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AbstractOne of the major environmental issues today is waste pollution, particularly non-biodegradable wastes
such as polystyrene waste. Furthermore, heavy metal contamination is a major environmental threat. Mercury is one of
the most hazardous and poisonous contaminants, and its usage in various industrial processes has resulted in contami-
nated effluents being released into surface runoff and groundwater. Because of the beneficial physical properties of
polystyrene foam, this non-biodegradable waste was used in this study as a suitable medium for chemical modifica-
tion. The polystyrene foam was first modified using crosslinked chitosan, and then it was reacted with carbon disul-
fide to improve its performance for the removal of Hg2+. The prepared composite was used for the removal of mercury
ions from contaminated water. The adsorbent's physical, chemical, and morphological properties were determined
using energy-dispersive spectroscopy (EDS), Fourier-transform infrared spectroscopy (FT-IR), Field emission scanning
electron microscopy (FE-SEM), and Brauer-Emmett-Teller (BET) analyses. Specific surface area, porosity, and average
pore diameter were determined to be 314.8 m2/g, 0.345 cm2/g, and 1.96 nm, respectively. Experiments were designed to
investigate the effects of pH, contact time, and contaminant concentration by the Box-Behnken response surface meth-
odology. The maximum removal percentage of 79.85% was achieved for the initial mercury concentration of 50 mg/L
at pH 4. Moreover, the adsorption was observed to follow the Dubinin-Radushkevich isotherm. Studies on adsorbent
recovery also showed that the adsorbent can be recovered and reused for at least three cycles.
Keywords: Mercury Removal, Water Treatment, Adsorption, Chitosan, Polystyrene

INTRODUCTION

Heavy metal contamination in water poses a threat to the envi-
ronment and is becoming a major health concern [1-3]. Mercury
(Hg), which is one of the most hazardous heavy metals, biomagni-
fies through the food chain and can cause serious health problems
[4]. Mercury contamination comes from human activities, includ-
ing battery and electronic device manufacturing, smelting, fossil fuel
combustion, and mining [5]. In the natural environment, mercury
is primarily found in two forms: inorganic ionic form Hg(II) and
organic form (methylmercury or ethyl mercury). Although organic
mercury is more poisonous than inorganic ionic mercury due to its
lipophilicity [6], inorganic Hg(II) is often found in natural aquatic
environments and industrial wastewaters due to its high solubility
and stability. Consequently, developing an effective method to re-
move Hg(II) from water is essential [7].

Over the years, various technologies for removing Hg(II) from
water have been developed, including membrane filtration [8], co-
agulation [9], adsorption [10], flocculation [11], precipitation [12],
and ion exchange [13]. Compared to other approaches, adsorption
has been one of the most promising technologies for Hg(II) removal
due to its low cost and ease of operation [14,15]. A variety of mate-

rials, such as activated carbon, chitosan, zeolite, and clay minerals,
were used as adsorbents in the adsorption process [16].

Apart from heavy metal contamination, plastic waste pollution
is the other major environmental concern. Polymers such as poly-
ethylene (PE), polypropylene (PP), polystyrene, and polyethylene
terephthalate (PET) constitute the majority of plastic waste. The fact
that polymers are non-reactive is one of their advantages, but this
feature makes plastic waste disposal difficult. For years, researchers
have been looking for solutions to address the issue of plastic waste
being disposed of in landfills. Upcycling plastic waste into valuable
products is one of the most environmentally friendly solutions. For
instance, it has been reported that synthetic polymers, specifical
polyolefins such as polypropylene (PP) and polyethylene (PE), were
used as oil sorbents [17-19]. Many studies have employed waste plas-
tics for contaminant removal from water solutions. Janmoham-
madi et al. modified waste plastic filters for eliminating hexavalent
chromium from electroplating wastewater [20].

Polystyrene is a styrene polymer that was discovered by a Ger-
man chemist named Eduard Simon in 1839 through the distilla-
tion of liquid storax [17]. Polystyrene has attracted researchers' in-
terest as a type of adsorbent because of its low cost, stable chemical
properties, and strong hydrophobicity [21,22]. Polystyrene waste
has been previously used for water and wastewater treatment pur-
poses [23]. Pu et al. modified the waste polystyrene foam and applied
it for the adsorption of organic dyes from water sources [24]. In
this study, plastic waste was employed to fabricate polystyrene (PS)
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granules for mercury removal from contaminated water [25,26].
Chitin is the second most abundant polysaccharide in the world,

and its deacetylated derivative, chitosan, is a biocompatible, biode-
gradable, and non-toxic cationic polymer with amino and hydroxyl
functional groups. Chitosan can be used in water treatment pro-
cesses such as adsorption, chelation, precipitation, and ion exchange
to remove toxic and hazardous pollutants [27,28]. Bionanocom-
posites composed of nanoparticles doped with chitosan have proven
to be effective for removing contaminants from water [29,30]. Chi-
tosan is more effective in the acidic medium as its amino func-
tional groups can effectively be protonated in acidic media and bind
with the anionic contaminants [31]. Physical modification has been
attempted to improve the porosity and specific surface area of chi-
tosan. Chitosan has also been combined with other materials (e.g.,
graphene, zeolite) to improve the adsorption performance of the
resulting composite [16,32-34]. Chitosan modified with glutaralde-
hyde has been utilized for the removal of Rhodamine B dye [35,36].

Carbon disulfide is a colorless, volatile, inexpensive, and readily
available chemical with numerous applications in organic chemis-
try [37,38]. A novel composite of carbon disulfide-modified mag-
netic ion-imprinted chitosan-Fe(III), i.e., MMIC-Fe(III) composite,
was developed as an effective adsorbent for the simultaneous removal
of tetracycline (TC) and Cd(II) [38].

Cross-linking is one of the most useful strategies to enhance the
stability of chitosan inside an acidic medium, which improves its
properties [39]. Glutaraldehyde has been reported as a chitosan
cross-linking agent. It cross-links chitosan through bond formation
between amino groups of chitosan and aldehyde groups of glutar-
aldehyde [40]. The type of functional groups of adsorbents has a con-
siderable function in adsorbing heavy metals. As a result, the func-
tionalization process can improve the performance of the adsor-
bent. In earlier studies, numerous functional groups, such as eth-
ylenediamine, ethylenediaminetetraacetic acid (EDTA), thiourea,
cysteine, citric acid, and -ketoglutaric acid, were incorporated into
the structure of chitosan. Functional groups containing sulfur have
a strong affinity for Hg(II). In this manner, Hg(II) can be success-
fully removed using sulfur-containing adsorbents without being
affected by other most commonly coexisting hard cations and anions
such as Na+, Ca2+, and Mg2+ [41].

In this research, polystyrene waste was employed to synthesize
an adsorbent for Hg2+ removal from contaminated water. First, the
polystyrene foam was modified with crosslinked chitosan. Then it
was chemically modified with carbon disulfide (CS2), incorporat-
ing dithiocarbamate functional groups. The modification of this plas-
tic waste with chitosan and dithiocarbamate has not been reported
in the literature. The modification of this plastic material with chi-
tosan and dithiocarbamate can add high adsorption capacity to
the composite. The adsorption process is highly influenced by the
pH of the solution. The investigation of contact time is necessary
to find the time at which the equilibrium of the adsorption occurs.
The effect of pH, contact time, and initial mercury concentration
was investigated to find out the optimum conditions for the adsorp-
tion of mercury ions by the prepared adsorbent. Experiments were
designed by the Box-Behnken response surface methodology to
investigate the effect of pH, contact time, and contaminant concen-
tration. The isotherm, kinetics, and thermodynamics of the adsorp-

tion process were also investigated. The adsorption capacity of the
prepared adsorbent was compared to other studies in the literature.
The desorption and regeneration of the adsorbent were investigated
to assess the capability of the adsorbent to be reused.

MATERIALS AND METHOD

1. Reagents and Materials
The following materials were used for synthesis and analysis in

this study: polystyrene foam as the adsorbent medium obtained from
the recovery of plastic waste, chitosan, acetic acid (CH3COOH),
sodium hydroxide (NaOH), glutaraldehyde (50%) (C5H8O2), etha-
nol (C2H5OH), carbon disulfide (CS2), nitric acid (HNO3). The solu-
tions of sodium hydroxide and sulfuric acid were used to adjust
the pH of the solutions required for the tests. For evaluating the
adsorbent performance in Hg2+ removal, 1,000 mg/L of mercury
stock solution was prepared. The required stock solution was pre-
pared by dissolving an appropriate amount of mercury (II) nitrate
(Hg (NO3)2) in 100 mL of distilled water. 0.5 mL of concentrated
nitric acid (37%) (HNO3) was also added to the solution for the
stabilization of mercury ions.
2. Instrumentation

Inductively coupled plasma-optical emission spectroscopy (ICP-
OES) was used to determine the remaining mercury concentra-
tion in solutions. A pH meter (Behine, B2000 Model) was applied
for adjusting the pH. FTIR analysis was performed by FTIR (Bruker).
FESEM analysis was conducted by FESEM (MIRA3TESCAN-
XMU). Other instruments included a magnetic stirrer (HS860
Model), oven (MODEL BM120), ultrasonic (PARSONIC 11s
MODEL), and analytical balance (Ohus MB35 Model).
3. Modification of Polystyrene Foam with Chitosan

The method used for the preparation of the polystyrene foam
modified with chitosan was from a previous study [31]. First, the
polystyrene foams were cleaned and separated to be ready for the
next steps of adsorbent synthesis. Then, 1.25g of chitosan was mixed
with 50mL of distilled water and 1mL of acetic acid (CH3COOH)
to obtain a solution for the modification of polystyrene foams. In
the following, a sodium hydroxide solution was prepared by dis-
solving 15 g of NaOH in 35 mL of deionized water. The prepared
polystyrene foam granules were immersed in chitosan solution and
then removed after one to two seconds. Then they were immersed
in the sodium hydroxide solution and removed immediately. The
process of chitosan coating on granules was repeated. The granules
modified with chitosan were allowed to remain in the sodium
hydroxide solution for two hours. After two hours, the granules were
removed from the sodium hydroxide solution and washed three
times with distilled water.
4. Modification of Adsorbent with Glutaraldehyde and Car-
bon Disulfide

For further modification, granules coated with chitosan were
treated with glutaraldehyde and carbon disulfide. For this purpose,
15 granules were placed in a beaker containing 50 mL of distilled
water and 0.25 mL of glutaraldehyde (C5H8O2) for about one hour
to achieve complete crosslinking. Then, the crosslinked granules
were removed from the glutaraldehyde solution and washed twice
with distilled water. After that, the granules were added to 25 mL
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of ethanol (C2H5OH) and 1 mL of carbon disulfide (CS2), and the
final mixture was shaken slowly for 30min. Subsequently, the func-
tionalized granules were washed with ethanol and distilled water
twice to remove any excess material from the granules. Fig. 1 and
2 show the schematic presentation and digital camera of polysty-
rene modification in different stages, respectively.
5. Characterization

The infrared absorption spectra of chitosan-modified and dith-
iocarbamate-functionalized granules were determined using FTIR
to identify the functional groups on the modified granules. To inves-
tigate the morphology of the prepared adsorbents, FE-SEM analy-
sis was performed on chitosan-modified and dithiocarbamate-func-
tionalized granules, and the results were compared with each other.
Energy-dispersive spectroscopy (EDS) analysis was carried out on
the prepared adsorbents to determine the weight percentage of differ-
ent elements in the synthesized adsorbent before and after modifi-
cation with carbon disulfide. The porosity and specific surface area

of the synthesized adsorbent were assessed using Brunauer-Emmett-
Teller analysis.
6. Adsorption Studies
6-1. Batch Experiment

Batch experiments were done to investigate the impact of vari-
ous parameters on the adsorption process. The Box-Behnken design
was employed for designing the experiments as it has the maxi-
mum performance for projects involving three factors and reduces
the number of required experiments [42]. The volume of the waste-
water solutions in the experiments was 50 mL. At the end of the
experiments, the adsorbent was removed from the solution, and the
remaining mercury concentration was determined by ICP-OES.
The removal percentage and the adsorption capacity (qe, mg/g) of
the adsorbents were determined using Eq. (1) and Eq. (2). Solu-
tions of NaOH and H2SO4 (1 mol/L) were used to adjust the pH
of the solutions.

(1)

Ci is the initial concentration of mercury in each solution, and
Ce is the equilibrium concentration.

(2)

In this equation, W is the weight of the adsorbent in grams, and
V is the volume of mercury solution in liters.
6-1-1. Effects of Various Parameters on the Adsorption Process

Design-Expert software was utilized to design experiments for
evaluating the effects of pH, contact time, and initial mercury con-
centration. In these experiments, the range of different parameters
was specified using the Box-Behnken response surface method. 17
experiments were designed with varying pH, adsorbent dose, con-
tact time, and different initial mercury concentrations. Some pre-
liminary tests were conducted to determine the range of the para-
meters for designing experiments. The pH range was between 2 to
6, the contact time was between 1 to 24 hours, and the initial con-
centration of the mercury was between 50 and 250 mg/L. For each
experiment, the adsorbent was added to a beaker containing mer-

% removal  
Ci   Ce

Ci
--------------- 100

qe  
Ci   Ce

W
--------------- V

Fig. 1. Schematic presentation of polystyrene modification in different stages. (a) Foam without any modification, (b) Chitosan-modified
granules, (c) Cross-linking of chitosan-modified granules with glutaraldehyde, (d) Dithicarbamate functionalization of granules with
carbon disulfide.

Fig. 2. Digital camera of (a) unmodified polystyrene granules, (b)
Carbon disulfide-modified polystyrene granules.
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cury solution, and the pH of the solution was adjusted. The sam-
ples were mixed with a stirrer and then analyzed by ICP-OES to
determine the remaining mercury concentration in the solutions.
6-1-2. Study of Adsorption Isotherm

Designs performed by Design-Expert software have been used
to study the adsorption isotherm. The removal efficiency was evalu-
ated using the experimental formula derived from the Design
Expert. Experimental conditions for these trials were as follows:
10 mL mercury solutions with initial concentration of 50 to 250
mg/L with steps of 20 and 30 mg/L, and an adsorbent weight of
0.0491 g. Adsorption isotherms at different pH levels (2, 3, 4, 5,
and 6) were achieved.
6-1-3. Desorption and Regeneration of the Adsorbent

To identify the rate of desorption, a hydrochloric acid solution
(0.1 mol/L) was prepared. The adsorption process was performed
with 50 mL of mercury solution with a concentration of 100 mg/L.
After the adsorption and separation of the adsorbent, the desorp-

tion was carried out with 25 mL of the prepared hydrochloric acid
solution. This experiment was repeated three times to assess the
effectiveness of the adsorbent after washing with 0.1 mol/L hydro-
chloric acid solution. The time given for the adsorption process
was 15 hours, and the time given for the desorption process was
three hours.

RESULTS AND DISCUSSION

1. Structural and Chemical Composition Characterization
FE-SEM analysis of the final adsorbent and the adsorbent before

functionalization with carbon disulfide was performed to investi-
gate the morphology of the adsorbent (Fig. 3). The morphology of
the adsorbent differs before and after the sulfidation. Fig. 3 shows
that the size of the pores has become smaller due to the reaction
of chitosan with glutaraldehyde and carbon disulfide.

Fig. S1 shows the FTIR spectrum of the adsorbent in order to

Fig. 3. The FE-SEM images of chitosan-modified granules (A and B) before the reaction with carbon disulfide, and (C and D) after the reac-
tion with carbon disulfide.
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identify the functional groups on the prepared adsorbent. Vibra-
tion of the hydroxyl groups was detected at 3,393 cm1 for the chi-
tosan-modified adsorbent. Because the amine group in the func-
tionalized chitosan was converted to NH, the peak at 3,420 cm1

corresponds to the vibrations of OH and NH bonds [43]. The inten-
sification at the peak located at 1,998 cm1 also suggested an in-
crease in amine groups. The peak at around 1,080 cm1 was due
to the O-C bond of chitosan, whereas the peak at 2,876 cm1 was
related to the CH3 bending mode [31]. The observed peak at 1,650
cm1 was most likely attributable to the vibration of the N-H bond
[44].

EDS analysis (Table 1) was conducted to evaluate the weight per-
centage of different elements in the synthesized adsorbent before
and after the treatment with carbon disulfide. Carbon, nitrogen, and
oxygen are the main constituents of the adsorbent, with carbon
being the most abundant constituent at about 50.49%, followed by
oxygen at 11.77%. Sulfur was added to the adsorbent components
due to the reaction with carbon disulfide. Sulfur is considered the
main element for mercury adsorption in the adsorbent, and the
weight percentage of sulfide in the final adsorbent was about 1.3%,
which is an acceptable amount for mercury adsorption. The high

Table 1. EDS analysis of adsorbent before and after the reaction
with carbon disulfide

Element Before the reaction with
carbon disulfide (W%)

After the reaction with
carbon disulfide (W%)

C 50.49 48.79
N 11.77 13.44
O 37.73 35.51
Na - 00.97
S - 01.29

Table 2. Results from the designed experiments
Experiment

number pH Contact
time (hr)

Initial mercury
concentration (mg L1)

Removal
efficiency (%)

01 4 12.5 150 74.6
02 6 24.0 150 69.8
03 6 12.5 250 70.9
04 6 01.0 150 7.7
05 6 12.5 250 61.0
06 4 12.5 150 77.9
07 4 12.5 150 77.4
08 2 24.0 150 58.6
09 4 12.5 150 71.6
10 2 12.5 050 68.7
11 4 01.0 250 07.7
12 4 24.0 050 79.9
13 4 01.0 050 10.4
14 4 12.5 150 72.6
15 2 12.5 250 51.8
16 4 24.0 250 56.3
17 2 01.0 150 07.6

tendency of soft metals like mercury for interacting with the func-
tional groups containing sulfur results in high adsorption of mer-
cury by the prepared adsorbent. Therefore, the presence of sulfur
in the adsorbent is the main factor in mercury removal in this study.

BET analysis is based on measuring the volume of nitrogen gas
adsorbed and desorbed by the surface of the adsorbent at the tem-
perature of liquid nitrogen (77 K). BET analysis indicates that the
specific surface area, total pore volume, and mean pore diameter
are respectively 314.8 m2/g, 0.345 cm2/g, and 1.96 nm.
2. Experimental Design

The Box-Behnken under Design-Expert was used to design the
experiments. Table 2 shows the removal efficiency for each designed
experiment. The proposed model was quadratic. ANOVA analy-
sis was used to study the validation and significance of the param-
eters. Table 3 shows the ANOVA results derived from the Design
Expert software. According to the ANOVA results, the F-static of
83.45 with a p-value of less than 0.0001 reveals the significance of
the model [45]. Due to the p-value, which was 0.0001, it can be
concluded that the model is suitable and is in line with the results.
Lack of fit test was investigated, and the finding supported the qua-
dratic model’s agreement with the results. The correlation coeffi-
cient calculated with the following formula had a value of 0.9945.
Adjusted R-Squared (0.9765) and predicted R-Squared (0.9560)
values   a lso confirmed the accuracy of the model. The effect of each
parameter on the model was determined by p-values. If the p-value
is less than 0.05, it implies that the parameter in the model is effec-
tive, and the parameter’s significance increases as this value decrease.
The p-value for pH was 0.0038, which determines the effect of pH
on mercury removal. The contact time had a p-value of 0.0005,
indicating that this factor had the most significant impact on mer-
cury removal by the adsorbent. The initial concentration with the
p-value of 0.0267 had the most negligible effect on mercury removal.

According to the definition provided for the p-value, the effect
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of the interaction of different parameters on the whole adsorption
process was also investigated. The pH-contact time interaction was
the least effective, according to the observations, and the highest
rate of interaction in the mercury removal process was found in the
pH-initial mercury concentration. This software also developed the
experimental equation for mercury removal, which was used to
generate and study the adsorption isotherms (Eq. (3)).

Removal (%)=20.80354+(10.91072 *pH)+(9.07058 *Time)
+(0.049212 *Hg(II))+(0.11919) *pH *Time
+(0.016972*pH *Hg(II))(4.55967E-003 *Time *Hg(II))
(1.65060 *pH2)(0.25406 *Time2)(3.97739E-004 *Hg(II)2) (3)

3. Effect of pH, Contact Time, and Initial Mercury Concen-
tration

The effects of pH, contact time, and initial concentration of mer-

cury were studied because the adsorption process is highly depen-
dent on these parameters. Fig. 4 shows the perturbation diagram,
which is a graph that compares the effect of variables at specific
points in the design space. This graph was drawn by changing each
variable in a specified range and keeping the other variables con-
stant. A high slope for a variable indicates that the results are sus-
ceptible to that variable. In Fig. 4, A is the pH, B is the contact time,
and C is the initial mercury concentration. Due to the low slope of
the curve related to the initial mercury concentration (C) and pH
(A), these variables had the least effect on mercury removal, which
was also confirmed by the ANOVA analysis. According to the slopes
of the B curve, the contact time had a more significant effect on
mercury removal.

The experimental results can be easily analyzed with the help of
contour graphs and 3D interaction graphs of factors.

Fig. 5(a), (b), (e), and (f) showed that the removal efficiency in-
creased with increasing the contact time. Then the increased trend
slowed and eventually reversed after about 15 hours, probably due
to the mercury desorption resulting from prolonged contact time.
In the case of initial mercury concentration, Fig. 5(c), (d), (e), and
(f) illustrate that the removal efficiency decreased slightly with
increasing the initial mercury concentration. This behavior occurs
because the available sites on the surface of the adsorbent are sur-
rounded with more mercury ions, which results in decreasing
mercury uptake. It is obvious that increasing the pH value results
in higher removal efficiency. The zero point of charge (pHzpc) of
the adsorbent was 5.1, which was measured using the procedure
reported in the literature [46]. Furthermore, in pH values lower than
the pHzpc the adsorption occurs because of the complexation; how-
ever, in pH values over pHzpc, in addition to complexation, the elec-
trostatic interaction because of the negative charge of the adsorbent
can improve the removal efficiency [31]. There is an interaction
observed in Fig. 5(e) between the initial mercury concentration
and contact time, which shows that increasing the mercury con-
centration has a more significant impact on the process in higher
contact times.

Since this study aims to maximize mercury removal efficiency,
the goal “in range was selected for the independent variables, and

Table 3. ANOVA for the quadratic model
Source Sum of squares df Mean square F-value p-Value Source
Model 11,888.81 8 1,486.10 83.45 <0.0001 Significant
A-pH 105.27 1 105.27 5.91 <0.0411
B-Time (hr) 6,675.90 1 6,675.90 374.87 <0.0001
C-Hg (mg/L) 295.27 1 295.27 16.58 <0.0036
AB 29.38 1 29.38 1.65 <0.2349
AC 5.27 1 5.27 0.2958 <0.6014
BC 108.28 1 108.28 6.08 <0.0390
A2 127.88 1 127.88 7.18 <0.0279
B2 4,291.90 1 4,291.90 241.00 <0.0001
Residual 142.47 8 17.81
Lack of fit 63.31 3 21.10 1.33 <0.3623 Not significant
Pure error 79.15 5 15.83
Cor total 12,031.28 16

Fig. 4. Perturbation diagram, A: pH, B: contact time, and C: initial
mercury concentration.
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the “maximize goal was chosen for the response. Then, the opti-
mization program was performed by the software, the result of which
is given in Table 4. According to the optimum conditions reported
in Table 4, the maximum removal percentage of 91.4% was achieved
for the initial mercury concentration of 50 mg/L at pH 4.81 and
18.11 hr for the contact time. Desirability is a parameter derived
from the design expert that represents the closeness of a response
to its ideal value. The desirability of 0.92 shows that the response is

Fig. 5. 3D interaction graphs, (a) 3D graph of the effect of pH and contact time on the removal efficiency (initial concentration of mercury
150 mg/L), (b) 3D graph of the effect of pH, and initial mercury concentration on the removal efficiency (contact time 12.5 h), (c) 3D
graph of the effect of contact time and initial mercury concentration on the removal efficiency (pH=4). The related contour plots are
shown by (d), (e), and (f).

Table 4. Parameters for numerical optimization
Parameters Value
pH 4.81
Time 18.11 hr
Initial concentration 50.0 mg/L
Removal percentage 91.4%
Desirability 0.92



Removal of mercury using functionalized polystyrene 899

Korean J. Chem. Eng.(Vol. 40, No. 4)

92% close to the ideal value. However, the experiments for the adsor-
bent modified with glutaraldehyde without chitosan showed a mer-
cury removal efficiency of 48% in the same optimum condition.

To validate the model, the experiment under the optimum con-
ditions was conducted three times and the average response (89.4%)
was in the proposed range (85.3-97.5% p=0.05), showing that the
model is valid.
4. Adsorption Isotherms

The experimental formula generated by the Design Expert soft-
ware was utilized to determine which isotherm is followed by the
adsorption process. The adsorption capacity was calculated for vari-
ous initial mercury concentrations, and adsorption isotherms were
investigated based on these results. In this study, Freundlich, Uni-
versity of Tehran (UT), Redlich-Peterson, Dubinin-Radushkevich,
and Temkin isotherms were used to examine the behavior of the
adsorbent (adsorbent capacity, the ability for reducing the contam-
inant concentration, interaction strength) at the equilibrium state.
The Langmuir constant represents the adsorption equilibrium con-
stant. Using an adsorbent with a high Langmuir constant, a con-
siderable reduction in the remaining concentration of the con-
taminant is attainable and the most active sites of the adsorbent
are occupied. Therefore, a low amount of the adsorbent is used for
water treatment. Table 5 shows the equations for each of the iso-
therms and the values for their variables.

In the case of Freundlich isotherm, the adsorption process oc-

Table 5. Variables for different isotherms (contact time: 18 h)
Isotherm Equation Variables Values R2

Freundlich Kf 0.010 0.960

UT
Kd (mg/L) 5.28

0.913qmax (mg/g) 528

Redlich Peterson
 4.40

0.901qmax (mg/g) 725

Dubinin-Radushkevich E (kJ/ mol) 27.67 0.998qs (mg/g) 1,640

Temkin B1 (m/g) 1,090 0.987A (L/mg) 0.028

Ce/qe 1/kqm  Ce/qm

In
Ce

qeD
---------  

Kd

qmD
----------

 
     bInqm  bIn

Ce

D
-----

In KR
Ce

qe
----- 1 

    InR  gInCe

Inqe  Inqs  
2

qe  B1LnA  B1LnCe

Fig. 6. qs values for the Dubinin-Radushkevich model at different
pH (The maximum adsorption capacity predicted in this
isotherm was 2,449 mg/g at pH 6).

Fig. 7. Kinetic modeling of mercury adsorption (a) the pseudo-first-order, (b) pseudo-second-order models at the mercury concentration of
150 mg/L (Volume: 10 mL, adsorbent: 0.1 g).

curs on a multilayer with the interaction between adsorbates. UT
isotherm is a dose-independent isotherm with dimensionless param-
eters, which determines the multilayer maximum adsorption capac-
ity that Freundlich isotherm is not capable of predicting [47]. The
comparison between the studied isotherms was conducted accord-
ing to the R-squared (R2) values obtained.

According to Table 5, the Dubinin-Radushkevich model was
selected as the most suitable isotherm model for mercury removal
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by the prepared adsorbent. The predicted qs of the Dubinin-Radu-
shkevich model and R-Squared were 1,640mg/g and 0.998, respec-
tively. When the adsorption energy (E) is lower than 8 kJ/mol, the
adsorption process can be classified as physical adsorption. Fur-
thermore, when the adsorption can be classified as chemical adsorp-
tion when the adsorption energy is greater than 8 kJ/mol [48]. In
this research, adsorption energy is 27.67 kJ/mol. Therefore, the ad-
sorption can be classified as chemical adsorption. The maximum
adsorption capacity for the Dubinin-Radushkevich model at vari-
ous pH values was investigated and the results are shown in Fig. 6.
5. Kinetic Studies

A kinetic study was performed at mercury concentrations of 150
mg/L by pseudo-second-order and pseudo-first-order models. The
corresponding linear plots and results are presented in Fig. 7 and
Table 6, respectively. Among the investigated models, the pseudo-
first-order model presented the lowest error function value (R2=
0.99, RMSE=1.35) than the pseudo-first-order model (R2=0.98,
RMSE=4.44). However, the pseudo-second-order model, in which
the adsorption rate is proportional to the square of the number of
free active sites, was significantly more accurate than the pseudo-
first-order model because the equilibrium adsorption capacity cal-
culated by the pseudo-first-order model was 27.83 mg/g, while the
qe calculated using the pseudo-second-order model was 22.04 mg/

Table 6. Kinetics parameters and the error function values for the mercury adsorption

Kinetics model
Parameters Ci=150 (mg/L)
qexp (mg/g) 29.63

Pseudo-first order qe (mg/g) 27.83

K1 (1/hr) 0.2

RMSE 1.35
R2 0.99

Pseudo-second order qe (mg/g) 22.04

0.007

RMSE 4.44
R2 0.98

Intraparticle diffusion ki 6.44
Ci 0.11
RMSE 1.1
R2 0.98

Log qe  qe   qe   
K1t

2.303
------------log

t
qt
----  

1
K2qe

2
-----------  

1
qe
----

 
 t K2 103 g

mg
------- hr 
 

qt  kit
0.5

  Ci

Fig. 8. Reusability of the adsorbent after washing with 0.1 mol/L of
HCl (Conditions: Sample volume: 50 mL, Desorption solu-
tion: 25mL, Hg2+: 100mg/L, Adsorbent dosage: 1g/L, Adsorp-
tion time: 12 h, and desorption time: 3 h).

Table 7. Comparison of various adsorbents
Type of adsorbent The maximum adsorption capacity Reference
FPBS 132.25 [49]
LCF wastes of coconut 144.4 [50]
PANI/ATP 800 [51]
CoFe2O4-RGO 140.84 [52]
Polystyrene@chitosan/dithicarbamate 1,058 This study

g, which was more consistent with the related experimental data.
6. Desorption and Regeneration of Adsorbent

To determine the efficiency of the adsorbent for reuse, the adsorp-
tion process was performed with 50 mL of mercury solution with
a concentration of 100 mg/L and a contact time of 15 hours. Then,
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the adsorbent was washed with 0.1 mol/L of hydrochloric acid. The
adsorption process was repeated for four cycles with the same adsor-
bent and experimental conditions. Fig. 8 shows the mercury removal
percentage for each cycle. The removal rate of mercury adsorp-
tion with the mentioned conditions in the first cycle was 89% and
then it declined by 7%, 19%, and 40% for the second, third, and
fourth cycles, respectively. Therefore, it can be concluded that the
prepared adsorbent has the capability to be reused up to three
times in order to achieve a suitable removal efficiency.
7. Comparison with other Adsorbents

The adsorbent prepared in this study was used to eliminate mer-
cury from water sources, and the investigations showed the maxi-
mum removal percentage of 79.85% at pH 4 and qm=1,058 mg/g),
predicted by Dubinin-Radushkevich isotherm. Table 7 provides
information about the comparison between the adsorbent prepared
in this study with other adsorbents in the literature. As can be seen,
the prepared adsorbent in this study showed the highest qm com-
pared to other reported adsorbents.

CONCLUSION

Due to the challenges posed by the incineration and disposal of
polystyrene waste, a new method for reusing this waste has been
proposed. Polystyrene was modified with chitosan and then func-
tionalized with carbon disulfide, which was used as a novel adsor-
bent to remove mercury from aqueous media. FTIR analysis of
the adsorbent was performed during the adsorbent synthesis to iden-
tify the functional groups on the modified adsorbent. BET and SEM
analyses were performed to investigate the surface area and mor-
phology of the prepared adsorbent, respectively. The adsorption
process followed the Dubinin-Radushkevich isotherm, and the maxi-
mum removal percentage predicted in this isotherm was 79.85%
at pH 4. The pseudo-second-order model was significantly more
accurate than the pseudo-first-order model. It was observed that
increasing contact time by up to 15hours improved the adsorption
capacity. However, this process slowed after 15 hours. Increasing
the initial concentration resulted in an increase in the adsorption
capacity of the prepared adsorbent, and the adsorbent was regen-
erated by washing with a hydrochloric acid solution with a concen-
tration of 0.1mol/L, showing that it can be reused at least three times.
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Fig. S1. FTIR analysis of (a) polystyrene modified with chitosan and (b) carbon disulfide modification.
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