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Abstract−The optimization of Hg(II) adsorption conditions from aqueous solutions with 3-mercaptopropyl trime-
thoxysilane-modified kaolin (MMK) used as a new adsorbent was analyzed by response surface methodology (RSM)
approach. The MMK adsorbent was characterized by means of energy-dispersive X-ray spectroscopy (EDX), Fourier
transform infrared spectroscopy (FTIR) and X-ray diffraction (XRD). According to the quadratic model obtained from
central composite design (CCD) in RSM, the optimal conditions for adsorption were found to be 30.83 mg/L, 0.1 g,
7.44 and 31.41 oC for Co, adsorbent dosage, initial pH, and T (oC), respectively. With the obtained model, the maxi-
mum amount of adsorbed Hg(II) and %Hg(II) removed was calculated to be 30.10 mg/g and 98.01%, respectively.
Langmuir and Dubinin-Radushkevich isotherms fitted well the experimental results. Thermodynamic studies revealed
that the adsorption was physical, exothermic, spontaneous. The results indicate that MMK a new adsorbent has great
potential for the removal of Hg(II) from aqueous media.
Keywords: Adsorption, Central Composite Design, Kaolin, Mercapto, Mercury, Response Surface Methodology

INTRODUCTION

Heavy metal pollutants discharged from certain industries such
as chlor-alkali, oil refining, plastic, paint, pharmaceutical, and bat-
tery manufacturing have caused harm to many forms of life owing
to their toxic effects [1,2]. Heavy metals are major pollutants in
aqueous environments. Among them, mercury (Hg) is known to
be one of the most harmful heavy metals. It is a major global con-
cern because of its potential health risk to human beings and bio-
accumulative properties [3,4]. Prolonged exposure to Hg(II) can
result in serious health problems, including damage to the central
nervous system and sensory and psychological impairment [5,6].
Based on a report published by the World Health Organization
(WHO), the maximum concentration of Hg(II) in drinking water
that is considered safe is 1μg/L. The Environmental Protection
Agency (EPA) of the United States considers Hg(II) to be harmful
due to its tendency to accumulate in nature [7,8]. Therefore, the
removal of Hg(II), which has negative consequences for human
health and the environment, has become of major importance.

Several techniques for removing metals exist, including reverse
osmosis, chemical precipitation, membrane filtration, ion-exchange
process, solvent extraction methods, electrolytic methods, and ad-
sorption [9-13]. Among the various methods for removing heavy
metals from the aqueous environment, adsorption is one of the
most effective. The advantages of adsorption include its economic
feasibility, non-hazardous technology, regeneration of adsorbents,
design simplicity, high selectivity, ability to separate out various pol-

lutants, and the fact that it is an environmentally friendly process
for the removal of heavy metals from wastewater [14-17].

In recent years, the following adsorbent materials have been
investigated for their ability to remove Hg(II) from aqueous solu-
tions: activated carbon [10], keratin powder [18], carbon aerogel
[19], multi-walled carbon nanotubes [20], clays [21], granular ben-
tonite [22], kaolinite [23], rice husks [15], Sargassum glaucescens
and Gracilaria corticata [24], Pachira aquatic [5], sugarcane bagasse
[16], modified mesoporous carbon [13], mercapto-functionalized
alkali lignin [4], modified activated carbons [3], modified-silica
aerogels [25], and 4-aminoantipyrine immobilized bentonite [26].
In the past few years, attention has increasingly focused on sur-
face-modified adsorbents to improve the adsorption capacity of
materials used as adsorbents to remove heavy metals from aque-
ous environments. These adsorbents can be chemically modified.
Sulfur (S), as an element which favors adsorption of Hg(II), has
been shown to promote the entrapment of some chemical species
consisting of Hg(II). For this reason, adsorbents modified with mer-
capto (-SH) functional groups are effective for greater Hg(II) ad-
sorption. When Hg compounds and mercapto groups form strong
bonds, an increase in the Hg(II) removed from aqueous environ-
ments is observed [3,4,25].

Low-cost purificants/adsorbents are generally preferred for use
in adsorption processes. Some examples of these include industrial
waste and metallurgical by-products, as well as natural substances
such as zeolites, bentonite, sepiolite, and kaolin. Kaolin clay, used as
an adsorbent, includes the metal oxides Al2O3 and SiO2. Its chemi-
cal composition (in percentage by weight) has been previously de-
termined to be MgO, 0.04; K2O, 0.37; Na2O, 0.07; CaO, 0.40; TiO2,
0.8; Fe2O3, 0.6; SiO2, 47.23; and Al2O3, 36.56; with an ignition loss
of 13.19% [27]. The chemical composition of kaolin can be repre-
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sented as Al2O3·2SiO2·2H2O. Because this material is common and
found abundantly in natural environments, it is classified as a low-
cost adsorbent. Kaolin has been employed in numerous industrial
processes owing to its good bonding ability and thermal stability
[27-29].

Until now, traditional methods used for optimization of adsorp-
tion conditions of heavy metals from aqueous solutions have in-
volved changing only one independent parameter affecting adsorp-
tion, such as heavy metal concentration, adsorbent dosage, pH,
temperature, particle size, contact time, or agitation speed, while
the other parameters are held at a constant value. As a result, these
methods require numerous experiments, consuming not only a
great deal of time but also large amounts of chemicals. Many sta-
tistical programs have been developed to overcome these issues.
Among them, the most commonly used method in recent years is
response surface methodology (RSM) [17,30,31]. RSM is a statisti-
cal method which employs a mathematical algorithm to analyze
the effects of several independent parameters simultaneously, and
is used in the optimization and design of experiments. This math-
ematical technique possesses a number of advantages, most nota-
bly that it requires less time and uses smaller amounts of chemicals.
The greatest advantages of RSM are that all the parameters stud-
ied for optimization are varied simultaneously, and that it gener-
ates a mathematical model with experimental data. This method
has recently been studied for the purpose of optimization [30-34].

The main purpose of our study was to explore the use of 3-
mercaptopropyl trimethoxysilane-modified kaolin (MMK) as a
new adsorbent for Hg(II) adsorption in batch experiments. The
adsorption efficiency of MMK for the removal of Hg(II) from aque-
ous solution was examined under different conditions (initial Hg(II)
concentration (Co), adsorbent dosage, initial pH, and temperature).
In addition, the linear, simultaneous and quadratic influences of
these parameters which affect the adsorption yield were analyzed
by RSM and a quadratic model was developed to describe the ad-
sorption process.

We believe that this study presents an original contribution to
the literature, as it involves a new adsorbent used for Hg(II) adsorp-
tion, and because thus far there have only been a limited number
of studies on heavy metal removal with mercapto-modified adsor-
bents. Kaolin clay occurs abundantly in nature and is a natural
material that does not produce toxic hazardous waste. However,
modified kaolin with a mercapto agent has not previously been
used for Hg(II) adsorption. The metal ion Hg(II) is highly toxic
and its removal from waste and drinking water is of the utmost
importance. For these reasons, Hg(II) adsorption from an aqueous
environment by MMK, which together form a novel adsorbent-
adsorbate combination, will make a valuable and original contri-
bution to the literature.

MATERIALS AND METHODS

1. Preparation of Adsorbents: Modification and Characteri-
zation

Kaolin samples used in this study were obtained from the JSC
Glukhovetsky Kaolin Plant in Ukraine. Prior to their use as an ad-
sorbent, the clay minerals were washed with ultra-pure water sev-

eral times to eliminate impurities, and dried in a stove at 110 oC for
24 h. The kaolin was then triturated with a mill and passed through
a 125μm (120 mesh) sieve. Thus, the kaolin samples used in our
study contain particle sizes of 125μm and smaller (≤125μm). The
prepared samples were next subjected to modification. First, 15 g
of kaolin was shaken with 30 mL of toluene (Merck, Germany)
and 15 mL of 3-mercaptopropyl trimethoxysilane (Sigma-Aldrich,
Germany) in a 100 mL glass flask with condenser on a tempera-
ture-controlled magnetic stirrer at 60 oC for 6 h, with a fixed mix-
ing rate of 800 rpm. After being stirred for 6 h, the obtained mixture
was filtered through Whatman filter paper (No. 42). The resulting
solid was subsequently washed with toluene to remove organo-
silane compounds unbinding on the kaolin surface, then dried in
a drying oven at 100 oC for 4 h and kept in desiccator until ready
for use in the experiments [35,36].

To confirm that the kaolin surface was modified with 3-mercap-
topropyl trimethoxysilane (MPTMS), Fourier transform infrared
(FTIR) spectroscopy (Shimadzu IRAffinity-1S, Japan) was per-
formed for both raw kaolin and MMK. As can be seen in Fig. 1,
the peak at 3,448 cm−1 was the -OH bond stretching from the sila-
nol group (Si-OH) and some adsorbed water, which is a sharper
peak than raw kaolin, which contains more -OH groups. This result
indicates that all the -OH groups on the kaolin surface were not
modified. The C-H stretching of -CH3 and -CH2 groups appeared
at 2,931 cm−1 and 2,862 cm−1 on the FTIR image of MMK, respec-
tively. The peak at 2,931 cm−1 belongs to methoxy groups (-OCH3)
in the MPTMS. As can be seen from the FTIR spectra of the MMK,
the -SH stretching band was weakly observed at 2,550-2,600 cm−1.
This peak was not observed for raw kaolin. The presence of -SH
and -OCH3 bands indicates that the surface of kaolin was modi-
fied with MPTMS. The observed peaks around 1,000-1,100 cm−1

were attributed to the Si-OR asymmetric stretching. Moreover,
these peaks became more broad and shallow after the modifica-
tion, which is an indication of the formation of Si-O-Si groups. A
band at around 950 cm−1 was attributed to Si-OH vibrations. After
modification, the presence of the -OH peak at 3,448 cm−1 shows
that all silanol and aluminol groups on the surface were completely

Fig. 1. FTIR analysis of (a) raw and (b) MMK.
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not modified by thiol groups. As a result, the modified kaolin is
heterogeneous and contains a small fraction of strongly binding
groups (-SH) and a large amount of weakly binding sites.

The compositions of the raw kaolin and MMK were analyzed
using energy-dispersive X-ray spectroscopy (EDX), with an Oxford-
X-Supreme EDX-Analyzer, UK. Fig. 2 shows the elemental com-
positions of the raw kaolin and MMK. According to the EDX anal-
ysis, the presence of -SH groups bonded to the surface of the kaolin
is confirmed by the peak in sulfur (S), as shown in Fig. 2(b). X-ray
diffraction (XRD) analyses of raw kaolin and MMK were per-
formed using a Philips-PW 3710 diffractometer with Cu-K

α
 radia-

tion. The textural properties of raw kaolin and MMK, which were
characterized by XRD, are shown in Fig. 3. As a result of modifi-
cation (Fig. 2(b)), diffraction signals of the kaolin structure are
preserved and the crystal structure is intact. However, because the
crystal lattice structure was coated with amorphous organic groups,
the intensity of the diffraction signal was slightly reduced. In addi-
tion, it was observed that diffraction signals of modified kaolin
samples decreased to smaller 2θ values. This change is thought to
result from an increase in the space between layers, with the entry
of organic groups between the layers forming the kaolin structure,
and a decrease between layers in the X-ray diffraction area [37].
2. Hg(II) Solutions and Batch Adsorption Studies

A stock solution (1,000 mg/L) of Hg(II) ions was made by dis-
solving the calculated, weighed amount of Hg(NO3)2·1H2O (purity
≥99, Sigma Aldrich) in 250 mL of distilled water. The required
dilutions were carried out using the prepared stock solution to
obtain solutions within the range of desired concentrations. The
pH of each solution was adjusted using 0.1 N NaOH and HNO3

solutions prior to the experimental studies.
Batch adsorption experiments were performed in 250 mL Erlen-

meyer flasks containing 100 mL Hg(II) solution on temperature-
controlled magnetic stirrers. Some preliminary experiments were
performed to determine the fixed contact time. As a result of the
preliminary experiments, adsorption equilibrium was observed to
range between 130-150 min. For this reason, the fixed contact
time was determined to be 150 min for further adsorption studies
for optimization because it was sufficient to reach adsorption equi-
librium. All of the experiments generated by central composite
design (CCD) in RSM were performed at a contact time of 150
min and mixing rate of 800 rpm (contact time and mixing rate
were maintained at these constant values for all the experiments).
Following adsorption, the resulting solid was separated with a fil-
ter paper (Whatman No: 42).

The concentration of unadsorbed Hg(II) in the residual solu-
tions was determined by inductively coupled plasma mass spec-
trometer (ICP-MS, Thermo Scientific XSERIES 2, USA) after
separation of the adsorbent by filtration. The amount of adsorbed
Hg(II) and percentage of Hg(II) adsorption on MMK were calcu-
lated using Eq. (1) and (2), respectively.

(1)

(2)

where Qe is the amount of adsorbed Hg(II) at equilibrium (mgHg(II)/
gadsorbent), Co is the initial Hg(II) concentration in solution (mg/L),
Ce is the equilibrium Hg(II) concentration in solution after ad-

Qe = 
Co − Ce( )V

M
-------------------------

% Adsorption = 
Co − Ce( )

Co
-------------------- 100×

Fig. 3. XRD patterns of (a) raw and (b) MMK.

Fig. 2. EDX analysis of (a) raw and (b) MMK.
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sorption (mg/L), V is the studied solution volume (L), and M is
the mass of MMK for each solution (g).
3. Experimental Design Approach with CCD

To determine the optimal conditions for the adsorption of Hg(II)
on MMK, RSM was used as a statistical program. In RSM, CCD
is the most popular program used to obtain a second-order model
describing the experimental system. We determined the most effec-
tive independent parameters to be Co, adsorbent dosage (g), initial
pH, and temperature (oC), in order of decreasing importance. The
number of experiments for the four parameters was determined
to be 30, based on the equation 2k+2k+6, where k represents the
number of independent parameters. Thirty experiments were thus
performed to test the effects of these parameters on the adsorp-
tion system. Six of the experiments were repeated using the median
values for all parameters to determine experimental error.

The other parameters, which included contact time, and agita-
tion speed, were kept constant at 150 min and 800 rpm, respec-
tively. The ranges of the studied parameters were symbolized at three
coded levels, 0 (central), +1 (highest) and −1 (lowest), as shown in

Table 1. The system behavior is represented according to the fol-
lowing empirical second-order polynomial model, Eq. (3).

(3)

where ŷn is the response (% Hg(II) removal for this study), β0 is
the constant coefficient, Xi (i=1-4) are the parameters being stud-
ied, and βi, βii, and βij are the linear, quadratic, and interaction

ŷn = βo + βixi + βiixi
2

 +  βijxixj
j=i+1

4
∑

i=1

4
∑

i=1

4
∑

i=1

4
∑

Table 1. Experimental ranges and levels of the independent param-
eters studied in CCD

Independent parameters
Coded and uncoded values
−1 0 +1

Initial conc. (Co, mg/L) (X1) 5 27.5 50
Adsorbent dosage (g) (X2) 0.001 0.1005 0.2
Initial pH (X3) 2 6 10
Temperature (oC) (X4) 20 40 60

Table 2. Experimental design matrix of CCD in coded (−1, 0, +1) and real values and corresponding responses (%Hg(II) removal)

Run Initial Hg(II) conc. (Co, mg/L)
(X1)

Adsorbent dosage (g)
(X2)

Initial pH
(X3)

Temperature (oC)
(X4)

%Hg(II)
removal

The residuals
(εn=Observed - Predicted)

01 27.5(0) 0.2(+1) 06(0) 40(0) 95.00 −7.23
02 27.5(0) 0.1005(0) 06(0) 40(0) 96.06 −2.54
03 27.5(0) 0.1005(0) 06(0) 40(0) 97.66 −2.33
04 50(+1) 0.2(+1) 02(−1) 60(+1) 33.40 −3.06
05 27.5(0) 0.1005(0) 06(0) 40(0) 97.25 −1.92
06 05(−1) 0.2(+1) 10(+1) 60(+1) 73.03 −3.57
07 05(−1) 0.2(+1) 10(+1) 20(−1) 89.00 −3.20
08 50(+1) 0.001(−1) 10(+1) 20(−1) 41.94 −5.24
09 05(−1) 0.001(−1) 10(+1) 20(−1) 40.00 −4.23
10 27.5(0) 0.1005(0) 06(0) 40(0) 96.15 −0.82
11 05(−1) 0.2(+1) 02(−1) 20(−1) 43.54 −1.40
12 27.5(0) 0.1005(0) 06(0) 40(0) 97.02 −1.69
13 50(+1) 0.001(−1) 02(−1) 20(−1) 55.40 −4.74
14 50(+1) 0.001(−1) 02(−1) 60(+1) 39.22 −3.67
15 50(+1) 0.2(+1) 02(−1) 20(−1) 57.27 −0.47
16 27.5(0) 0.1005(0) 02(−1) 40(0) 88.44 −5.27
17 27.5(0) 0.1005(0) 10(+1) 40(0) 88.61 −7.99
18 05(−1) 0.001(−1) 02(−1) 20(−1) 25.44 −7.34
19 05(−1) 0.2(+1) 02(−1) 60(+1) 30.03 −5.73
20 27.5(0) 0.1005(0) 06(0) 20(−1) 88.93 −5.18
21 27.5(0) 0.001(−1) 06(0) 40(0) 56.00 −9.96
22 50(+1) 0.2(+1) 10(+1) 60(+1) 67.17 −6.84
23 05(−1) 0.001(−1) 02(−1) 60(+1) 46.88 −7.93
24 50(+1) 0.1005(0) 06(0) 40(0) 74.97 −3.58
25 05(−1) 0.001(−1) 10(+1) 60(+1) 38.16 −0.96
26 27.5(0) 0.1005(0) 06(0) 60(+1) 88.07 −2.45
27 05(−1) 0.1005(0) 06(0) 40(0) 78.59 −0.85
28 50(+1) 0.001(−1) 10(+1) 60(+1) 25.88 −0.22
29 50(+1) 0.2(+1) 10(+1) 20(−1) 76.75 −6.75
30 27.5(0) 0.1005(0) 06(0) 40(0) 96.05 −2.47



Response surface approach for optimization of Hg(II) adsorption by 3-MMK minerals from aqueous solution 2229

Korean J. Chem. Eng.(Vol. 34, No. 8)

coefficients, respectively. Residual values, εn, were calculated as the
difference between the experimentally observed response, yn, and
the predicted response, ŷn.

Correlation between the response and the adsorption parame-
ters was evaluated using Design-Expert 7.0 software (trial version),
and an ANOVA (the analysis of variance) table was created by the
program. The fit quality of the quadratic model is indicated by the
determination coefficient (R2 value).

RESULTS AND DISCUSSION

1. CCD
Optimization of the most influential parameters (Co, adsorbent

dosage, initial pH, and temperature) for Hg(II) adsorption from
aqueous media involved using CCD in RSM. To investigate the
optimal level and the influence of each parameter in adsorption
studies made with traditional methods, numerous experiments
must be carried out, maintaining the other parameters at constant
optimal levels. However, only 30 experiments in our study were
performed using CCD to determine the maximum Hg(II) removal
and optimization of these parameters with Design-Expert 7.0 (trial
version). The corresponding responses (% Hg(II) removal) and the
experimental list generated by CCD are shown in Table 2. The
quadratic model equations, in terms of uncoded (real) and coded
values, are given by Eqs. (4) and (5).

%Hg(II) removal (uncoded, real)=−6.75261+2.51436[Co]
+404.35697[Ads. dosage]+4.84265[pH]+1.30588[Temperature]
−0.36209[Co][Ads. dosage]−0.047118[Co][pH]
−7.75139E-003[Co][Temperature]+25.54491[Ads. dosage][pH] (4)
−1.57946[Ads. dosage][Temperature]
−8.85156E-003[pH][Temperature]−0.033947[Co]2

−1865.19302[Ads. dosage]2−0.34005[pH]2

−0.013665[Temperature]2

%Hg(II) removal (coded)=+95.33+0.41[X1]+10.90[X2]
+6.72[X3]−4.25[X4]−0.81[X1X2]−4.24[X1X3]−3.49[X1X4] (5)
+10.17[X2X3]−3.14[X2X4]−0.71[X3X4]−17.19[X1]2

−18.47[X2]2−5.44[X3]2−5.47[X4]2

Whether the quadratic model is statistically significant is deter-
mined by ANOVA. Statistical analysis of the obtained quadratic
model is shown in the analysis of variance table (ANOVA), pre-
sented in Table 3. The value of the determination of coefficient (R2)
was found to be 0.97. This indicates that 97% of the variability in
the response is explained by the model. The low p value implies
that the second-order quadratic model for the observed results is
highly significant. Fig. 4(a) shows the comparison between the
experimental values and those obtained from Eq. (4). The figure
illustrates that the predicted and actual values are quite close to
each other, indicating that the regression model shows good con-
sistency for adsorption of Hg(II) on MMK. The curve of the nor-
mal % probability versus residuals, which are the differences be-
tween the observed and predicted responses, is given in Fig. 4(b).
Because the points on the curve are sufficiently clustered, we can
conclude that there is good agreement between the experimentally
observed results and the results predicted by the obtained qua-
dratic model. Moreover, the obtained fitted quadratic model exam-
ination is enormously important in terms of providing information
about adequate levels of predictive accuracy for a real adsorption
system. A model that does not exhibit a satisfactory correlation
may result in misleading data. In this context, the residuals play a
critical role in evaluating the validity of the model as well as its
suitability. It is clear from Fig. 4(c) that the residuals are not exces-
sively distributed around the zero line (approximately ±1.5). This
result demonstrates that the predicted data obtained from Eq. (4)
fit the experimental data very well [33,38].

Fig. 5 shows the 3D response surfaces plot of the simultaneous
effects of Co and adsorbent dosage (g). Co, which is a controllable

Table 3. Analysis of variance (ANOVA) for quadratic model fitting the experimental results of CCD 

Source Sum of
squares df Mean

square
F

Value
P-value
Prob>F

Model (Significant) 18256.44 14 1304.03 29.56 <0.0001
X1-Initial conc. (Co) 2.98 1 2.98 0.068 0.7983
X2-Adsorbent dosage (g) 2140.11 1 2140.11 48.51 <0.0001
X3-Initial pH 812.31 1 812.31 18.41 0.0006
X4-Temperature (oC) 324.53 1 324.53 7.36 0.0161
X1 X2 10.51 1 10.51 0.24 0.6325
X1 X3 287.73 1 287.73 6.52 0.0220
X1 X4 194.67 1 194.67 4.41 0.0530
X2 X3 1653.85 1 1653.85 37.49 <0.0001
X2 X4 158.07 1 158.07 3.58 0.0778
X3 X4 8.02 1 8.02 0.18 0.6758
X1

2 765.24 1 765.24 17.34 0.0008
X2

2 883.47 1 883.47 20.02 0.0004
X3

2 76.70 1 76.70 1.74 0.2071
X4

2 77.41 1 77.41 1.75 0.2051
R2=0.97
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parameter, is among the most important parameters for metal
adsorption from aqueous solutions. As can be seen in Fig. 5,
%Hg(II) removal in terms of the effect of Co rapidly increases with
a change in Co from 5 to 30 mg/L. At higher levels, it can be con-
cluded that the active sites on the surface are saturated with metal
ions and adsorption is in a state of equilibrium. In our study,

%Hg(II) removal reached a state of equilibrium when Co varied
between 30 and 35 mg/L, resulting in approximately 99% adsorp-
tion. This result indicates that the active sites responsible for ad-
sorption on the adsorbent surface are fully saturated with metal
ions. Similar results have been reported in the literature [7,10,27].

Fig. 4. (a) Correlation of the observed and predicted %Hg(II) removal (b) %Hg(II) removal residuals versus normal % probability (c) Studen-
tized residuals versus predicted %Hg(II) removal.

Fig. 5. 3-D response surface plots showing the simultaneous effects
on %Hg(II) removal of adsorbent dosage and Co at fixed tem-
perature of 40 oC and fixed initial pH of 6.

Fig. 6. 3-D response surface plots showing the simultaneous effects
on %Hg(II) removal of temperature and Co at fixed initial
pH of 6 and fixed adsorbent dosage of 0.1005 g.
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As adsorbent dosage increased from 0.001 to 0.10-0.15 g, %Hg(II)
removal increased significantly, from approximately 47% to 99%.
The increase in adsorbent dosage provides more surface area and
active sites to interact with metal ions, resulting in increased %Hg(II)
removal [39]. At a higher adsorbent dosage of 0.15 g, %Hg(II) re-
moval by MMK exhibits only a negligible change, due to the fact
that nearly all of the Hg(II) ions are already adsorbed at that dos-
age [40].

As seen in Fig. 6, %Hg(II) removal declined with an increase in
temperature, revealing that the adsorption process was of an exo-
thermic nature. Similar observations have previously been reported
in the literature [10,30,38,41]. The decrease in adsorption with
increasing temperature can be attributed to weakening adsorptive
forces between the active sites on the adsorbent surface and the
adsorbates. This might also be caused by damage to active sites on
the surface of the adsorbent. Previously adsorbed Hg(II) ions tend
to desorb from adsorbent surfaces at higher temperatures [27,41-
43].

The results of the 3D response surfaces with Co and initial pH
are illustrated in Fig. 7. The results show that %Hg(II) removal in-
creased with an increase in initial pH from 2 to 7.5. The percent-
age of Hg(II) removed decreased when the range of the initial pH
was above 7-7.5. At an initial pH of approximately 7, %Hg(II) re-
moval approached 99%. At a pH higher than 7, %Hg(II) removal
decreased. Among the main reasons for this is the fact that Hg(II)
ions may be precipitated as insoluble Hg(OH)2 compound at high
pH. According to Pearson’s hard and soft acid-base (HSAB) the-
ory [44], Hg(II) ion is a soft acid because it possesses the charac-
teristic features of soft acids such as low electronegativity, relatively
large ionic size, and high polarizability, while -SH groups are cate-
gorized as a soft base. Therefore, Hg(II) ions and -SH groups have
a high affinity for each other. There is a strong bond between the
Hg(II) and soft sulfur of the mercapto group [42,45]. By increas-
ing the initial pH of the Hg(II) solution, the surface of the MMK
is enriched with negative charges due to deprotonation of the active
groups on the surface for metal adsorption. Thus, there are greater
electrostatic attraction forces between the positively charged Hg(II)

ions and the negatively charged MMK surface. At lower initial pH
values for the Hg(II) solution, Hg(II) and hydronium (H3O+) ions
compete with each other to be adsorbed onto the MMK surface
due to excessive amounts of H3O+ ions in solution. As a result,
%Hg(II) removal is decreased. Studies yielding similar results have
been reported in the literature [4,11,40].

It is true that the predominant species of Hg(II) is Hg(OH)2 at
pH>5. However, this is only true at very high concentrations (≥120
mg/L). No significant change in dissolved Hg(II) was found at pH
levels between 1-12 with an initial Hg(II) concentration of 120 mg/
L, implying that Hg(OH)2 dissolves in the adsorption solution [46].
Specifically, at higher pH levels (pH>5), for Hg(II) ions to start to
precipitate as Hg(OH)2, Hg(II) concentration in solution must be
≥120 mg/L. Because the concentration range in our study is 5-50
mg/L, it is not possible for all the Hg(II) ions to completely precip-
itate as Hg(OH)2 at pH>5. In our study, Hg(II) adsorption increased
with a change in solution pH from 2 to 7.40. Then, Hg(II) adsorp-
tion started to decrease at pH>7.40. Therefore, we can say that the
pH range that we studied is consistent with the literature. Similar
results and comments have been also reported by other research-
ers [46,47].

The pH of point of zero charge (pHpzc) of the adsorbent used is
crucial in explaining the effect of initial pH on metal adsorption. It
indicates that the charges coming from cations and anions are equal
and that the total surface charge of the adsorbent is zero. The pHpzc

value of MMK was determined to be 6.78, employing a method
previously used in the literature [48] (Fig. 8). If the initial pH of
the Hg(II) solution is greater than the pHpzc of 6.78, the MMK sur-
face has predominantly negative charges because of deprotonation
of binding sites on the MMK surface, and %Hg(II) removal in-
creases. However, if the initial pH of the Hg(II) solution is less than
the pHpzc of 6.78, the MMK surface has mostly positive charges
due to protonation of binding sites on the MMK surface. There-
fore, electrostatic push occurs between the Hg(II) ions and sur-
face binding sites [17,49]. As a result, %Hg(II) removal decreases.
2. Optimization of Adsorption Conditions with CCD Results

To identify the optimal adsorption conditions for %Hg(II) ad-
sorption onto the MMK, the numerical optimization method in
CCD was used. Initially, the four parameters (Co, adsorbent dos-
age, initial pH, and temperature) to be numerically optimized were
selected as “in range” levels, while %Hg(II) removal was sought as
the maximum response. The program produced a number of solu-
tions and selected the most suitable one for optimal conditions.

Fig. 7. 3-D response surface plots showing the simultaneous effects
on %Hg(II) removal of initial pH and Co at fixed temperature
of 40 oC and fixed adsorbent dosage of 0.1005 g. Fig. 8. pH of zero charge point of MMK.
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The optimal adsorption conditions for %Hg(II) removal were
determined to be 30.83 mg/L, 0.1 g, 7.44, and 31.41 oC for Co, ad-
sorbent dosage, pH, and T (oC), respectively. Under these optimal
conditions, the maximum %Hg(II) removal and adsorption capac-
ity were calculated from the quadratic model to be 98.01% and
30.10 mg/g, respectively. To confirm these values predicted by the
model, several independent experiments for Hg(II) adsorption
onto MMK were performed at the optimal adsorption conditions.
The observed experimental results and the predicted values were
very close. Therefore, we can conclude that RSM can be used effec-
tively to optimize the most important experimental conditions
affecting the adsorption process.

A comparison between the MMK used in this study and differ-
ent adsorbents previously used for %Hg(II) removal in the litera-
ture is given in Table 4. When both raw and modified adsorbents
are compared with each other in Table 4, the adsorbents modified
by thiol groups for %Hg(II) removal are shown to yield higher
adsorption rates than the others, as can be seen in Table 4.
3. Adsorption Isotherm Studies

Adsorption isotherms are of critical importance in explaining
how adsorbates interact with adsorbents. In our study, the initial
Hg(II) concentrations for adsorption isotherm studies were 25, 35,
45 and 55 mg/L while the other parameters were kept constant at
the optimum points determined by the numerical optimization
method in CCD (0.1 g, 7.44, and 31.41 oC for adsorbent dosage,
pH, and T (oC), respectively). The three best known isotherm
equations, the Langmuir model [50], the Freundlich model [51],
and the Dubinin-Radushkevich model (D-R) [52], have been ap-
plied to the experimental results. The Langmuir isotherm assumes
that adsorbate molecules are adsorbed as a monolayer onto the
adsorbent surface and that all points on the adsorbent surface have
the same adsorption activity and energy. Linearized, the equation
for the Langmuir isotherm model can be given as follows:

(6)

where Ce (mg/L) is the concentration of metal ions at equilibrium,
Qe (mg/g) is the amount of adsorbed metal ions at equilibrium,
and qmax (mg/g) and KL (L/mg) are constants indicating the maxi-

mum monolayer adsorption capacity and the Langmuir equilib-
rium constant, respectively. The dimensionless separation factor
constant (RL) defined by Eq. (7) is an important feature that can
be determined with the help of the Langmuir isotherm constant
(KL), and indicates whether Hg(II) adsorption is favorable. If the
value of RL is between 0 and 1, adsorption is considered favorable.
In our study, the RL value was determined to be 0.005 based on
Eq. (7) below. This result shows that MMK is a favorable adsor-
bent for Hg(II) adsorption.

(7)

Another model for describing heavy metal adsorption is the
Freundlich model. The Freundlich isotherm assumes that adsorp-
tion is not limited to a monolayer and that the sites on the adsor-
bent surface have heterogeneous energies. Linearized, the equation
for the Freundlich isotherm model is as follows:

(8)

where Kf (L/g) is the Freundlich constant based upon the adsorp-
tion capacity and 1/n is an empirical constant based upon the
adsorption intensity (n is expected to be greater than 1).

The D-R isotherm model can be used to distinguish whether
adsorption is chemical or physical. It assumes that the characteris-
tic adsorption curve relates to the porous structure of the adsor-
bent. Linearized, the D-R isotherm equation is shown below:

lnqe=lnqm−βε
2 (9)

where β (mol2/J2) is a constant based upon adsorption energy, qm

(mg/g) is the D-R monolayer adsorption capacity, and ε is the
Polanyi potential based upon equilibrium concentration and cal-
culated from the following equation:

(10)

where T (K) is the absolute temperature and R is the gas constant
(8.314 J/molK). The adsorption energy E (kJ/mol), related to con-
stant β, can be calculated by Eq. (11). In this study, the E value was

Ce

Qe
------ = 

1
qmaxKL
---------------- + 

1
qmax
----------Ce

RL = 
1

1+ KLCo
-------------------

Qe = Kf + 
1
n
--- Celnlnln

ε = RT 1+ 
1

Ce
-----

⎝ ⎠
⎛ ⎞ln

Table 4. Comparison between mercapto-modified kaolin and other some adsorbents used in the literature
Adsorbent Co (mg/L) Adsorbent dosage (g) %Hg(II) removal Reference
Fe3O4 magnetic nanoparticle 10 0.005 94 [58]
Mercapto-Functionalized Alkali Lignin 200 0.500 94 [4]
Chitosan-modified vermiculite 50 0.200 96 [59]
Modified ostrich bone waste 30 0.100 87.7 [40]
Sugarcane Bagasse 76 0.150 97.584 [16]
Multi-walled carbon nanotube 50 0.090 90 [20]
Tridax procumbens 100 2.500 96.5 [60]
Commercial raw activated carbons 40 0.400 94.1-99.5 [61]
Thiol-modified vermiculite 0.7μmol/L 0.100 90 [62]
Mercapto-modified vermiculite 600μg/L 0.050 95.5 [63]
Dimercaprol-modified vermiculite 10 0.050 99 [64]
Mercapto-modified kaolin 30.83 0.100 98.01 This study
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found to be 2.5 kJ/mol. This indicates that Hg(II) adsorption is of
a physical nature [2,5,21,43,53].

(11)

Hg(II) ions are soft ions because they are easily polarized and
have strongly covalent interactions with soft Lewis base sulfur
atoms in the mercapto. However, because the kaolin surface has a
high density of -OH groups, some of the -OH groups remain on
the surface as free -OH groups unmodified with 3-mercaptopro-
pyl trimethoxysilane (confirmed with FTIR). In the adsorption
process, Hg(II) ions are strongly covalently bonded with the mer-
capto sulfur atoms, but the process is completed by free -OH
groups on the kaolin surface and water molecules in the solution
(schematically shown below (Fig. 9)). The oxygen in the -OH groups
is a hard atom and interacts weakly with the soft Hg(II) ions.
Hg(II)-O interactions may cause reduction of adsorption energy

by weakening Hg(II)-S interactions [47,54]. We think that this
explains why the adsorption process is of a physical nature, based
on the D-R isotherm.

The constant parameters and R2 values found in the plots of the
above-mentioned isotherms shown in Fig. 10 are given for com-
parison in Table 5. Consequently, we can conclude that the D-R
and Langmuir isotherm models demonstrate a good fit for adsorp-
tion equilibrium results, due to their having higher R2 values than
that of the Freundlich. Moreover, the n value calculated from the
Freundlich isotherm model plot is greater than 1, indicating that
adsorption is favorable [55].
4. Thermodynamic Studies for Hg(II) Adsorption

To discuss the nature of the adsorption, we determined thermo-
dynamic parameters such as Gibbs free energy change (ΔGo), en-
thalpy change (ΔHo) and entropy change (ΔSo). To calculate these
parameters, the van’t Hoff Equation (Eq. (15)), obtained as fol-
lows, was used:

(12)

(13)

(14)

(15)

where K is a constant related to adsorption equilibrium, Cad is the
adsorbed Hg(II) concentration at equilibrium (mg/L), and Ce is
the unadsorbed Hg(II) concentration remaining in filtrate solu-
tion at equilibrium (mg/L). The thermodynamic parameters were
calculated from the slope of the line by plotting lnK against 1/T
(Fig. 11). The negative value of ΔGo indicated that the adsorption
is thermodynamically spontaneous and feasible (Table 6). The

E = 
1
2β

----------

K = 
Cad

Ce
--------

ΔGo
 = − RT Kln

ΔGo
 = ΔHo

 − TΔSo

K = 
ΔSo

R
-------- − 

ΔHo

RT
----------ln

Fig. 11. The plot of lnK against 1/T.
Fig. 10. Isotherm plots for Hg(II) adsorption (a) Langmuir (b) Fre-

undlich (c) D-R isotherms.

Fig. 9. Hg(II) adsorption mechanism onto MMK.

Table 5. The parameters of examined isotherm models for Hg(II)
adsorption

Langmuir
isotherm

Freundlich
isotherm

Dubinin-Radushkevich
isotherm

qmax 40.98 mg/g n 3.27 qm 39.84 mg/g
KL 3.21 L/mg Kf 18.78 BD (mol2/j2) 8.00E-08
RL 0.005 R2 0.91 E 2.5 kj/mol
R2 0.99 R2 0.99
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increase in ΔGo with an increase in temperature (from 303 to
333 K) is a sign that the feasibility and spontaneity of adsorption
increase at lower temperatures. The negative ΔHo value shows that
the Hg(II) adsorption is exothermic (303-333 K). The negative ΔSo

value means that the randomness at the solid/solution interface
has decreased during adsorption [2,56,57].

CONCLUSION

CCD in RSM, which was performed to optimize the adsorp-
tion parameters, was employed to systematically investigate Hg(II)
adsorption from aqueous media onto MMK, a new adsorbent. A
quadratic model was developed to represent the most effective ad-
sorption parameters, namely, Co, adsorbent dosage (g), initial pH,
and T (oC). The optimal adsorption conditions for maximum
%Hg(II) removal were calculated to be 30.83 mg/L, 0.1 g, 7.44, and
31.41 oC for Co, adsorbent dosage (g), initial pH, and T (oC), respec-
tively. Under these optimal conditions, the maximum removal
yield and amount of adsorbed Hg(II) were calculated using the
quadratic model to be 98.01% and 30.10 mg/g, respectively. The
results obtained were confirmed by experiments. Of the three iso-
therm models applied to the experimental results, the Langmuir,
Freundlich, and D-R, the Langmuir and D-R models exhibited a
good fit to the results. According to the results of thermodynamic
studies, the adsorption was found to be exothermic, spontaneous,
and feasible. In conclusion, MMK can be used effectively for the
removal of heavy metals from aqueous solutions and wastewater.
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