherms.

Model Parameter Adjusted R2 R2

Langmuir qe =
qmaxKLCe
1+KLCe

qmax (mg g−1) = 102
KL (L g−1) = 0.44

RSE = 6.2
0.9442 0.9764

Freundlich
qq = KLC1/n

e

KF (L/mg) = 74.4
n = 2.87

RSE = 13.2
0.7518 0.8906

D–R
qe = qD−R exp−(KD−R ε2

)

ε = RT ln
(
1 + 1

Ce

)
qD-R (mg/g) = 105

E (kJ/mol) = 8.5
RSE: 8.3

0.8993 0.9191

Redlich–Peterson
qe =

KRCe

αRCβr
e

KR
α = 1.68
β = 0.35

RSE = 2.21

0.9930 0.9976

Sips qe =
qmsKSCns

e

1+KSCnS
e

qms (mg L−1) = 104 0.9903 0.9967

KS (L g−1) = 1.35
ns = 1.28

RSE = 2.59

Table 3. Kinetic models and parameters investigated in the present study.

Model Parameter R2

Pseudo-First order
ln(qe − qt) = ln qe −K2t

qe (mg/g) = 26.8
k1 (mg/g min1/2) = 0.063 0.6555

Pseudo-Second order
1
qt
= 1

K2q2
e
+ 1

qe
t

qe = 100
kt (mg/g min1/2) = 0.004 0.9989

Elovich
qt =

1
β ln(αβ) + 1

β ln t

qt =
1
b ln(1 + αBt)

α (mg/g min) = 104
β (g/mg) = 0.058 0.9595

Intraparticle
qt = Kdt

1
2 + C

Kid1 (mg/g min1/2) = 19.1
C1 (mg/g) 12.2

Kid2 (mg/g min1/2) = 0.073
C2 (mg/g) = 94.2

R1
2 = 0.9589

R2
2 = 0.9139

Boyd
Bt = −0.4977− ln(1− F)

F =
qt
q0

α = 0.056
β = 0.57 0.8122

qt: amount adsorbed at time t; qe: sorption capacity; k1: rate constant; k2: second-order constant; C: intercept; kid:
intraparticle diffusion rate constant; α is the initial rate constant and β is the desorption constant; B: chemisorption;
Bt: represents F; F: the fraction of the solute adsorbed at any given time.
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To understand the rate-determining step, various intraparticle diffusion models were applied,
as summarized in Table 3. From the plots of the intraparticle diffusion (Figure 6E), it is evident a
two-step adsorption process occurred during the uptake of β-estradiol by the akageneite nanorods.
The first step is based on the so-called film diffusion or surface adsorption, i.e., diffusion of β-estradiol
from the solution to the external surface of the adsorbent [24]. The plots also do not go through the
origin, which indicates that the intraparticle diffusion is not the rate-determining step. The second
step suggested that the adsorption process proceeds by intraparticle diffusion and the intraparticle
diffusion happened at a higher concentration. Kid1 derived from the film diffusion is exceeding the
Kid2 of the intraparticle diffusion, which indicates that the intraparticle diffusion is a slow process.
The value of the intercept (C) is also larger for the intraparticle diffusion, thus providing a more relevant
contribution to the adsorption process [50]. Because the intraparticle diffusion plot shows a non-linear
nature, the Boyd model (Figure 6F) was used to investigate the definite rate-controlling step. According
to Hu et al. [49], when the Boyd plot passes through the origin it means that particle diffusion is the
dominant mechanism that governs the adsorption process. However, as seen in Figure 6F, the plot did
not pass through the origin, suggesting that the adsorption process might be governed by a boundary
layer diffusion mechanism [51]. However, the high correlation coefficient of the Elovich model meant
that between the two steps of the rate-determining steps, intraparticle diffusion was more prominent
when compared to film diffusion [52,53]. This validates the results obtained during the optimization,
which essentially results in the fact that electrostatic interactions are driving the β-estradiol adsorption
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onto akageneite. This is also confirmed in the literature for the adsorption of β-estradiol onto carbon
nanotubes [16].

Nonlinear regression of the kinetics data for each model was investigated using the adjusted R2,
R2, and residual standard error. The calculated kinetics parameter and the correlation coefficients are
illustrated in Table 4. Unlike in the linearized regression model where the trend was pseudo second
order > Elovich > pseudo-first order, the data was best fitted by the pseudo-second order, followed by
the pseudo-first-order and Elovich models. When comparing the kinetic parameters between the
non-linear and linear models, it could be seen that the calculated qe for the linearised pseudo-first
order was the only model that violated the theory of the original non-linear model.

Table 4. Adjusted non-linear adsorption kinetics.

Model Parameter Adjusted R2 R2

Pseudo-First order
qt = qe

(
1− e−k1t

)
qe (mg/g) = 94.1

k1 (mg/g min1/2) = 0.204
RSE = 4.106

0.9727 0.9882

Pseudo-Second order
qt =

q2
e k2t

1+qek2t

qe = 102
kt (mg/g min1/2) = 0.004

RSE = 3.083
0.9846 0.9934

Elovich
qt =

1
β ln(1 + αβt)

α (mg/g min) = 100
β (g/mg) = 0.057

RSE = 6.953
0.9217 0.9659

3.5. Adsorption Thermodynamics Studies

Thermodynamic studies were investigated to ascertain the dominant adsorption mechanisms
(that is, physisorption or chemisorption). The adsorption process was carried at different temperatures
(298, 303, 308, and 313 K) and the thermodynamic parameters, such as enthalpy (∆H◦),
entropy (∆S◦), and Gibbs energy (∆G◦), were calculated according to the expressions reported
by References [46,48,50,52]. The graph of lnKC against 1/T(K−1) is presented in Figure 7. The values
of ∆H◦ and ∆S◦ were estimated from the slope and intercept of the plot. The ∆H◦ and ∆S◦ were
found to be 45.5 kJ mol−1 and 186 J mol−1 K−1 while the Gibbs energies were ranged from −9.86
to −12.6 kJ mol−1. The positive ∆H◦ reveals that the adsorption process was endothermic in nature
and the positive ∆S◦ suggested an increase in the randomness at the boundary of the solid/liquid
phases during the adsorption process [46,48,50,52]. The negative ∆G◦ indicate the spontaneity of
the adsorption process. Moreover, the ∆H◦ value was higher than 20.9 kJ/mol, confirming that the
chemisorption was dominant [52].

3.6. Adsorption Mechanism

In order to gain further insight into the adsorption process of β-estradiol onto akaganeite,
the adsorption was characterized by performing FTIR analysis (Figure 8a–c) on akaganeite before
and after adsorption, as well as on the analyte. The adsorption of β-estradiol resulted in peaks in the
1500–1000 cm−1 region, which were ascribed to various C–O, C–H, and C–OH bonds. As evident in
Figure 8c, the emergence of the prominent peaks at 2800–2900 cm−1, corresponding to the stretching
vibration of the C–H bonds of the β-estradiol, and the broadening of the OH vibration peak at
3135 cm−1 confirmed the presence β-estradiol on the surface of the adsorbent [54]. Figure 8a revealed
that akageneite has distinctive vibration peaks of hydroxyl groups and according to the literature the
pKa of -OH is around 9.5–13 [55,56]. This implies that at pH values below the pKa values, the hydroxyl
groups of the adsorbent are protonated [55,56]. In addition, the pHpzc of the adsorbent was reported
to be between 7 and 7.5, suggesting that adsorbent is positively charged below the pHpzc. Moreover,
the pKa value of β-estradiol is reported to be 10.71, suggesting the analyte existed as a neutral
species. There, the adsorption mechanism was dominated by the electrostatic attraction between
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the positively charged adsorbent and the lone pair of electrons of the oxygen atoms present in the
analyte. Furthermore, the presence of the electron-rich aromatic ring in the structure of the analyte
resulted in cation–π interactions between the positively charged adsorbent surface and the π-system
of the β-estradiol molecule. These finding are in line with the observation in the optimization data
where pH influenced the interactions between the positively charged adsorbent and the electron-rich
β-estradiol molecule [6]. Moreover, the enhanced peak intensities, shifting of adsorption bands at
1700–1500 cm−1, and disappearance of some peaks at 650–600 cm−1, as seen in Figure 8b, confirmed that
the adsorption mechanism was dominated by the chemisorption process, which is in line with the
adsorption isotherms, kinetics data, and thermodynamics studies.
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Figure 8. FTIR spectrum for (A) akageneite before adsorption, (B) akageneite before adsorption,
and (C) β-estradiol.
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3.7. Analysis of Real Samples

During the experimental studies, the actual removal of β-estradiol from the spiked aqueous
samples was investigated. The two-level spiked effluent wastewater samples showed that the
adsorption method could remove between 93 and 100%. This proved that no significant interferences
on the adsorption properties were experienced due to the presence of other wastewater components.
The performance parameters of the method developed in the present study were in fact comparable
with other reported β-estradiol removal methods based on adsorption, except for References [18,57],
as summarized in Table 5.

Table 5. Comparison of materials used in previous reports for the removal of β-estradiol from
water samples.

Adsorbent Analyte(s) Adsorption Capacity (mg g−1) Ref.

Nitrogen-doped porous carbon β-estradiol 455 [18]

Multiwalled carbon nanotubes β-estradiol 54 [58]

Carbon nanotubes β-estradiol 21.1 [59]

Single-walled carbon nanotube membrane β-estradiol 9.53 [16]

Cyclodextrin polymer β-estradiol 210 [57]

Akaganeite nanorods β-estradiol 97.0 Current work

3.8. Regeneration Studies

The reusability and regeneration of the prepared akaganeite nanorods were evaluated by
performing a series of adsorption–desorption cycles (Figure S4). Desorption of the analyte was
achieved using 100% acetonitrile. Thereafter, the adsorbent was washed with an ethanol–water
solution and dried in an oven at 50 ◦C. The removal efficiency of the nanoadsorbent toward β-estradiol
slightly decreased after the 6th usage/regeneration cycle; however, it remained at >90%. These findings
suggested that the akaganeite nanoadsorbent could be regenerated and subjected to multiple usages
with suitable robustness and reusability properties.

4. Conclusions

Akaganeite nanoparticles generated via a facile and simple synthesis route using a precipitation
technique are highly useful for the adsorptive removal of β-estradiol. A variety of characterization
techniques, including XRD, SEM, EDX, and TEM, confirmed the formation of akaganeite nanoparticles
that are predominantly rod-shaped. The method was demonstrated to remove β-estradiol at
concentrations up to 8 mg L−1 from a variety of spiked aqueous solutions with removal efficiencies of
93–100%. The adsorption process was characterized using both linear and adjusted non-linear models.
The adsorption process followed pseudo-second order kinetics and a Langmuir isotherm model with
a maximum adsorption capacity of 97.0 mg g−1 for the linearized isotherm model. The adjusted
non-linear Langmuir isotherm resulted in a maximum adsorption capacity of 102 mg g−1, which was
comparable to the linear model. The akaganeite nanoparticles also could be reused during up to
six adsorption/desorption cycles maintaining an approx. 90% removal efficiency. Hence, a low-cost
and environmentally friendly adsorbent was demonstrated, which is a suitable candidate for water
treatment via adsorption for hormone-like substances such as β-estradiol.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/8/9/1197/s1,
Figure S1: FTIR of akaganeite after adsorption; Figure S2: Pareto chart of the standardized relevance of the
individual variables affecting the adsorbing performance of the synthesized materials. The red line indicates the
95% confidence interval. The linear interactions of these factors are: 1Lby2L (pH–MA interaction), 2Lby3L (MA–CT
interaction) and 1Lby3L (pH–CT interaction); Figure S3: Response surface plots showing the interaction effects of
the main parameters pH, adsorbent material mass (MA), and contact time (CT); Figure S4: Desirability function for
the main parameters pH, adsorbent material mass (MA), and contact time (CT); Figure S5: Regeneration studies.
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