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 Herein, the removal of heavy metals on thiol modified oak charcoal was 

investigated. The modified charcoal was characterized by X-ray diffraction, 

granulometric analysis, and infrared spectroscopy. Then, its adsorption 

efficiency for the removal of Cd2+, Cu2+, and Pb2+ from water was tested. The 

effects of several conditions on metals adsorption were investigated such as 

contact time, pH, electrolytes and the initial metal ions concentration. The 

adsorption capacities were high (197, 250, and 214 mg g-1 for Cd2+, Pb2+, and 

Cu2+ respectively). The selectivity was also dependent on the metal ions 

nature and the functional group used. The mechanism of adsorption is 

complex where several types of interaction between metal ions and the 

adsorbent surface are involved. 
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1. INTRODUCTION 

Heavy metals are among the most dangerous pollutants discharged into the environment every day. 

They are persistent in nature and have accumulation tendcy in living organisms [1]. Cu2+, Cd2+, and Pb2+ are 

usually present in wastewater. Although these metals are essential for life in small amounts, the exposure of 

high levels can lead to serious health problems [2]. Many techniques are available for heavy metals removal 

from water, but adsorption is attracting a great deal of attention due to its simplicity and versatility [3]. 

Carbonaceous materials have been widely applied for waste water treatment since they have large surface 

area and can remove several types of contaminants [4]. Many researchers noted the effectiveness of modified 

activated carbon (AC) in heavy metals adsorption [5]-[7]. More research on activated carbon is still needed to 

better understand the performance towards certain contaminants and thus to enhance their removal from of 

wastewater.  

Modifying AC surface by oxidizing agents is a widly used [8], but this technique tends to decrease 

the surface area of AC [9] so alternative methods were investigated to increase the removal of heavy metals 

without affecting the carbon structure such as modification with organic ligands [4]. Moreover, investigating 

the mechanism of adsorption is crucial for the synthesis of selective adsorbents with elevated properties for 

specific applications in liquid phase. Understanding the mechanism of metal ions binding is essential for 

describing and predicting the adsorption operation. The function of a specific surface group is important in 

fabricating novel adsorbents with higher efficiency [10].  

https://creativecommons.org/licenses/by-sa/4.0/
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In this study, oak charcoal carbon was modified by 3-mercaptopropyl trimethoxysilane (MPTMS). 

This modification method is practical and inexpensive which favors its applicability. Then the adsorption 

capacity for Cu2+, Cd2+, and Pb2+ removal was studied in details. The effects of several parameters on the 

process of adsorption were performed, as contact time, solution pH, the electrolyte effect and metal ions 

concentration. The kinetic data of adsorption experiments were studied by pseudo-first and pseudo-second-

order models. The isotherms were fitted by both Freundlich and Langmuir. Moreover, the selectivity was 

studied as well in a ternary ions mixture. 

 

 

2. RESEARCH METHOD  

2.1. Chemicals 

The 3-MPTMS, hydrochloric acid (HCl, 37%), sodium hydroxide (NaOH), toluene and cadmium 

chloride (CdCl2.H2O; 93%) were purchased from Sigma Aldrich, while lead nitrate (Pb(NO3)2 99.9%) was 

purchased from UNICHEM. Copper nitrate (Cu(NO3)2.3H2O) from Alpha Chemika. All chemical reagents 

were used as received. Distilled water was produced in the laboratory. 

 

2.2. Activated carbon modification 

Commercially available oak charcoal was used (AC). Prior to usage, the carbon was grinded, 

washed with boiled distilled water and oven-dried at 120 °C for 24 h. Then, 15 ml MPTMS was added to 50 

g of AC in 300 ml toluene under magnetic stirring for 16 h at 200 rpm. After filtration, the resulting 

MPTMS-carbon was washed with 150 ml toluene then dried at 150 °C for 4 h. The obtained carbon was 

referred to as AC-SH  as shown in Figure 1. 

 

 

 
 

Figure 1. Modification of AC with MPTMS 

 

 

2.3. AC characterization  

The granulometric analysis that determines the size distribution after modification was conducted 

using Partica LA-950V2 Horiba. After modification, the functional groups were determined by Fourier 

Transform Infrared (FTIR) Spectroscopy in the range of 4000-400 cm-1. The carbon samples were blended 

with KBr then pressed into pellets and analyzed with FT-IR-6300 JASCO. X-ray diffraction was performed 

in the range of 2θ between 10° and 60° on a D8 Bruker diffractometer. 

 

2.4. Batch adsorption tests 

Different concentrations of metal ions solutions were prepared salts in distilled water from their 

corresponding. The solution pH was modified using 0.1 M HCl and 0.1 M NaOH solution. In typical batch 

studies, 0.1 g of the AC-SH was put in a beaker containing 50 mL of a metal solution of the desired 

concentration. The beaker was stirred at RT at 300 rpm for 120 min. After finishing each step, the solution 

was filtered and the metals concentration was detected for each metal using Atomic Adsorption 

Spectrophotometer (RAYLEIGH WFX-210). The metal ions adsorption percentage was calculated by (1) 

[11]. 
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𝑅 =  
C0 –Ct

C0
 ×  100 (1) 

 

Where R is the adsorption rate (%), C0 is the initial concentration and Ct is the concentration at time t. The 

adsorption capacity of the adsorbent at equilibrium was calculated by (2). 

 

qe =  
(C0 –Ce)𝑉

m
 (2) 

 

Where qe is the equilibrium adsorption capacity in mg g-1, C0 is the initial concentration and Ce is the 

concentration at equilibrium, V is the volume in L of metal solution and m is the mass in g of the adsorbent.  

For obtaining the isotherms, the batch experiments the initial metal ions concentrations were altered between 

10 mg L-1 and 500 mg L-1. The solutions were then filtered by a 0.45 μm syringe filter and the remaining 

metal ions were measured by AAS in order to calculate Ce and qe. 

 

 

3. RESULTS AND DISCUSSION  

3.1. X-ray diffraction analysis and granulometric analysis 

Figure 2(a) shows the diffractograms of the activated carbon samples before and after MPTMS 

modification. As shown in the figure, the backbone of the AC was not affected by modification thus the 

structure was not altered by organic ligands anchoring. The size distribution of AC samples after 

modification are presented in Figure 2(b) a homogenous main particle distribution population was obtained 

with average diameter 19 µm. 

 

 

  
(a) (b) 

  

Figure 2. X-ray and granulometric analysis, (a) X-ray diffraction analysis of AC and AC-SH,  

(b) granulometric analysis of AC-SH  

 

 

3.2. FT-IR spectroscopy 

The modification of the AC surface was analyzed by FT-IR spectroscopy. The S–H functional group 

frequencies were detected as shown in Figure 3. The broad band in the region 3300-3600 cm-1 in the AC and 

AC-SH spectra, is typically related to –OH stretching while the bands at 1439 cm-1 and 1750 cm-1 are 

characteristics of –COOH group. The peak at 2550 cm−1 correspondsto the thiol group [12]. The weak peaks 

at 2971 cm−1 and 2865 cm−1 belong to the stretching vibrations of –C–H bonds [13]. The strong peak near 

1054 cm−1 is due to Si–O stretching vibrations [12]. The peaks around 1246 cm−1 and 693 cm−1 are 

characteristics of Si-O-C and Si-C respectively. 

 

3.3. The pH effects  

Figure 4(a) shows the adsorption capacity of AC-SH as a function of pH which was varied between 

2 and 8. At low pH values, adsorption decreased for the three metal ions due to the competition with H3O+ 

ions and the formation of positively charged moieties on the carbon surface (Figure 4(b)). As pH increased, 

adsorption increased and the maximum removal was reached between pH 5 and 6. At higher pH values, 

adsorption remained constant for lead and cadmium while it decreased for copper due to the formation of 

copper precipitate. So, the rest of the experiments were performed at pH=6. 
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Figure 3. FT-IR analysis for carbon before and after modification with MPTMS  

 

 

 
(a) 

 
(b) 

 

Figure 4. The pH effect: (a) metal ions adsorption and (b) on AC-SH surface  
 

 

3.4. Adsorption kinetic models 

3.4.1. Pseudo-first order 

The pseudo first-order kinetic model is expressed as (3). 

 
𝑑𝑞𝑡

𝑑𝑡
= 𝑘1(𝑞𝑒 − 𝑞𝑡) (3) 

 

Where qt and qe are the quantity of metal ions adsorbed (mg g-1) at time t (min) and at equilibrium 

respectively, and k1 is the rate constant of adsorption (min-1). Integrating (3) with the following boundary 

conditions: t = 0 to t = t and qt = 0 to qt = qt yields (4). 

 

ln (qe−qt) = ln qe−k1t (4) 

 

The plot of ln (qe - qt) versus t should give a linear relationship where qe and k1 can be calculated from the 

plot intercept and slope respectively [14]. 

 

3.4.2. Pseudo-second order 

The pseudo-second-order sorption rate is expressed in (5). 
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𝑑𝑞𝑡

𝑑𝑡
= 𝑘2(𝑞𝑒 − 𝑞𝑡)2 (5) 

 

Where k2 is the pseudo-second order rate constant (g mg-1 min-1), qt and qe are the quantity of metal ions 

adsorbed at t time and at equilibrium (mg g-1) respectively. For the boundary conditions, t = 0 to t = t and qt = 

0 to qt = qt, the integrated form of (6). 

 
t

qt
=

1

𝑘2𝑞𝑒
2 +

𝑡

𝑞𝑒
 (6) 

 

According to (6), a plot of t/qt versus t should yield a straight line from which qe and k2 can be 

determined from the slope and intercept of the plot, respectively [15]. Metal ions adsorption as a function of 

contact time is illustrated in Figure 5(a). The kinetic parameters as well as the experimental equilibrium 

capacities are listed in Table 1. The obtained results revealed that Cu2+, Cd2+, and Pb2+ adsorption on AC-SH 

followed the pseudo-second order kinetic model (Figure 5(b)). This suggests that the adsorption rate depends 

mainly on the content of active adsorption site on the adsorbent matrix. 

 

 

 
(a) (b) 

  

Figure 5. Contact time effect on metal ions adsorption: (a) pseudo-second order kinetic model and  

(b) ([M2+] = 0.14 mmol L-1, pH=6 at RT) 

 

 

Table 1. parameters of the two kinetic models 
AC-SH 

qeexp 

(mg g-1) 
First order kinetic model Second order kinetic model 
k1 

(min-1) 

qecal 

(mg g-1) 

R2 k2 

(g mg-1 min-1) 

qecal 

 (mg g-1) 

R2 

Cu2+ 4.84 0.017 54 0.357 1.16 4.85 0.999 
Pb2+ 14.8 0.021 10 0.945 0.039 15 0.999 

Cd2+ 6.57 0.07 2.5 0.438 1.52 6.62 0.999 

 

 

3.5. Adsorption Isotherms 

3.5.1. Langmuir isotherm model 

The model Langmuir Isotherm suggests a monolayer coverage of a finite number of identical sites 

present on the surface so that no more adsorption occur. Based on these assumptions, Langmuir represented 

(7) [16]. 

 

𝑞𝑒 =
KL×𝑞𝑚𝑎𝑥  𝐶𝑒

1+KL𝐶𝑒
 (7) 

 

Where qmax is the maximum adsorption capacity (monolayer coverage), i.e., mg of the adsorbate per (g) of 

adsorbent and KL is Langmuir isotherm constant.  

 

3.5.2. Freundlich isotherm model 

This model explains a reversible and a non-ideal adsorption, not limited to monolayer formation. 

This model can be utilized for multilayer adsorption [17]. The equation is expressed as (8). 
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𝑞𝑒 = 𝐾𝑓𝐶𝑒
1/𝑛

 (8) 

 

Where Kf is Freundlich isotherm constant (mmol g-1) and n is the adsorption intensity. The slope is a measure 

of surface heterogeneity and it ranges between 0 and 1. If n = 1 then the partition between the two phases is 

independent of the concentration. When the value of n decreases, the adsorbent surface heterogeneity 

increases. The value gets closer to zero when the system is more heterogeneous.  

The obtained results for both models are presented in Figure 6 and their parameters are reported in 

Table 2. The values of R2 for Langmuir model for Pb2+ were greatest while the R2 values of Freundlich model 

for Cu2+ and Cd2+ were greatest. These obtained results proves that for Pb2+, Langmuir model fitted better 

while for Cu2+ and Cd2+ Freundlich model gave a better fit. 

 

 

 
 

Figure 6. Freundlich and Langmuir models fit for Pb2+, Cu2+, and Cd2+ (pH=6 at RT) 

 

 

Table 2. Comparison of Freundlich and Langmuir models for Me2+ removal by AC-SH 
 
 

Me2+ 

  

qexp 
(mg g-1) 

Langmuir model Freundlich model 
qcal 

(mg g-1) 

 KL 

(L mg-1) 

R2 n 

 

Kf 

 (mg g-1) 

R2 

Cu2+ 214 199  0.01 0.742 1.29 7 0.972 

Pb2+ 250 242  0.363 0.988 2.73 55 0.339 

Cd2+ 197 171  0.012  0.578 1.34 5.61 0.979 

 

 

3.6 Selectivity and effect of electrolytes 

3.6.1. Selectivity 

There were 0.1 g AC-SH added to 50 ml of ternary ion solution of Pb2+, Cd2+, and Cu2+ of equimolar 

concentration. The sorption decrease in ternary metal ions solution compared to single metal ions may be 

attributed to the less availability of binding sites (Figure 7(a)). In ternary metal solution, the binding sites are 

divided competitively among the three ions. It was observed that Pb2+ has the highest adsorption capacity 

over Cu2+ and Cd2+ with respective rates of 90.9%, 88.6%, and 86%. The adsorption capacity of AC-SH in 

removing heavy metals from aqueous solution could be arranged in the following order: Pb2+> Cu2+> Cd2+.  

In general, the sequence of adsorption capacity of heavy metals is largely dependent on 

physicochemical properties of metals. Pb2+ is preferentially adsorbed over Cu2+ and Cd2+ onto the binding 

sites of the AC-SH surface due to its high electronegativity (2.33) compared to that of Cu2+ and Cd2+ (1.9 and 

1.69 respectively). Moreover, thiol modified adsorbents were found to be more selective for Pb2+ more than 

other metal ions [18].  
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3.6.2. Effect of electrolytes 

Generally speaking, the adsorption rate of the metal ion slightly decreases after changing the matrix 

electrolyte type. In the presence of NaCl, the metal ions adsorption on AC-SH decreased by 1%, 0.8% and 

2.27% for Pb2+, Cd2+ and Cu2+respectively. On the other hand, the presence of KCl affected the adsorption 

rate by 1.6% and 5.7% for Pb2+ and Cd2+ respectively while the removal of Cu (II) has not been affected 

(Figure 7(b)). This decrease is due to the fact that the existence of NaCl or KCl results in complexation of 

chloride and competition of sodium and potassium ions, with the metal ion to occupy some specific sites of 

the modified AC. This observation may be related to the formation of various complexes of metal ions with 

Cl- ligands (like CdCl2, CdCl3
-, PbCl4

2, etc.) where the Cl− ion may coordinate with metal ions and be treated 

as an inner sphere complex with the surface. Furthermore, the adsorption rate of the three studied metal ions 

in decreasing order: Cu2+ > Pb2+ > Cd2+ and this is linked directly to the affinity of the adsorbent towards each 

metal ion, the adsorption mechanism and the characteristics of each metal ion. AC-SH has lesser affinity 

towards Cd2+ that’s why cadmium removal was affected the most in the presence of NaCl and KCl. 
 

 

 
 

Figure 7. Selectivity of AC-SH, (a) a single and ternary ions solution and (b) electrolyte effect  
 
 

3.6. Adsorption mechanism 

The adsorption mechanism of heavy metals onto AC-SH is complicated and is a combination of 

electrostatic attraction and chemical interaction between the metal ions and the surface functional groups 

[19]. Nevertheless, the major adsorption mechanism is due chemical interaction (ions speciation as a function 

of pH). AC-SH surface contains acidic groups besides the sulfer moieties. Carboxylic acid groups are 

responsible for the cation exchange capacity of carbon sorbents. Figure 8(a) illustrate the infrared spectra for 

AC-SH before and after metal ions adsorption. After metal complexing, the band characteristic for thiol 

group disappeared, which proves the interaction between -SH and metal ions. Also the band characteristic for 

carboxylic acid decreased significantly. These results verify the interaction of the sulfer groups and acidic 

groups found on the carbon surface with the metal ions during the adsorption process. A proposed schematic 

illustration is shown Figure 8(b). 
 

 

 
 

Figure 8. Infrared spectra for AC-SH, (a) before and after metal ions adsorption, (b) a proposed mechanism 

of adsorption on AC-SH  
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The maximum adsorption capacities obtained in this study were found to be higher than those 

reported in the literature as shown in Table 3. This proves the efficiency of thiol modified oak charcoal for 

heavy metal ions from water. 

 

 

Table 3. Adsorption capacities of several types of thiol modified adsorbents 
Adsorbent Metal ion qmax (mg g-1) Ref 

Silica gel Cu2+ 186 [20] 

Nanoporous silica Hg2+ 118 [21] 
 

Spent Grain 

Cu2+ 

Pb2+ 

Zn2+ 
Cd2+ 

89.5 

20`9 

227 
303 

 

[22] 

SBA-16 Cu2+ 36 [23] 

Mesoporous CMK-3 carbon Pb2+ 
Zn2+ 

177 
29 

[24] 

 

Oak charcoal 

Cu2+ 

Pb2+ 
Cd2+ 

214 

250 
197 

 

This study 

 

 

4. CONCLUSION  

In this study, oak charcoal was modified with thiol functional groups in order to be utilized as a 

heavy metals adsorbent. The modified carbon has proved to be effective in eliminating Cd2+, Pb2+, and Cu2+ 

ions from water. The adsorption capacities were 197, 250, and 214 mg g-1 for Cd2+, Pb2+, and Cu2+ ions 

respectively. pH had the major effect on the adsorption capacity since it controls metal ions speciation in the 

solution as well as the surface charge. The process of adsorption obeys the pseudo second order kinetic 

model for all metal ions. The Freundlich model fitted better for Cu2+ and Cd2+ while Langmuir model gave a 

better fit for Pb2+. The adsorbent was selective for Pb2+. A mechanism of adsorption was proposed and it was 

found that both thiol moieties and carboxylic acid groups are involved in the adsorption process. 
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