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Heavy metal contamination in water poses serious environmental and health 
risks due to its toxicity, persistence, and bioaccumulation. This study developed a 
thiol-functionalized zeolite (ZFT) from activated Lampung natural zeolite via 
post-treatment silanization using (3-mercaptopropyl)trimethoxysilane for the 
adsorption of Hg(II), Ag(I), and Cd(II) ions. XRD and FTIR analyses revealed no 
significant alteration in the clinoptilolite structure following functionalization, 
with a crystal size range of 10.8–12.80 nm. However, the appearance of a C–H 
stretching band at 2921 cm−1 indicates the presence of organic moieties in the 
functionalized zeolite, with 3.46 at% S content. Optimum adsorption occurred at 
pH 4 within 60 min for Hg(II) and Ag(I), and at pH 6 within 100 min for Cd(II), 
with a maximum tested concentration of 50 mg L−1. Hg(II) adsorption followed 
the Langmuir isotherm, whereas Ag(I) and Cd(II) fitted the Freundlich model. All 
adsorption processes followed pseudo-second-order kinetics. 

 

1. Introduction 

Heavy metal ion contamination in aquatic 
environments has become a major global issue requiring 
proper treatment. Heavy metal pollution originates from 
both natural sources and anthropogenic activities, such 
as industrial waste from the galvanizing industry, battery 
manufacturing, mining, and exhaust gas emissions. 
Heavy metal ions such as cadmium (Cd) and mercury (Hg) 
are highly toxic, non-biodegradable, and capable of 
bioaccumulation in living organisms. Silver (Ag) 
exposure in excessive amounts may cause argyria, a 
condition characterized by bluish-gray discoloration of 
the skin. These heavy metals can damage ecosystems and 
pose serious risks to human health, including 
neurological disorders, vital organ damage, and an 
increased risk of cancer [1]. Therefore, the development 
of effective, efficient, and environmentally friendly 
methods for removing heavy metal ions from wastewater 
is of great importance. 

Various methods have been applied for heavy metal 
treatment, including adsorption, precipitation, 
neutralization, and ion exchange [2]. Among these 
methods, adsorption is the most widely used because it is 
simple, practical, and highly effective for removing heavy 
metal ions. Heavy metal adsorption can be performed 
using various adsorbents, including zeolites. An ideal 
adsorbent should possess high adsorption capacity, good 
selectivity toward heavy metal ions, and the ability to be 
regenerated and reused. Zeolite has attracted 
considerable attention as an adsorbent for removing 
heavy metal ions from aqueous media owing to its natural 
abundance and favorable physicochemical properties. 
Natural zeolite is an aluminosilicate mineral with a 
porous structure containing well-defined cavities. This 
unique framework enables zeolite to exhibit adsorption, 
ion-exchange, and catalytic properties, making it widely 
applicable in air filtration, wastewater treatment, gas 
adsorption, fertilizer production, and petrochemical 
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industries. Its high adsorption capacity and ion-exchange 
ability make zeolite a promising material for 
environmental remediation and agricultural applications 
[3]. 

Previous studies have demonstrated that thiol-
functionalized zeolites exhibit enhanced affinity toward 
heavy metal ions due to the strong interaction between 
thiol groups (-SH) as soft bases and heavy metal ions as 
soft acids such as Ag(I) and Hg(II), consistent with the 
HSAB (Hard and Soft Acids and Bases) theory. 
Fardmousavi and Faghihian [4] synthesized thiol-
functionalized hierarchical zeolite nanocomposites (SH-
Beta/MCM-41) using (3-mercaptopropyl) 
trimethoxysilane (MPTMS) and achieved a maximum 
Hg(II) adsorption capacity of 111.11 mg g−1. Similarly, 
Azizah and Rachman [5] reported that MPTMS 
modification of Lampung natural zeolite increased the 
Si/Al ratio and significantly improved heavy metal 
adsorption while maintaining structural stability. Other 
studies also confirmed that thiol-containing modifiers 
enhanced adsorption performance for Pt(II) and Pb(II) 
ions through improved surface functionality and 
adsorption kinetics [6, 7]. 

Despite these advances, most previous studies have 
focused on adsorbing a single heavy metal ion and have 
used synthetic or composite zeolites with relatively 
complex preparation methods. In addition, studies 
investigating thiol-functionalized Lampung natural 
zeolite for the simultaneous adsorption behavior of 
different soft heavy metal ions, particularly Ag(I) and 
Hg(II), and also Cd (II) as a borderline acid, remain 
limited. Comparative evaluation of adsorption 
parameters, adsorption isotherms, and kinetic behavior 
of these metal ions on a single adsorbent system has not 
been reported comprehensively. Therefore, further 
investigation is required to develop a simple, cost-
effective, and environmentally friendly thiol-
functionalized natural zeolite adsorbent with high 
selectivity and adsorption performance toward multiple 
heavy metal ions. 

In this study, natural zeolite was activated using 
NH4Cl and subsequently functionalized with MPTMS 
containing thiol groups (-SH) through a silanization 
method. Structural characterization before and after 
modification was conducted using X-ray diffraction 
(XRD), while grafting was analyzed using Fourier-
transform infrared (FTIR) spectroscopy and scanning 
electron microscopy coupled with energy-dispersive 
X- ray spectroscopy (SEM-EDS). The adsorption 
performance toward Ag(I), Cd(II), and Hg(II) ions was 
evaluated by varying pH (2, 4, and 6), contact time (20, 
40, 60, and 100 min), and initial metal ion concentration 
(10–50 mg/L). Atomic Absorption Spectroscopy (AAS) 
was used to determine adsorption capacity, optimum 
adsorption conditions, adsorption isotherms, and 
adsorption kinetics. 

2. Experimental 

2.1. Materials and Instrumentation 

The equipment used in this study included beakers, 
measuring cylinders, an oven (Memmert), a furnace (NEY 
Vulcan), a hotplate (Thermo Fisher Scientific), a reflux 
apparatus, a centrifuge (Hettich EBA 20), X-ray 
Diffraction (XRD; Shimadzu type 7000), Fourier-
Transform Infrared Spectroscopy (FTIR; Bruker-Tenson 
II), Scanning Electron Microscope with energy-
dispersive X-ray spectroscopy (SEM-EDS; Hitachi 
SU3500) and Atomic Absorption Spectroscopy (AAS; 
Agilent Technologies). 

The materials used were natural zeolite of the 
clinoptilolite type obtained from CV. Winatama Lampung, 
(3-mercaptopropyl)trimethoxysilane (MPTMS; Sigma-
Aldrich), ammonium chloride (NH4Cl; Merck), silver 
nitrate (AgNO3; Merck), mercury(II) chloride (HgCl2; 
Merck), cadmium sulfate (CdSO4; Merck), distilled water, 
and ethanol (analytical grade; Merck). 

2.2. Methods 

2.2.1. Activation and Functionalization of Zeolite 

The activation process was carried out by washing 
the unactivated zeolite (ZA) with deionized water, 
followed by soaking in 1 M NH4Cl solution for 24 h at room 
temperature [8]. The zeolite was then washed repeatedly 
until chloride-free conditions were achieved and 
neutralized. Subsequently, the zeolite was calcined at 
450°C for 3 h and designated as ZAA. 

A total of 2 g of zeolite was dispersed in 100 mL of 
ethanol–water solution (1:1, v/v) containing 2 mL of 
MPTMS, followed by refluxing at 80°C for 6 h [9]. The 
modified zeolite was washed with ethanol and distilled 
water to remove residual reagents, then dried in an oven 
at 70°C for 3 h to eliminate moisture. The resulting thiol-
functionalized zeolite was designated as ZFT. 

2.2.2. Characterization of Crystalline Phase 

ZAA and ZFT were characterized by XRD using Cu Kα 
radiation over the 2θ range 10–90°. Crystal size 
calculation was performed using the Scherrer equation 
(1). 

 𝐷 =  
𝐾 𝜆 

𝛽 cos 𝜃
 (1) 

Where, D is the crystallite size (nm), K is the Scherrer 
constant (0.9), λ is the X-ray wavelength (Cu Kα = 0.15406 
nm), β is the full width at half maximum (FWHM) of the 
diffraction peak in radians, and θ is the Bragg angle, 
corresponding to half of the diffraction angle (2θ). 

2.2.3. Characterization of Functional Group 

The ZFT samples were analyzed using an FTIR-ATR 
instrument over the wavenumber range of 4000–500 
cm−1 for 45 s at a spectral resolution of 4.0 cm. 
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2.2.4. Characterization of Morphology and Elemental 
Analysis 

A dried and fine sample was mounted onto 
conductive carbon tape attached to an SEM stub. SEM 
images were acquired using a backscattered electron 
compositional (BSE-COMP) detector at an accelerating 
voltage of 15 kV, a working distance of 5.9 mm, and a 
magnification of 3000×. The elemental composition was 
determined by EDS analysis of representative areas of the 
samples and reported as weight percentage (wt%) and 
atomic percentage (at%). 

2.2.5. Optimization of Adsorption pH 

A total of 100 mg of ZFT was added to 25 mL of Ag(I), 
Hg(II), and Cd(II) solutions with an initial concentration 
of 30 mg/L. The mixtures were stirred at 200 rpm for 60 
min at varying pH values of 2, 4, and 6. The pH values of 4 
and 6 were adjusted using citrate buffer, whereas HCl was 
used to adjust the pH to 2. After adsorption, the solutions 
were separated by centrifugation and analyzed using AAS 
at wavelengths of 228.8 nm for Cd(II), 254 nm for Hg(II), 
and 328 nm for Ag(I). The adsorption capacity was 
calculated using Equation (2). 

 𝑄𝑒 =
((𝐶o−𝐶𝑒) × 𝑉)

𝑚
 (2) 

Where, qe is the adsorption capacity (mg g−1), Co and 
Ce are the initial and final concentration (mg L−1), V is the 
volume (L), and m is the mass of the adsorbent (g). 

2.2.6. Optimization of Contact Time for Adsorption 

A total of 100 mg of ZFT was added to 25 mL of metal 
ion solution with an initial concentration of 30 mg/L. The 
mixture was stirred at the optimum pH for 20, 40, 60, and 
100 min. The adsorption capacity was calculated using 
Equation (2), as described in the previous section. The 
relationship between Qt (the amount of adsorbate 
adsorbed at time t) and contact time was plotted to 
determine the adsorption kinetic model based on the 
highest R2 value. 

2.2.7. Optimization of Initial Metal Ion Concentrations 

A total of 100 mg of ZFT was added to 25 mL of metal 
ion solution with varying concentrations of 10, 20, 30, 40, 
and 50 mg L−1. The mixtures were stirred under the 
optimum pH and contact time conditions. The adsorption 
capacity was calculated using Equation (2), as described 
previously. For adsorption isotherm analysis, the 
equilibrium concentration (Ce) and adsorption capacity 
(qe) were plotted according to the linear regression 
equations of the adsorption isotherm models. 

3. Results and Discussion 

3.1. Characterization of Thiol-Functionalized Zeolite 

Zeolite activation was carried out by immersing the 
material in a 1 M NH4Cl solution to replace the naturally 
occurring cations within the zeolite framework with 
ammonium ions. This treatment enhanced the capacity of 
the cation exchange and exposed a greater number of 
active sites on the zeolite surface [8]. Subsequently, the 
zeolite was functionalized with thiol groups via a 
silanization reaction using the organosilane MPTMS. The 

incorporation of thiol groups introduced additional active 
binding sites, thereby improving the adsorption 
capability toward the tested metal ions. 

The XRD pattern of ZA exhibited several sharp 
diffraction peaks at 2θ values of approximately 9°, 22°, 
and 27°, characteristic of clinoptilolite-type zeolite 
(JCPDS No. 25-1349). After NH4Cl activation (ZAA), the 
same characteristic peaks were retained, with slightly 
increased intensities (Figure 1). This suggests that 
activation promoted cation exchange while preserving 
the clinoptilolite framework [10]. 

Furthermore, the diffraction pattern of the ZFT also 
displayed the same characteristic peaks as ZA. However, a 
slight decrease in peak intensity was observed compared 
with ZAA. This reduction can be attributed to the presence 
of organic thiol groups from MPTMS attached to the 
zeolite surface, which partially absorbed the X-ray 
radiation and reduced the reflected intensity. No 
significant shift in the 2θ peak positions was detected, 
indicating that the functionalization process did not alter 
or damage the crystalline framework of the zeolite [11]. 
Based on the calculated crystallite sizes, no substantial 
change was observed throughout the activation and 
functionalization processes, with the crystallite size 
remaining within a relatively narrow range of 10.79–
12.80 nm. 

The surface morphology and elemental composition 
of the ZFT were investigated using SEM–EDS. The SEM 
micrograph reveals an irregular, heterogeneous surface 
morphology characteristic of natural clinoptilolite-
containing materials (Figure 2). The EDS analysis 
confirmed the presence of O, Al, Si, and S in the ZFT 
sample, with elemental concentrations of 53.81, 5.83, 
34.82, and 5.54 wt%, respectively (Table 1). The 
predominance of O and Si is consistent with the 
aluminosilicate framework of clinoptilolite, whereas Al is 
associated with the substitution of Si within the zeolite 
framework. 

The Si/Al atomic ratio calculated from the EDS data is 
approximately 5.74, which is consistent with the high-
silica character expected for clinoptilolite. The sulfur 
content obtained in this study is also consistent with 
previously reported SEM–EDX observations for MPTMS-
functionalized Lampung natural zeolite (Table 1). Azizah 
and Rachman [5] reported an S content of 4.75 at% for 
MPTMS-functionalized Lampung zeolite, together with 
an increased Si/Al ratio relative to the untreated material 
[9]. The S content of 3.46 at% obtained for ZFT in the 
present study, therefore, further supports the successful 
incorporation of sulfur-containing organosilane species 
onto the zeolite surface. 

Table 1. Elements composition of ZFT 

Element Weight (%) Atomic (%) 

O 53.81 67.38 

Al 5.83 4.33 

Si 34.82 24.84 

S 5.54 3.46 
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Figure 1. XRD patterns of ZA, ZAA, and ZFT 

 

Figure 2. Morphological surface and EDS mapping of ZFT 

 

Figure 3. FTIR spectrum of ZFT 

FTIR spectroscopy was employed to identify the 
functional groups present in the zeolite following thiol 
functionalization. As shown in Figure 3, the FTIR 
spectrum exhibits a band at 523 cm−1, which can be 
attributed to the bending vibration of the aluminosilicate 
framework, while the bands at 786 and 1010 cm−1 are 
associated with the symmetric and asymmetric 
stretching vibrations of the Si–O–T framework, 
respectively (T = Si or Al) [12]. A band at 3736 cm−1 is 
assigned to the stretching vibration of O–H groups. 
However, the characteristic S–H stretching band, 
typically reported in the region around 2550 cm−1, was not 

observed in the functionalized zeolite. The absence of this 
band may be attributed to the relatively low thiol content 
on the zeolite surface, which may result in an absorption 
intensity below the detection limit of the FTIR analysis. 
Nevertheless, the appearance of a band at 2921 cm−1, 
attributed to C–H stretching vibrations of aliphatic 
groups [9], provides evidence for the presence of organic 
species in ZFT. This band was not observed in the 
spectrum of unmodified natural Lampung zeolite [9], 
further indicating the introduction of organic groups 
following the functionalization process. 

3.2. Adsorption of Metal Ion 

3.2.1. Effect of pH 

The effect of pH on adsorption performance was 
evaluated through experiments using various solution pH 
conditions. At excessively low pH values, protonation of 
thiol groups may occur, thereby reducing their ability to 
bind metal ions. In contrast, excessively high pH values 
may promote the precipitation of metal ions in the form 
of metal hydroxides [13]. Therefore, pH optimization is 
considered an important parameter in determining the 
adsorption efficiency of each metal ion. The effect of pH 
on the adsorption capacities of Hg(II), Ag(I), and Cd ions 
is presented in Figure 4. 

The adsorption capacities of all metal ions were 
relatively high at pH 2 and slightly increased to reach 
optimum values at pH 4 for Hg(II) and Ag(I) ions. The 
enhancement in adsorption from pH 2 to pH 4 can be 
attributed to the reduced competition of H+ ions for the 
active –SH sites on zeolite–MPTMS, allowing stronger 
coordination interactions between sulfur groups and 
metal ions. At higher pH values, a portion of Hg(II) ions 
began to form hydroxide precipitates, such as Hg(OH)2, 
thereby decreasing the availability of free ions for 
adsorption [13]. Cd exhibited lower affinity toward the 
– SH functional groups under acidic conditions due to the 
strong competition from H+ ions, as well as the borderline 
character of Cd according to the HSAB principle. At higher 
pH values (pH 6), a greater number of active sites became 
available, and Cd remained more stable in its free ionic 
form, resulting in enhanced adsorption capacity [14]. 

 

Figure 4. Effect of pH on the adsorption capacity of metal 
ions 
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3.2.2. Effect of Contact Time 

The contact time variation data showed that the 
adsorption capacity of metal ions increased gradually, 
reaching a maximum of 7.47 mg g−1 at 60 minutes. This 
increase indicates that, during the initial stage, many 
active sites on the ZFT surface were still available, 
allowing metal ions to readily interact with and bind to 
the thiol functional groups. After 60 minutes of contact 
time, the adsorption capacity began to decrease slightly 
(Figure 5). This condition suggests that the adsorption 
process had reached equilibrium, where the amount of 
metal ions adsorbed was nearly equal to the amount 
released back into the solution. This phenomenon may be 
attributed to the reduced availability of active sites as well 
as the possible occurrence of partial desorption due to 
surface saturation. These findings are consistent with a 
previous study reported by Waly et al. [14], which 
demonstrated that the adsorption equilibrium of Hg(II) 
on thiol-functionalized materials was achieved within 60 
minutes. 

3.2.3. Effect of Concentration 

At low concentrations, nearly all metal ions could be 
effectively adsorbed because the number of available 
active sites was still sufficient. In contrast, at higher 
concentrations, the adsorption capacity tended to 
approach a maximum value due to the limited number of 
active sites available on the adsorbent surface [15]. This 
phenomenon indicates a tendency toward saturation 
conditions on the adsorbent surface. The effect of 
concentration variation on the adsorption capacities of 
Hg(II), Ag, and Cd ions is presented in Figure 6. 

 

Figure 5. Effect of contact time on the adsorption 
capacity of metal ions 

 

Figure 6. Effect of concentration on the adsorption 
capacity of metal ions 

The experimental results demonstrated that the 
adsorption capacity (qₑ) of metal ions increased with 
increasing initial solution concentration. At a low 
concentration of 10 mg L−1, the qₑ value was 
approximately 2.3 mg g−1. This value gradually increased 
as the solution concentration increased. The adsorption 
capacity continued to rise to a concentration of 50 mg L−1, 
at which the qₑ value reached 12.3 mg g−1. This trend 
indicates that the availability of metal ions in the solution 
plays an important role in determining the amount of 
ions adsorbed onto the adsorbent surface [16]. Compared 
with unmodified Lampung natural zeolite, thiol 
functionalization is expected to enhance the adsorption 
of soft metal ions, particularly Ag(I) and Hg(II), by 
introducing sulfur-containing binding sites. According to 
Zhang et al. [17], thiol grafting on zeolite nearly ten-fold 
increases the adsorption capacity, from 0.041 mmol Hg 
g−1 to 0.445 mmol Hg g−1. 

3.3. Adsorption Isotherms 

The analysis results showed that the coefficients of 
determination (R2) for the Langmuir and the Freundlich 
isotherm models differed for each metal ion, as presented 
in Table 2. The results for Ag ions showed that the 
Freundlich isotherm exhibited a higher R2 value (0.871) 
than the Langmuir isotherm (0.769). Similarly, for Cd 
ions, the Freundlich isotherm yielded a significantly 
higher R2 value (0.973) than the Langmuir isotherm 
(0.844). These findings indicate that the adsorption 
behavior of Ag and Cd ions is better described by the 
Freundlich model, suggesting that the adsorption process 
occurs on a heterogeneous adsorbent surface with non-
uniform binding energies [18]. 

Table 2. Adsorption isotherm of metal ions using the Freundlich and Langmuir models 

Isotherm Parameters Ag(I) Cd(II) Hg(II) 

Langmuir qmax (mg g−1) 12.28 11.79 12.34 

kL (L mg−1) 6.375 0.15 4.52 

R2 0.769 0.844 0.598 

Freundlich 1/n 0.432 1.328 0.386 

kF (mg g−1) 10.57 2.66 4.499 

R2 0.871 0.973 0.081 
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Table 3. Kinetic adsorption analysis of metal ions 

Kinetic model Parameters 
Concentration (mgL−1) 

Ag(I) Hg(II) Cd(II) 

Pseudo-first-order R2 0.989 0.998 0.434 

k1 (min−1) 0.051 0.011 0.010 

qe (mg g−1) 0.270 0.0095 0.053 

Pseudo-second-
order 

R2 1 1 1 

k2 (g mg−1 min−1) 0.485 10.53 0.567 

qe (mg g−1) 7.321 7.474 7.077 

The relatively small difference between the R2 values 
indicates that the adsorption of both metal ions still 
exhibits a tendency to follow the Langmuir model, 
suggesting that the process is predominantly governed by 
monolayer formation on specific active sites. The 
Freundlich constants obtained were kF = 10.57 for Ag and 
kF =2.66 for Cd. This mechanism also allows the 
occurrence of multilayer adsorption, which is more 
representative of the actual conditions of complex natural 
adsorbent surfaces. 

3.4. Kinetic Adsorption 

The kinetic adsorption analysis of Ag(I), Cd(II), and 
Hg(II) onto ZFT showed that the pseudo-second-order 
(PSO) model provided a higher R2 than the pseudo-first-
order (PFO) model (Table 3). The PSO model yielded an R2 
value of 1.000 for all three metal ions, indicating an 
excellent mathematical fit to the experimental data. 
However, this perfect fit should be interpreted with 
caution, as only four contact times (20, 40, 60, and 100 
min) were used in the kinetic analysis. The limited 
number of experimental data points may partly account 
for the exceptionally high R2 value and may not fully 
capture the overall kinetic behavior of the adsorption 
process. Therefore, although the PSO model provided the 
best mathematical fit among the models evaluated, the R2 
value alone is insufficient to conclusively determine the 
underlying adsorption mechanism. Further kinetic 
studies involving a greater number of contact times, 
particularly during the initial adsorption stage and near 
equilibrium, would provide a more robust assessment of 
the kinetic behavior. Similar findings were reported by 
Fardmousavi and Faghihian [4], who demonstrated that 
thiol-functionalized hierarchical zeolite effectively 
adsorbed Hg(II), with a high adsorption capacity, rapid 
attainment of equilibrium, and strong agreement with 
the PSO model (R2 > 0.998). 

The thiol functional groups introduced by MPTMS 
can act as electron-donating sites and interact with metal 
ions through coordination, particularly with metal ions 
exhibiting a high affinity for sulfur, such as Hg(II) [19]. 
The preferential interaction between Hg(II) and sulfur-
containing functional groups may contribute to its 
adsorption behavior, which was better described by the 
Langmuir isotherm. This result suggests adsorption onto 
relatively homogeneous sites with comparable binding 
energies. In contrast, the adsorption of Ag(I) and Cd(II) 
was better described by the Freundlich isotherm, 
indicating a heterogeneous distribution of adsorption 

sites and potentially different interaction energies on the 
functionalized zeolite surface. These differences, 
together with the higher PSO rate constant obtained for 
Hg(II), suggest that the intrinsic characteristics and 
chemical affinity of the metal ions toward the 
functionalized surface play important roles in 
determining the adsorption rate and overall adsorption 
behavior [20]. 

4. Conclusion 

The chemical activation and surface modification 
processes applied to Lampung natural zeolite did not alter 
the clinoptilolite phase or the crystal size, which 
remained within the range of 10.8–12.8 nm, with a S 
content of 3.46 at%. The adsorption of Hg(II) and Ag(I) 
ions reached optimum conditions at pH 4 with a contact 
time of 60 minutes at a concentration of 50 mg L−1, 
whereas Cd adsorption was more favorable at pH 6. The 
adsorption isotherms of Ag and Cd ions were better 
described by the Freundlich model, indicating a 
heterogeneous adsorbent surface and the potential for 
multilayer interactions between the thiol groups on the 
zeolite surface and the metal ions. 
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