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a b s t r a c t
This research focused on developing an effective method of using thiol modification acid activated 
exfoliated bentonite clay with good performance to remove four key toxic ions (As3+, Hg2+, Cd2+, 
and Pb2+) from water. A novel, low-cost, and locally available sorbent with high adsorption capacity 
comprising exfoliated organofunctionalized bentonite clay from Qazvin, Iran, was synthesized. To 
improve the sorption efficiency of acid activated bentonite (AB), clay was exfoliated (EAB) and then 
immobilized in toluene with addition of 3-mercaptopropyl trimethoxysilane (MPTMS) as a modifier 
(MEAB). The MEAB greatly increased removal of the four target ions. This study demonstrated that 
MEAB shows identical or even better sorption capacities compared with other conventional sorbents 
and that the binding capacity of heavy metal ions is about four times higher compared with unfunc-
tionalized samples. The attachment of MPTMS to the exfoliated bentonite was confirmed by Fourier 
transform infrared spectroscopy (FTIR). Influential parameters including time, sorbent dosages, 
primary ions concentration, pH, and turbulence were investigated. Equilibrium facts were appraised 
by Langmuir and Freundlich isotherm models, while the toxic metal ions sorption reaction kinetics was 
explicated by Lagergren pseudo-first/second-order kinetic models. The results provided a mechanism 
of sorption including primarily ion complexation by a specific thiol group instead of unspecific cation 
exchange. As a consequence, this new functionalized exfoliated bentonite may be a good alternative to 
economical adsorbents for the elimination of toxic and hazardous heavy metals.
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1. Introduction

Nowadays, water pollution is a very parlous and prev-
alent problem in our world [1], caused by hazardous and 
toxic heavy metal ions as a result of innumerable industrial 
actions, such as explosives manufacturing, metal chemical 
engineering, photographic materials, agriculture, ceramics, 
printing, and mining [2–4]. Due to the extreme effects of this 
problem on human’s health as well as animal’s health and 
aquatic life, many scientists and environmentalists have 

attracted deep attention for solving these serious problems 
[5]. These days, due to the industry’s progress, we face a 
sharp rise in industrial wastewater containing a high amount 
of heavy metals such as Hg(II) [6], As(III) [7–9], Cd(II) [10,11], 
and Pb(II) [12,13], particularly in developing countries. 
These toxic heavy metal ions are of substantial importance 
inasmuch as they are not biodegradable and metabolized 
through the ambiance and have a tendency to accumulate 
in key organisms [14]. The health effects that toxic heavy 
metals can cause are as follows: skin corrosion, encepha-
lopathy, gastrointestinal illness, hepatitis, kidney damage, 
diarrhea, reduced lung function [15–17], and finally, it can be 
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claimed that these heavy metals cause irreparable effects on 
the main organs of the body, such as the heart, kidney, liver, 
and brain and may even cause death [18]. Because of the dire 
effects of these hazardous metals, it is essential to get rid of 
toxic ions from water before they log into the environment 
so that we can maintain stability and health in the ecosys-
tem. There are many traditional methods to sequester toxic 
heavy metal ions from water, such as flotation or filtration 
[19], electrolytic recovery, chemical precipitation [20], carbon 
nanotubes sorbents [21], membrane processes [22], and ion 
exchange [23,24]. Each technique has its own advantages and 
limitations in use for many reasons, such as low efficiency, 
incomplete removal, high cost, requiring complicated instru-
ments, and sometimes producing a large amount of waste 
that is too hard to remove. To overcome these drawbacks, 
one of the most useful, time efficient, and beneficial methods 
with large-scale applicability is sorption [25,26], because this 
method has many merits, such as flexibility, high treatment 
revenue, being cost-effective and eco-friendly, easy proce-
dure, and we can also use naturally accessible sorbents in 
this effective method [27,28]. Using natural clays as sorbents 
plays a very important and helpful role in the environment 
by sorbing anions and cations [29]. In recent years, the usage 
of natural sorbents such as montmorillonite clay has attracted 
considerable attention because of their inapproachable prop-
erties such as low price, extensive specific area, vigorous 
adsorptive affinity, approachability, and simple usability, 
microporosity, layered structure, plasticity, and great cation 
interchange capacity [30–32]. Activated carbon is consid-
ered one of the most effective sorbents, but it is expensive, 
has a limitation in most factories and industries, and is hard 
to retrieve [33,34]. Therefore, the use of inexpensive sup-
plies as sorbents for metal elimination from water has been 
the main focus. In this study, we selected generally obtain-
able sorbents, namely bentonite, which has a very low price 
[35,36], wonderful properties, and extensive use in industry 
[37]. Bentonite clay is the commonest phyllosilicate mineral 
composed of montmorillonite and 2:1 type with two silica 
tetrahedral sheets sandwiching an intermediate octahedral 
sheet [32]. Owing to the isomorphous substitution of Al3+/
Si4+and Mg2+/Al3+ in a crystal structure with a lower valence 
cation, we have a net negative charge in this clay [38,39]. One 
of the general problems with this clay is the relatively low 
surface area, so the external surface area of this clay can be 
significantly greater than before by exfoliation, which in turn 
improves the sorption proficiency and increases the catalyst’s 
function [40]. Many recent studies have shown that selectiv-
ity and usefulness in the uptake of pollutant agents such as 
heavy metals is closely related to the physical and chemical 
features of the sorbents composition. Exfoliated bentonite 
clay is an effective sorbent, but some toxic ions are poorly 
adsorbed onto it. To resolve this moot point, chemical or 
physical alteration of the surface exfoliated bentonite clay 
by specified functional groups having several donor atoms 
such as sulfur, oxygen, phosphorus, and nitrogen is needed 
[41]. Functionalization of clay by thiol makes supplies that 
are selective and have a keen binding affinity for these heavy 
metal ions (As3+, Hg2+, Cd2+, and Pb2+), as a result of a soft 
Lewis acid/base reaction. Functionalized clay will prepare 
highly special sorption sites to increase the sorption capac-
ity. Here, these metal ions are Lewis acids and functionalized 

groups such as phosphine, thiol, thiocyanate, and hydride 
are Lewis bases, and because of the strong gravity between 
acids and bases, we will have the covalent bonds forming, 
and finally, an increase in sorption is the benefit of this mod-
ification [42,43]. The thiol group tends to show a superior 
selectivity and strong connection for some heavy metal ions 
such as Zn2+, Ag+, Cd2+, As3+, Cu2+, and Hg2+ [44]. The func-
tionalization procedure which was carried out here follows 
the usual strategy for silica gel modification. This mechanism 
involves direct condensation interaction between the thiol 
group and the hydroxyl groups in the clay minerals [45]. In 
recent years, scientists have shown great interest in using 
thiol groups as a modifier of sorbents to increase the selec-
tivity of removing heavy metal ions from water [18,41,43]. In 
Iran, the bentonite from Qazvin has been chosen as a capable 
nomination for removing wastewater disposal. If bentonite 
clay is exfoliated and the organosilanes are to be grafting on 
nano-layer external surfaces of exfoliated bentonite, they will 
show better sorption properties. The authors of this article 
are unaware of the existence of other articles that explain the 
functionalization of exfoliated bentonite by organosilanes. 
The main aim of this paper was to show that the exfoliation 
and functionalization of this cheap and green local bentonite 
with thiol groups provided by this most simple laboratory 
process can produce exceptional sorbents. This organiza-
tion has numerous benefits: The procedure does not create 
another waste and all the samples involved can be reused 
and easily used on an industrial scale. A summary of the 
most important goals of this research is as follows: (1) to char-
acterize the raw Iranian bentonite, exfoliated bentonite, and 
functionalized exfoliated bentonite samples using different 
analyses, such as transmission electron microscopy (TEM) 
and Fourier transformed infrared spectroscopy (FTIR); (2) to 
investigate the effectiveness of various parameters, such as 
interaction time, primary concentration of these toxic metal 
ions, pH solution, temperature on Cd2+, Hg2+, Pb2+, and As3+ 
sorption using a batch technique.

2. Experimental setup 

2.1. Materials and methods

All chemical materials used in this research were of 
analytical grade and used without extra purification. Double 
distilled water was used in all stages of the reaction. All labo-
ratory glassware were held inside a 15% (v/v) HNO3 solution 
for 24 h and at the end bathed by double distilled water. The 
bentonite clay (B) used in this study was extracted quite nat-
urally from minerals in Qazvin, Iran. Materials used for the 
preparation of acid activated bentonite (AB) and exfoliated 
natural bentonite (EAB) were: hydrochloric acid (HCl), ace-
tone, sodium fluoride (NaF), sodium hexametaphosphate 
(NaPO3)6, and distilled water.

Reagents used to immobilize thiol groups onto exfoliated 
bentonite (MEAB) included the following:

3-mercaptopropyl trimethoxysilane (MPTMS) (HS–CH2– 
 CH2–CH2–Si–(OCH3)3), dry toluene (99.8%), and acetone, 
which were supplied by Sigma-Aldrich (Italy) and Merck 
company (Darmstadt). Mercury, lead, arsenic, and cadmium 
polluted water solutions were organized via dissolving 
their salts (mercury nitrate monohydrate) Hg (NO3)2·H2O, 
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lead nitrate-Pb (NO3)2, arsenic trioxide-(As2o3), and cadmium 
nitrate (Cd (NO3)2·4H2O) into water (DI). All these salts 
were obtained from Merck company.

2.2. Synthesis of acid activated exfoliated bentonite

The natural bentonite was sieved, crushed, and ground 
through a 200 mesh size, then it was washed with distilled 
water numerous times to eliminate any impurities. It was 
then dispersed in deionized water. The mixture, which con-
tained bentonite and distilled water, was stirred for 12 h 
and then kept without any movement for 2 d. After that, the 
resultant solution was centrifuged for three times and then 
was dried in a vacuum oven for hours. After this level, the 
remaining precipitation was washed with acid to remove 
silica and iron oxides. To do this procedure, 5 g of washed 
bentonite in the previous step was added to 100 mL of HCl 
solution (0.1 M), and was stirred for 8 h. The content was 
centrifuged and frequently washed with distilled water to 
wash off all the remaining acid and then was dried in oven 
at 60°C [46].

2.3. Steps in the synthesis of exfoliated bentonite

5 g acid activated bentonite (AB) was added to 100 mL 
water and the mixture was stirred for 1 h at room tempera-
ture, and then 0.2 g of NaF was added. Next the mixture 
was stirred at 90°C with 720 rpm. After 120 min, 0.025 g 
(NaPO3)6 was added to the mixture and was stirred at high 
speed. After dispersion for 40 min, the mixture was exposed 
to ultrasound for 60 min. In the next step, the mixture was 
placed at room temperature for 48 h without any movement, 
then the supernatant was centrifuged at the highest possible 
speed (1400 rpm), to extract a colloidal fraction because this 
colloidal fraction is the synthesized exfoliated bentonite that 
was used in all the tests [40].

2.4. Thiol functionalization of acid activated exfoliated bentonite

The modification procedure of grafting exfoliated 
bentonite using MPTMS was carried out through the follow-
ing steps: 5 g of exfoliated bentonite was dispersed in 300 cm3 
of 2 mL MTMPS in dry toluene. The mixture was refluxed 
through nonstop stirring at 25°C for 48 h in Ar atmosphere 
to prevent the oxidation of the thiol groups. Next, the solid 
obtained from the previous step was washed repeatedly with 
pure and dry toluene to eliminate any non-bonded silane and 
then centrifuged for 30 min and dried for 1 d at 60°C under 
vacuum conditions. The functionalized process and immo-
bilized (–SH) groups were comparable with that described 
by Walcarius [42]. The steps involved in the synthesis of this 
sorbent are shown in Fig. 1.

2.5. Tools for characterization

X-ray diffraction (XRD) analysis of the prepared samples 
was carried out by Philips X’Pert X-ray diffractometer, and Cu 
Kα radiation (wavelength, λ = 1.5481 Å) was used as the radi-
ation source to affirm the crystalline building of the samples 
at ambient temperature. All of the synthesized samples were 
skimmed from 0° to 80° through a step range of 0.033° in 2θ. 

The morphology and textural structures for all samples were 
assayed by scanning electron microscopy (Philips XL-300 
instrument, Holland), and TEM (Philips CM 30 Holland). 
The existence of the thiol modification and other functional 
groups on acid activated exfoliated bentonite was attested by 
FTIR spectra (Shimadzu-8400S spectrometer, Japan). Heavy 
metal ion concentration of all samples at diverse times was 
analyzed using inductively coupled plasma atomic emission 
spectroscopy (ICP) (Varian vista-PRO device). The surface 
areas and the pore features of the natural sorbents were 
measured by Brunauer–Emmett–Teller (BET) technique and 
Barrett–Joyner–Halenda. pH adjustments were accomplished 
by a Metrohm model 713 (Herisau, Switzerland) pH-meter.

2.6. Heavy metal sorption examinations

For a better understanding of the sorption manner of 
the modifying sorbent, both methods including kinetics and 
isotherm sorptions were investigated [47]. For the first pur-
pose of the study the kinetics of the sorption procedure on 
functionalized exfoliated bentonite, 10 mg of the synthesized 
sorbent was added per 20 mL of polluted water solutions 
with continuous mechanical stirring at room temperature. 
The standard solution was used to form dilute solutions of 
diverse working concentrations (100–500 mg/L). The pH 
of the solution was changed to values ranging from 2.0 to 
8.0 by the dropwise addition of 0.1 M NaOH or 0.1 M HCl 
when required. At different intervals in time, the different 
concentrations of the heavy metals were determined, and 
eventually, investigated by ICP analysis. The effects of the 
experimental factors on the sorption capacity of functional-
ized exfoliated bentonite in the test were investigated. The 
following equation was used to achieve the sorption capacity 
of heavy metal ions.

Sorption capacity q mg/gt( )( ) = −
×

C C
M

Vt0  (1)

where M indicates the mass of our natural sorbent (g), V is 
the whole volume of the water solution (mL), C0 (mg L–1) and 

Fig. 1. Overall steps applied for preparing of MEAB.
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Ct (mg L–1) are the concentrations of heavy metal ions (ppm) 
in the watery phase initially and at time t, respectively.

For the second purpose of the study, the sorption 
isotherms were achieved by adding the functionalized 
exfoliated bentonite to polluted water solutions with diverse 
primary heavy metal ion concentrations extending from 10 
to 1,000 ppm. This test was accomplished at 25°C for 12 h 
on a shaker instrument working at 150 rpm. After 12 h, the 
concentration of the toxic heavy metal ions for the separated 
water solution was evaluated by ICP, and the equilibrium 
sorption of every ion was then analyzed by Eq. (2), where Ce is 
substituted by the equilibrium ion concentration.

Adsorption capacity q mg/ge
eC C

m
V( )( ) = −

×0  (2)

It was also calculated using Eq. (3) for the percentage of 
removal efficiency:

Removal efficiency %( ) = −
×

C C
C

e0

0

100  (3)

3. Results and discussion

3.1. Structure, feature, and function of the MPTMS treated 
exfoliated bentonite

3.1.1. FTIR analysis

The FTIR spectra of B, AB, EAB pure MPTMS, and MEAB 
are used to analyze the properties of sorbents such as con-
struction and interactions, as shown in Fig. 2. Infrared spec-
troscopy is very sensitive to functionalization of this natural 
clay mineral construction by MPTMS modifier. The FTIR 
spectra for the natural clay showed deep band taking place 
near 3,437 cm–1 owing to O–H stretching vibration of the 

silanol (Si–OH) and (Al–OH) groups from the solid surface 
and the spectral peak at 1,628 cm−1 attributed to the angular 
deformation of H–OH bond of free water molecules, which is 
restrained in environment. According to the usual montmo-
rillonite pattern the strong band taking place near 3,628 cm−1 
is attributed to the stretching vibration of structural hydroxyl 
groups such as the Mg–OH, Al–OH [25]. In all FTIR analy-
ses, the power of the stretching vibration for hydroxyl groups 
at 3,628 cm−1 decreases after the acid behavior because of 
the elimination of octahedral [48]. The other broad peaks 
at 1,028 cm–1 are related to Si–O stretching vibrations of a 
Si–O–Si tetrahedral sheet. The sharp band at 788 cm−1 rep-
resents the existence of quartz in Iranian bentonite clay. 
The peak situation at 920 cm−1 is attributed to the stretching 
vibration of Al–O–(OH)–Al [49]. As expected, the exfoliated 
treatment does not show significant changes between the 
natural bentonite and the exfoliated bentonite. Moreover, to 
further approve the existence of thiol on exfoliated benton-
ite, an FTIR was used. Pure MPTMS was used as a reference 
for better comparison. In the pure MPTMS FTIR analysis, the 
weak band at 2,555 cm−1 displayed the existence of SH group 
[42,50]. The sorption peaks detected in 2,820–3,000 cm−1 are 
related to the aliphatic CH stretching vibrations [51]. In the 
MPTMS treated exfoliated bentonite, FTIR data showed the 
existence of adsorption at 2,555 cm−1. Caused by the aborigi-
nal character of the thiol group sorption and the little SH level 
introduced onto exfoliated bentonite, the 2,555 cm−1 bands 
befitted even feebler after the functionalization of the exfoli-
ated bentonite surface. The peaks at 2,944 and 2,845 cm−1 both 
indicated the asymmetric stretching vibration of CH2 and 
CH3. The adsorption peak at 1,445 cm−1 is also related to the 
bending vibrations CH2 and CH3. In the low energy area, the 
sorption peak at 1,038 cm−1 was owing to the Si–O–Si and Si–O 
stretching. On the other hand, the blue shift of these peaks for 
thiol groups treated exfoliated bentonite samples in compar-
ison with pure vibration peaks affirmed the existence of the 
conjunction –CH2–CH2–CH2–SH molecules. Consequently, 
FTIR information confirmed the effective incorporation of SH 
(thiol) onto exfoliated bentonite [44].

3.1.2. SEM@EDX observations

The surface morphologies of B, EAB, and MEAB were 
studied using SEM. The picture of pristine and raw bentonite 
(Fig. 3(a)) obviously reveals the rough and uneven surfaces 
with numerous crumples. The surface of pure bentonite 
clay has plenty of leaf-like sheets that come from the ben-
tonite fundamental morphology. As for the morphology of 
exfoliated bentonite (Fig. 3(b)), one can see that both the 
crumpled structure and compact surfaces are lower, and 
the sheets of clay are in some measure exfoliated and reor-
ganized. Unsurprisingly, the thiol group functionalization 
(Fig. 3(c)) does not lead to noticeable surface alterations, as 
functionalization is a kind of surface treatment equipment, 
as demonstrated earlier, but one can see that it is thin and 
somewhat crumpled with little agglomerations.

We also used EDX analysis before and after EAB to fur-
ther verify the presence of thiol group in the sample (Fig. 3(d)).

ICP atomic emission spectroscopy of S showed that 1 g 
of thiol functionalized acid activated exfoliated bentonite 
included (0.51 ± 0.01 g of MPTMS or 3.4 mmol of S).

Fig. 2. FTIR spectra of raw bentonite clay (B) (a), acid activated 
bentonite clay (AB) (b), acid activated exfoliated bentonite clay 
(EAB) (c), pure MPTMS (d), MPTMS treated exfoliated bentonite 
(MEAB) (e).
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3.1.3. TEM analysis

The morphology of exfoliated bentonite was considered 
by TEM analysis. The layered construction of pristine ben-
tonite had been naked into extremely thin layers (Fig. 4), 
which might supply a sufficient surface region to not only 
adsorb contaminants but also to be in close interaction with 
a modifier.

3.1.4. XRD patterns

The XRD patterns of B (a), AB (b), EAB (c), and MEAB (d) 
are shown in Fig. 5. XRD is a nondestructive and systematic 
method, which exposes evidence about the crystallographic 

construction of the sample under investigation. The method 
is extensively used in the identification of clays. The XRD 
pattern of pristine bentonite indicated the d001 reflection 
at 2θ = 5.6, offering the c-axis dimension of 1.46 nm, which 
is specific to montmorillonite as expected [52]. For exfoli-
ated bentonite, the typical peak of bentonite at 2θ is wide, 
extensive, and weak, which proposed the fact that the lay-
ers of this clay were delaminated by the exfoliation process 
[40]. For MEAB, as expected, XRD data show that the thiol 
behavior does not alter the exfoliated bentonite crystalline 
structure, as exposed through the similar specific diffraction 
band situations in both the thiol treated exfoliated bentonite 
and exfoliated bentonite.

Fig. 3. SEM images of the raw Iranian bentonite clay (B) (a), exfoliated bentonite (EAB) (b), MPTMS treated exfoliated 
bentonite (MEAB) (c).EDX images EAB (3d,a) and MEAB (3d,b).
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3.1.5. BET analysis

The specific surface areas of B, AB, EAB, and MEAB were 
determined to be 69.6, 113, 222, and 60.0 m2g–1, respectively. 
Substantial changes in nitrogen sorption–desorption were 
detected upon raw bentonite, acid behavior, exfoliated 
bentonite, and finally grafting. Acid activation increased 
the specific surface area, and also the pore volumes 
(SBET: 69–113 m2 g–1), after acid behavior, deeply increased 
after the exfoliation process (SBET: 222 m2 g–1) and powerfully 
decreased after being treated with MPTMS (SBET: 11 m2 g–1; 
Table 1). Pores may have been approximately engaged or 
blocked through the modifying agent. The amplification of 
the ordinary pore diameter was owing to the decrease of 

microporous contribution and led to a greater value of pore 
size. Comparable comments were reported by Walcarius [53], 
that amorphous silica gels were modified by amine and thiol 
groups.

3.2. Kinetic and equilibrium studies

It is well settled that a number of factors such as pH, 
the concentration of a heavy metal ion, time, the amount 
of sorbent, turbulence, and solution temperature are highly 
effective on the useful sorption of a toxic metal ion [53]. 
Optimization of As(III), Pb(II), Hg(II), and Cd(II) sorption 
represented that the highest elimination was achieved in the 
solution embracing 30 ppm metal ions with 30 mg of syn-
thesized sorbent at 25°C, pH = 8, and 30 min of contact time 
with 200 rpm turbulence. The results of different factors on 
the sorption percentage of As(III), Pb(II), Hg(II), and Cd(II) 
have been reported in detail as follows:

3.2.1. Effect of solution pH on the sorption of heavy metal ions

The effect of the pH on the removal of As(III), Pb(II), 
Hg(II), and Cd(II) ions was studied in numerous pH ranges 
(2–8) [54]. The pH variety was selected as 2–8 for the pur-
pose of eluding precipitation of cations in the hydroxide or 
chloride form. Moreover, by increasing the amount of pH in 
this process, the probability of hydroxide formation of the 
metal ions is minimized due to chemical precipitation. The 
pH of a solution is a key factor affecting the elimination of 
toxic heavy metal ions from aqueous solutions. The depen-
dency of heavy metal sorption on pH is due to two reasons. 
The first reason is about the heavy metal chemistry in the 
mixture and the second reason is related to the ionization sit-
uation of the functional groups of the sorbent, which impress 
the accessibility of binding positions. 0.03 g of the prepared 
sorbent was dissolved in a 20 mL solution of 30 mg L−1 of 
metal ions at diverse pH values (2, 3, 4, 5, 6, 7, and 8). The 
pH adjustment of all solutions was achieved by HCl (0.1 M) 
and NaOH (0.1 M). All the samples were stirred for 240 min 
at 200 rpm, and then centrifuged for 4 min to separate the 
sorbent. The results are reported in Fig. 6.

As seen in the figure, the metal ions removal at low pH 
values is insignificant. Nevertheless, removal effectiveness 
increases slowly with increasing pH. To better emphasize 
on the subject of pH effect, the pHpzc analysis was applied. 
As defined in the figure, higher pH leads to greater heavy 
metal uptake. Acid conditions are not appropriate for fierce 
competition between protons, and different types of heavy 

Fig. 5. High-angle XRD patterns of pristine bentonite (B) (a), acid 
activated bentonite (AB) (b), acid activated exfoliated bentonite 
(EAB) (c), MPTMS treated exfoliated bentonite (MEAB) (d).

Table 1
Effect of the modification process on the surface area (BET), 
average pore size distribution and pore volume of all samples

Samples BET surface 
area (m2 g–1)

Average pore 
diameters (nm)

Pore volume 
(cm3 g–1)

B 69.6 3.7 0.081
AB 113 3.6 0.088
EAB 222 3.5 0.091
MEAB 60.0 12.4 0.032

Fig. 4. TEM images of MEAB.
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metals can consequently clarify the medium sorption in the 
optimum amount of acid. The maximum uptake rate was 
noted at the pH of 8. This could be imputed to the tendency 
of free lone pair electrons on thiol groups and oxygen atoms 
without protons, which are appropriate for coordination by 
the heavy metal ions.

3.2.2. Effect of sorbent dosage on the sorption of heavy 
metal ions

We deliberated the affinity of the sorption of metal ions 
on the measure of functionalized exfoliated clay at pH 8 and 
room temperature via variable sorbent extents from 0.01 to 
0.06 g in contact with the 20 mL solution of the mixture of 
10 mg L−1 of each of the toxic metal ions. Next, the mixture 
was stirred for 240 min with a shaker, and after centrifug-
ing, the supernatant was investigated. The consequences are 
shown in Fig. 7. Seemingly, from the investigational facts, 
the percentage of the elimination of the metal ions improved 
inchmeal by increasing the measure of the modified sorbent, 
which is due to the greater availability of the sorbent. This 
may be associated with the growth of active sorption sites 
for the deletion of toxic metal ions. Finally, by increasing 
the sorbent amount, the sorption was highest with 0.03 g 

of the sorbent for all metal ions, and the highest percentage 
elimination was about 99% for arsenic ions.

3.2.3. Effect of primary metal ion concentration on the 
sorption procedure

The primary toxic metal ion concentration is able to 
influence the rate of sorption procedure, which makes it a 
key factor to be considered for well-organized sorption. 
To achieve a clear vision about the mechanism of heavy 
metal sorption procedure and the capacity of the sorbent, 
experimental examinations were considered at diverse 
concentrations (5–60 ppm). As can be seen clearly in Fig. 8, 
the elimination percentage of toxic ions improved with the 
increase of metal ions up to 30. Extra increase in the primary 
concentration of toxic ions was escorted via a reduction in the 
elimination percentage. This process can be due to the satu-
ration of the functional groups in active sites of the sorbent 
with the toxic ions at greater concentrations.

3.2.4. Effect of interaction time and turbulence speed on 
the sorption procedure

Stirring time is a factor that plays a key part in the sorp-
tion procedure of toxic ions onto the exfoliated bentonite 

Fig. 6. Effect of solution pH importance on the sorption of heavy metal ions.

Fig. 7. Effect of sorbent dosage on the sorption of heavy metal 
ions.

Fig. 8. Effect of primary metal ion concentration on the sorption 
procedure.
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functional groups. These approaches are important for identi-
fication of the feasible speed of binding and elimination meth-
ods of the tested toxic ions through the newly functionalized 
sorbents and earning the optimal time for complete elimina-
tion of toxic metal ions. This factor has a noteworthy effect on 
saving money, time, and energy in the item of huge scale pro-
cedure. For this purpose, the kinetic tests were performed by 
mixing 30 mg of newly functionalized sorbents with 20 mL of 
toxic ions solution (C0 = 30 mg L–1). As can be seen in Fig. 9(a), 
the sorption process of sorbate was completed rapidly in the 
first 15 min. This primary speedy uptake of the target ions 
alluded to the availability of a lot of accessible active func-
tional sites. Removal amount of these toxic ions was estab-
lished to be balanced to the stirring time up to the equilibrium 
reached, after which it is free of time for the reason that the 
level of sorption and desorption will be equal at equilibrium.

The effect of turbulence speed was also considered at 
room temperature (stirring time of 15 min, 30 mg sorbent, 
20 mL solution 30 mg L–1, pH = 8). As shown in Fig. 9(b), it 
was clearly apperceived that via accelerating the turbulence 
rapidity from 100 to 400 rpm, the highest removal percentage 
of target ions were achieved up to 200 rpm. Therefore, at 
a turbulence rapidity of 200 rpm, the highest sorption was 
achieved for toxic metal ions.

3.3. Kinetic  modeling

It is known that the acceleration of sorption is extremely 
essential in the design and estimate of synthesized sorbents 
in eliminating As(III), Pb(II), Hg(II), and Cd(II) from the 

wastewater solution. The kinetics for sorption of As(III), 
Pb(II), Hg(II), and Cd(II) onto organofunctionalized exfo-
liated bentonite was tested, and the results are reported in 
Table 2. With the aim of understanding entirely the sorption 
kinetics of each toxic metal ion, an organized time study was 
conducted [55]. In the study, exfoliated bentonite before and 
after MPTMS behavior was 30 ppm water solutions of As3+, 
Cd2+, Hg2+, and Pb2+ for diverse sorption times: 5, 15, 30, 45, 
60, 120, and 240 min. The ion sorption ranks at diverse time 
intermissions were then plotted contrary to sorption time, 
the consequences of which are shown in Fig. 10. It may be 
understood that exfoliated bentonite by MPTMS behavior 
confirmation improved toxic metal ion sorption being the 
highest for As3+ >> Hg2+ > Cd2+ followed by Pb2+ as compared 
with the exfoliated bentonite without MPTMS behavior. This 
figure showed that the highest uptake rate occurred in the 
first 15 min for all toxic heavy metal ion solutions because of 
extraordinary affinity among the toxic ions, the organofunc-
tionalized surface of exfoliated bentonites, and also a large 
number of accessible active sites. The accessible active sites 
of the synthesized organofunctionalized exfoliated bentonite 
for chelating of toxic ions. Succeeding, the equilibriums 
ensued at 30 min for all samples by the piecemeal reduction 
of these accessible active sites and the further growing of 
repulsive forces among cations previously adsorbed with 
the free positive ions in the solution. Two well-known kinetic 
models were used to consider the sorption mechanism. The 
kinetic mechanism of the organofunctionalized exfoliated 
bentonite was valued using pseudo-first-order and 
pseudo-second-order, which rein the sorption procedure.

Fig. 9. Effect of interaction time (a) and turbulence speed (b) on the sorption procedure.

Table 2
Results based on the pseudo-first-order and pseudo-second-order kinetic models.

Metal ion Pseudo-first-order R2 Pseudo-second-order R2

qe1 (mg g–1) k1 (min–1) qe,Exp (mg g–1) k2 (g mg–1 min–1) qe2 (mg g–1)

As3+ 3.2 0.01 42 0.953 9.2 × 10–4 42.19 0.9868
Hg2+ 1.3 0.015 28 0.933 1.35 × 10–3 28.08 1
Cd2+ 1.4 0.023 24 0.986 1.5 × 10–3 25.77 0.9925
Pb2+ 1. 5 0.056 19 0.9831 2.3 × 10–3 19.56 0.9973
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3.3.1. Pseudo-first-order kinetics

The pseudo-first-order kinetics sorption pattern was 
recommended by Lagergren [56] for the sorption and can be 
evinced in two models, integrated and linear pattern.

The linear pattern of the pseudo-first-order equation can 
be displayed by Eq. (4), as follows:

log log
.

q q q
k t

e t e−( ) = − 1

2 303
 (4)

where k1 (L min–1) is the pseudo-first-order rate constant of 
sorption, qe and qt are related to the amount of adsorbed toxic 
ions (mg g–1) at equilibrium and t time (min), respectively.

Fig. 11(a) illustrates that the quantity of k1 is assigned 
from the graphs of log (qe − qt) in competition with t for As(III), 
Pb(II), Hg(II), and Cd(II) ions. In this case, the amounts for 
R2 are comparatively slight and the computed amounts 
which were achieved from the linear graphs do not coincide 
through the experimental qe amounts.

3.3.2. Pseudo-second-order kinetics

This kinetic pattern has been extensively used for a large 
amount of toxic heavy metal ions–sorbent organizations. The 
pseudo-second-order kinetics pattern is:

t
q k q q

t
t e e

= + ×
1 1

2
2  (5)

where k2 (g mg–1 min–1) is the pseudo-second-order rate 
constant of sorption. The activation energy can be assigned 
by the pseudo-second-order rate constants of the sorp-
tion procedure. In Fig. 11(b), the linear graph of t/qt in 
competition with t is displayed. The acquired R2 amounts 
are approximately near 1 for all toxic metal ions. The 
pseudo-second-order pattern is grounded on the obligation 
that the speed restrictive step can be chemisorption, which 
contains valence forces through electron interchange among 
the sorbent and the sorbate.

By likening the information of Fig. 11 and Table 2, 
the pseudo-second-order pattern was found to charac-
terize the sorption procedure more successfully than the 
pseudo-first-order pattern. In addition, the results illustrated 
that As3+ has the fastest primary sorption rate among all toxic 
ions. Based on the obtained data, it is evident that the intro-
duction of MPTMS (thiol group) onto exfoliated bentonite 
has significantly heightened the elimination rate of all four 
target toxic heavy metal ions with As3+ being the greatest 
effective toxic ion to be eliminated. These consequences 
are dependable through the extraordinary reactivity of As3+ 
toward the thiol (–SH) group along with the Pearson soft acid 
and base assumption.

3.4. Sorption modeling

The penchant of the sorbent for the sorbate may be 
defined via the isotherm equation, which is essential for the 
explanation of the sorption equilibrium. It can be understood 

Fig. 10. Sorption kinetics consequences for exfoliated bentonite before and after MPTMS behavior exposed to (a) As3+, (b) Hg2+, 
(c) Cd2+, and (d) Pb2+ water solutions.
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from the sorption modeling circumstances that the sorbate 
ions are dispersed between the liquid and solid phases. It 
is imperative to acquire an accurate equilibrium connection 
between the concentrations of toxic ions and solid and liquid 
phases, for a better clarification of the sorbent proficiency. In 
this research, it was obligatory to study the acquired equi-
librium information for elimination of As(III), Pb(II), Hg(II), 
and Cd(II) toxic ions using isotherm models, and a num-
ber of sorption factors were assigned from Langmuir and 

Freundlich isotherm models, which are extensively used 
sorption isotherms.

3.4.1. Langmuir isotherm

The Langmuir model has been extensively used to 
improve toxic ions sorption. The main objective of the 
Langmuir theory is that a monolayer sorption on a homoge-
neous surface is deprived of any interaction among adsorbed 

Fig. 12. Sorption isotherm of MEAB (a), linear Langmuir plot (b) linear Freundlich plot (c).

Fig. 11. Pseudo-first-order model fitting plots for As3+, Hg2+, Cd2+, and Pb2+ sorption kinetics information (a), pseudo-second-order 
model fitting plots for As3+, Hg2+, Cd2+, and Pb2+ sorption kinetics information (b).
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ions. Langmuir isotherm is dependent on either physical and 
chemical interaction or both individually which take place 
among the sorbate and the accessible available sites on the 
sorbent surface. This model also appears in the form of an 
equation:

C
q bq

C
q

e

e m

e

m

= +
1

 (6)

where qe is the adsorbed quantity of metal ions (mg g–1) at 
equilibrium, qm is the utmost sorption capacity connecting to 
the whole monolayer coverage (mg g–1), b (L mg–1) is a con-
stant corresponding to the energy of sorption, and Ce is the 
concentration of metal ions at equilibrium (mg L–1). Fig. 12(b) 
clarifies the applicability of the Langmuir isotherm modeling 
for the present research through a linear plot Ce/qe against 
Ce of the Langmuir isotherm modeling. The qm quantities for 
As(III), Pb(II), Hg(II), and Cd(II) toxic ions were assigned 
from the slope/intercept of the reported linear graph. 
The consequences are obtainable in Table 3. The sorption 
capacities by MEAB and other sorbents are indicated 
in Table 4.

3.4.2. Freundlich isotherm

The Freundlich isotherm modeling is a tentative equation 
which assumes a multilayer sorption on a heterogeneous 

surface. This isotherm modeling states that the ratio of 
the quantity of toxic ions adsorbed onto a specified quan-
tity of the sorbent to the concentration of the toxic ions in 
the solution is not permanent at diverse concentrations. 
The Freundlich sorption modeling, which is a connotation 
of surface heterogeneity for a sorbent, is expressed in the 
following equation:

q k
n

Ce f e= +log log1
 (7)

where kf (L mg–1) is Freundlich constants linked to the sorp-
tion intensity and sorption capacity, and 1/n (dimensionless) 
denotes the heterogeneity parameter. As shown in Fig. 12(c), 
the amounts of 1/n and kf for all toxic metal ions were 
assigned from the slope and the intercept of the linear graphs 
which are accessible in Table 3.

Based on Table 3, it is obvious that, for all four toxic metal 
ions, samples fit the Freundlich model better than Langmuir 
model through comparing the R2 valuation of both models.

Subsequently, the introduction of MPTMS (thiol group) 
and, the sorption performance of MPTMS treated exfoli-
ated bentonite make the Freundlich model superior to the 
Langmuir model. As mentioned above, the Freundlich model 
assumes the heterogeneous interaction amid sorbent/sorbate 
and foretells non-monolayer cover. It is well assumed to 
that a multi-layer cover is attained in the thiol group treated 
exfoliated bentonite. The heterogeneous sorption in MPTMS 
(thiol group) treated exfoliated bentonite accedes by their 
surface properties.

3.5. Desorption and regeneration experiments

One of the most important factors in synthesized sor-
bents is to use them several times in the sorption process 
without having a perceptible change in the sorption capacity, 
which is a key issue in designing capable and cut-rate orga-
nization for treatment of contaminated water solutions [57]. 
The ICP analysis is utilized for investigation of steadiness 
of synthesized sorbents. The examination of the reusability 
of the sorbent revealed that the sorption–desorption cycle 

Table 3
Langmuir and Freundlich factors for sorption of As3+, Cd2+, Hg2+, 
and Pb2+ by MEAB

Metal  
ion

Langmuir Freundlich

Qm (mg g–1) b (L mg–1) R2 kf n R2

As3+ 454.54 0.054 0.9255 20.4 2 0.9932
Hg2+ 285.71 0.07 0.9587 7.8 1.3 0.9925
Cd2+ 227.27 0.084 0.9762 4.9 1.2 0.9937
Pb2+ 163.93 0.088 0.9584 1.9 1 0.9855

Table 4
Comparison of sorption capacities (mg g–1) for target toxic metal ions by numerous sorbents

ReferencesPb2+ (mg g–1)Cd2+ (mg g–1)Hg2+ (mg g–1)As3+ (mg g–1)Sorbent

[8]–––14.4Thiol- and amine bi functionalized 
mesoporous silica

[41]12568114–Thiol-functionalized aluminum oxide 
hydroxide nanowhiskers

[43]12.53.80––Thiol-functionalized magnetic 
sawdust

[57]10083.3––Nano-alumina modified with 
2,4-dinitrophenylhydrazine

[58]–––2.7(NH2 + SH) modified silica gel
[59]53.3348.53––CGMA-MAn-IDAc/Fe3O4–NH2

This work163.93227.27285.71454.54Organofunctionalized exfoliated 
Iranian bentonite clay
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was repetitive for five times. The regenerated sorbent was 
used again for five sorption cycles by the 30 mg L−1 toxic ions 
solution in the analogous situation as described. The conse-
quences illustrated that the outcomes of the recycled sorbent 
for eliminating cations were approximately the same as those 
for the new ones even after recycling five times (Fig. 13). 
Abatement of sorption capacity in repetitive cycles may be 
due to the translocation of some adsorbed fictionalizer mol-
ecules from the exfoliated bentonite surface. Meanwhile, the 
entire translocation of MPTMS did not happen as substantial 
sorption efficiency detected in the next cycles. The appropri-
ate sorption capacity of this sorbent in the following sorption 
cycles made it a respectable option for multi-cyclic use. In 
addition, the achieved information of ICP studies revealed 
that only less than 9% of MEAB is leached after five running 
cycles.

4. Conclusions

In the present research, we presented a facile method for 
the synthesis of thiol (–SH) functional groups onto an exfoli-
ated bentonite clay for the first time. The thiol group treated 
exfoliated bentonite was very capable and effective in elimi-
nating individual toxic ions such as As(III), Pb(II), Hg(II), and 
Cd(II) from an aqueous solution. The study of the sorption 
features showed that different factors such as interaction 
time, pH, primary ions concentration, sorbent dosage, and 
turbulence played key parts in the sorption performance. The 
highest sorption revenue was acquired at pH = 8, the sorption 
ratio was established comparatively quickly, and the equilib-
rium was acquired within 30 min. In optimum conditions, 
thiol treated exfoliated bentonite was distinguished as an 
effective sorbent with the highest uptake effectiveness.
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