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ZnCl2-MCM-41 introduced itself as a high performance sorbent for Pb(II) removal 
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Abstract 11 

A new hybrid nanostructured sorbent ZnCl2-MCM-41, was synthesized by a post-synthesis 12 

method in toluene as the solvent. To characterize the sorbent, a number of methods were applied, 13 

including X-ray diffraction (XRD), nitrogen adsorption-desorption isotherm, Fourier transform 14 

infrared spectroscopy (FT-IR), transmission electron microscopy (TEM), and scanning electron 15 

microscopy (SEM). Characterization demonstrated that sorbent particles are of semi-spherical 16 

shape, nanostructured with a 754 m2g-1 surface area and a 2.86 nm pore diameter. The Pb(II) 17 

removal depended on several parameters, including the pH of solution, temperature, initial Pb(II) 18 

concentration, sorbent dosage, ionic strength, and the amount of ZnCl2 loaded on the MCM-41 19 

surface. The results showed that the pseudo-second-order model describes the kinetic of sorption 20 
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better than the pseudo-first-order model. The adsorption continuously increased in the pH range 21 

of 2.0–7.0, beyond which the adsorption could not be carried out due to the precipitation of the 22 

metal ions. The adsorbent had a considerably high Langmuir monolayer capacity of 479 mg g-1. 23 

The adsorption process was exothermic at ambient temperature and the computation of the 24 

parameters ∆Gº, ∆Hº, and ∆Sº indicated the interactions to be thermodynamically favorable. 25 

Keywords: Nanostructured sorbent; ZnCl2-MCM-41; Pb(II) Removal; Isotherm; Kinetic; 26 

Adsorption. 27 

1. Introduction 28 

Heavy metals are toxic, non-biodegradable, and have a tendency to accumulate in living 29 

organisms, causing a number of health problems including various diseases and disorders. 30 

Different methods have been developed to remove toxic heavy metals from wastewater – 31 

namely, chemical oxidation/reduction, precipitation, ion exchange, electrochemical processes, 32 

membrane filtration, and reverse osmosis 1.  These methods are, in general, expensive and 33 

potentially risky due to the possibility of generating hazardous by-products, so such methods are 34 

not suitable for small-scale industries 2, 3. However, another approach – adsorption - is widely 35 

used for metal ion removal because it is simple to operate, cost effective, and has an efficient 36 

removal capacity4-6. Different adsorbents such as carbon nanotubes 7, mesoporous silica (SBA-37 

15) 8, biomass 9, and Zeolite 10 have been used for the adsorption of Pb(II) from aqueous 38 

solutions. Additionally, mesoporous silica materials have received considerable attention 39 

because of their exceptionally large surface area and well-defined pore size and pore shape 11, 12. 40 

MCM-41, the adsorbent studied in this research, is one type of mesoporous silica, and has 41 

hexagonal arrays of large and uniform pore size, a large surface area, high thermal stability, and 42 

mild acidic properties 13, 14. In the previous study 5, MCM-41 materials were modified by ZnCl2 43 
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particles in order to remove Hg(II) species from aqueous solutions. This study showed that the 44 

adsorption capacity of the ZnCl2-MCM-41 sorbent for Hg(II) removal from aqueous solutions 45 

was sufficiently high (204.1 mg g-1) for justifying future research. In addition, Boudrahem et al. 46 

15 observed that ZnCl2-activated carbon is an effective adsorbent for the removal of Pb ions from 47 

aqueous solutions. However, to the extent of our knowledge, the ability of ZnCl2-MCM-41 to 48 

remove Pb(II) from aqueous solutions has not been investigated previously. 49 

The main purpose of this study was to modify synthesized MCM-41 with ZnCl2 and apply the 50 

modified MCM-41 for the removal of Pb(II) from aqueous solutions. The synthesized ZnCl2-51 

MCM-41 adsorbent was then characterized using FT-IR, N2 adsorption-desorption, XRD, TEM, 52 

and SEM techniques. Furthermore, the influences of several operating parameters - such as pH, 53 

ionic strength, contact time, and temperature - on the sorption capacity of ZnCl2-MCM-41 were 54 

investigated, and the obtained results are reported. Pseudo-first-order, pseudo-second-order, 55 

Elovich, and intra-particle kinetic models were used to identify the possible mechanisms of the 56 

sorption process, and different isotherm models were used to analyze the sorption equilibrium. 57 

Thermodynamic parameters were calculated to determine the nature of the sorption process (i.e., 58 

chemisorption or physisorption). Moreover, the desorption of Pb(II) ions from the adsorbent was 59 

studied to understand the feasibility of recovering the sorbent and Pb(II) species. Finally, an 60 

industrial wastewater sample from a battery production factory was used to study the heavy 61 

metal sorption capability of ZnCl2-MCM-41 sorbent. 62 

The method of least squares is the most widely used technique for predicting the optimum 63 

isotherm, and the non-linear regression method is currently the best known way to select the 64 

optimum isotherm for experimental data. This non-linear regression method involves the step of 65 

minimizing the error distribution between the experimental data and the predicted isotherm: the 66 
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error distribution between the experimental equilibrium data and the predicted isotherms will be 67 

minimized either by minimizing the error function or by maximizing it based on the definition of 68 

the error function. In this study, all model parameters were evaluated by nonlinear regression. 69 

The optimization procedure was done by seven error functions to measure the goodness of fit, 70 

with smaller error function values indicating a better-fitting curve. The non-linear error functions 71 

employed in this study are presented in Table S1 (supplementary file). After computing these 72 

error functions for each model and calculating the sum of normalized errors (SNE), the optimum 73 

isotherm was recognized as the isotherm with the smallest SNE. The calculation method for SNE 74 

is presented in the supplementary file. 75 

2. Materials and methods 76 

2.1. Chemicals 77 

Cetyltrimethylammonium bromide (CTAB), tetraethylorthosilicate (TEOS), lead nitrate 78 

(Pb(NO3)2), ethanol, toluene absolute, zinc chloride (ZnCl2), sodium hydroxide (NaOH), and 79 

hydrochloric acid (HCl) were all supplied by Merck and used without further purification. 80 

Aqueous ammonia (25% NH3) was supplied by Fluka. 81 

2.2. Synthesis of the MCM-41 82 

2.5 g of CTAB was dissolved in 50 g of deionized water. To this surfactant solution, 16.8 g of an 83 

ammonia solution (25 wt% in water) and 60 g of ethanol were added. The solution was stirred 84 

for 15 min (300 rpm) and then 4.7 g of TEOS were added drop wise. The resulting synthesis gel, 85 

with a molar composition of TEOS: CTAB: NH3: H2O: EtOH = 1: 0.3: 11: 144: 58, was stirred 86 

for an additional 2 h at room temperature. The solid product was obtained by filtration, washed 87 

with deionized water and ethanol, dried in an oven at 353 K, calcined at 823 K for 8 h with the 88 
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heating rate of 1 °C/min, and kept at this temperature for 4 h to remove the CTAB. The outcome 89 

of this method is the unmodified version of MCM-41 (throughout this manuscript MCM-41 90 

refers to the calcined MCM-41). 91 

2.3. Synthesis of ZnCl2-MCM-41  92 

The ZnCl2-MCM-41 adsorbent was synthesized by post-synthesis method according to Jianfu et 93 

al. 16. In brief, 1.0 g of the calcined MCM-41 was added to a flask containing 50 ml of dried 94 

toluene and a specific amount of anhydrous ZnCl2. To find the maximum adsorption capacity of 95 

ZnCl2-MCM-41 adsorbent for the Pb (II) species, different amounts of ZnCl2 (0.1-1.0 g) were 96 

added to the above-mentioned solution. The mixture was stirred at 35 °C for 6 h (300 rpm). The 97 

obtained solid was filtered off, washed completely with dry toluene, and dried at 100 °C for 36 h. 98 

Dried powders were washed with 100 ml deionized water to dissolve and remove unreacted Zn2+ 99 

from mesoporous silica bulk and the filtered solution was analyzed by atomic absorption 100 

spectrophotometry (AAS) technique in order to determine the amount of ZnCl2 loaded on MCM-101 

41. The structure of ZnCl2-MCM-41 is shown in Fig. 1. 102 
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 103 

Fig. 1. Schematic structure of MCM-41 and ZnCl2-MCM-41 104 

2.4. Preparation of lead solutions 105 

A stock solution of 1.0 M Pb(II) was prepared by dissolving 33.12 g Pb(NO3)2 in 100 ml 106 

deionized water. Other concentrations, varying between 2 and 200 mg L-1, were also prepared 107 

from stock solution. The pH of the working solutions was adjusted to the desired values with 0.1 108 

M HNO3 or 0.1 M NaOH. Fresh dilutions were used for each experiment. 109 

2.5. Batch adsorption studies 110 

Batch experiments of the Pb(II) adsorption were conducted by placing 10 mg hybrid ZnCl2-111 

MCM-41 sorbent in a series of Erlenmeyer flasks containing 30 ml of the Pb(II) at the specific 112 

initial concentrations and pH. Then the contents of the flasks were magnetically stirred for a 113 

specific time at the rate of 300 rpm, with a controlled temperature during adsorption process. The 114 

residual concentration of the Pb(II) in the solution was determined by the use of an atomic 115 
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absorption emission spectrophotometer (Shimadzu AA-670). The amount of Pb(II) sorbed per 116 

gram of ZnCl2-MCM-41 was calculated according to Eq. (1): 117 

0( )e
e

C C V
q

m

−
=                                                                                                       (1) 118 

Where qe is the equilibrium Pb(II) concentration on the adsorbent (mg g-1); Ce and C0 are the 119 

equilibrium and initial lead(II) concentrations in the solution, respectively (mg L-1); V is the 120 

volume of the solution (L); and m is the mass of dry sorbent used (g). The variables that were 121 

investigated for possible effects on adsorption were pH (2-7), contact time (1-60 min), initial ion 122 

concentration (2-200 mg L-1), and temperature (20, 30, 40, and 50 °C). All samples were filtered 123 

through Whatman No. 42 filter paper and then analyzed with an atomic absorption 124 

spectrophotometer. 125 

The metal removal percentage from aqueous solution is calculated using the following equation: 126 

( ) 0

0

% 100eC C
Removal

C

−
= ×                                                                                              (2) 127 

2.6. Characterization of samples 128 

2.6.1. XRD 129 

X-ray powder diffraction patterns were recorded in the 2θ range of 1.5 to 10 deg. at 0.02 deg. 130 

steps and 0.4 [s] scan step time on a Philips Analytical X-Ray B.V. diffractometer equipped with 131 

a Cu-anode (λ = 1.54056 Å). 132 

2.6.2. Nitrogen adsorption 133 

N2 adsorption isotherms were measured at 77 K on a Micrometrics ASAP 2010 analyzer using 134 

standard, continuous procedures. Prior to measurement, all samples were degassed at 573 K for 5 135 
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h. The measurements were carried out over relative pressures ranging from ca. 10-3 to 0.995. 136 

Surface areas and pore size distribution were determined by Brunauer-Emmett-Teller (BET) and 137 

Barrett-Joyner-Halena (BJH) methods, respectively 17. 138 

2.6.3. FT-IR spectroscopy 139 

FT-IR spectra for the produced materials were recorded using a Shimadzu 4300 FT-IR 140 

spectrophotometer and a standard KBr technique in the region of 4000–400 cm-1. 141 

2.6.4. TEM and SEM 142 

Transmission electron microscopy (Leo 912 AB, Germany) was used to examine the pore array 143 

structure of the ZnCl2-MCM-41 sorbent. Scanning electron microscopy (KYKY-EM3200 Digital 144 

Scanning Electron Microscope) was used to determine the particle morphology and the particle 145 

size distribution of the synthesized materials. 146 

3. Results and discussion 147 

3.1. Adsorbent Characterization 148 

3.1.1. XRD pattern 149 

XRD patterns of mesoporous MCM-41 and ZnCl2-MCM-41 are shown in Fig. 2. There are four 150 

MCM-41 characteristic peaks at 2.32, 4.05, 4.69, and 6.20 degrees, which could be assigned to 151 

(1 0 0), (1 1 0), (2 0 0), and (2 1 0) planes, respectively. These peaks are in good agreement with 152 

the XRD patterns obtained by Savidha and Pandurangan 18. Therefore, it could be inferred that 153 

the synthesis procedure of MCM-41 in this work has been done well and the crystalline structure 154 

is as expected. The diffraction pattern of the MCM-41 indicated the possession of an ordered 155 

structure of hexagonal pore arrays. After ZnCl2 particles were dispersed into MCM-41, none of 156 
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the peaks was disappeared. Nevertheless, peak intensities of all planes of the support decreased. 157 

Moreover, a slight shift was occurred in the location of the peaks as 2.34, 4.09, 4.71, and 6.28 158 

degrees, which are related to (1 0 0), (1 1 0), (2 0 0), and (2 1 0) planes, respectively. The 159 

decrease in peak intensities after incorporation may be explained by reasoning that either: a part 160 

of the pore structure is blocked with ZnCl2 
19; or pore filling reduces the scattering contrast 161 

between the pores and walls of mesoporous silica resulting from the formation of “-O-Zn-Cl” 162 

sites inside the MCM-41 pores 20. The low intensity and peak broadening observed in the XRD 163 

pattern of ZnCl2-MCM-41 indicate that these materials are not as well ordered as MCM-41; i.e., 164 

the hexagonal array of their channels is not quite regular. It should be mentioned that no peaks 165 

were observed in the XRD pattern of ZnCl2-MCM-41 from 10 to 80 degrees, showing that all 166 

reactants were either used completely or washed off the surface and hence no unreacted ZnCl2 167 

left in the obtained sorbent 5. 168 

 169 

Fig. 2. The X-ray diffraction patterns of MCM-41 and ZnCl2-MCM-41 170 
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3.1.2. N2 adsorption-desorption isotherm 171 

The nitrogen adsorption-desorption isotherms of MCM-41 and ZnCl2-MCM-41 samples are 172 

shown in Fig. 3a and b. The isotherms of MCM-41and ZnCl2-MCM-41 corresponded to type IV 173 

based on the IUPAC classification scheme, which is characteristic of MCM-41 materials. The 174 

adsorption at low relative pressure (P/P0<0.2) increased considerably due to monolayer 175 

adsorption on the external surface. The lower adsorption volume on ZnCl2-MCM-41 indicated 176 

lower surface area. The N2 adsorption increased again before reaching a nearly constant volume 177 

in the relative pressure range of 0.2-0.4, which corresponded to nitrogen adsorption in the 178 

mesopores. As indicated in Fig. 3, the adsorption on the surface of ZnCl2-MCM-41 decreased in 179 

this range, indicating the partial blocking of mesopores by the ZnCl2 particles. The general and 180 

the main feature of adsorption isotherms on MCM-41 is a characteristic step associated with the 181 

capillary condensation in pores. It has been shown that, depending on adsorbate, pore size, and 182 

temperature, the capillary condensation desorption in MCM-41 may occur both with and without 183 

a hysteresis loop 5. For both cases, a hysteresis loop occurred in the mesopores. The specific 184 

surface areas and pore diameters of both samples are shown in Table 1. The decrease in the 185 

surface area of ZnCl2-MCM-41 indicated that ZnCl2 particles reduced the pore volume of MCM-186 

41. This may be attributed to the dispersion of ZnCl2 onto the walls of mesoporous support. In 187 

addition, the pore diameters of ZnCl2-MCM-41 calculated from the BJH equation were in the 188 

range of 25-35 Å (Figure not presented). This implies that, after ZnCl2 incorporating into MCM-189 

41 pores, the ZnCl2-MCM-41 pores are still mesoporous. The long plateau at higher relative 190 

pressures indicates that there was a slight pore filling after P/P0>0.40. Textural characteristics of 191 

prepared adsorbents were obtained from isotherms using BET and BJH methods, and the results 192 

are depicted in Table 1. The specific surface area of MCM-41 was decreased from 1169 to 754 193 
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m2 g-1 by ZnCl2 incorporation. After ZnCl2 loading, a decrease in the Vp and BJH average pore 194 

diameter was observed that can be interpreted due to the fact that the ZnCl2 particles were 195 

dispersed onto the MCM-41 mesopores channels. 196 

 197 

Fig. 3. N2 adsorption-desorption isotherm of (a) MCM-41 and (b) ZnCl2-MCM-41 198 

Table 1. Physicochemical properties of calcined and ZnCl2-loaded MCM-41 199 

samples SBET Vp dBJH davg. 
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(m2 g-1) (cm3 g-1) (nm) (nm) 

MCM-41 1169 0.97 3.25 3.55 

ZnCl2-MCM-41 754 0.58 2.86 3.15 

 200 

3.1.3. FT-IR analysis 201 

FT-IR patterns of mesoporous silica materials between 4000 and 400 cm−1 are shown in Fig. 4. 202 

Generally, the main feature of the mesoporous silica sample spectra is a large, broad band 203 

between 3200 and 3500 cm−1, which is attributed both to -OH bond stretching of the surface 204 

silanol groups, and to the remaining adsorbed water molecules. The broad absorption band at 205 

around 1030–1240 cm−1 is assigned to the Si–O–Si stretching. The spectrum for the uncalcined 206 

MCM-41 (Fig. 4a) shows a group of strong, intense bands at 3396, 2923, 2852, 1639, and 1479 207 

cm−1 and a group of bands in the region below 1400 cm−1. The bands at 3396 and 1639 cm−1 are 208 

related to the stretching and bending modes of adsorbed water molecules, while the bands at 209 

2923 and 2854 cm−1 are attributed to the stretching mode of νCH(–CH3) and νCH(–CH2–) 210 

groups, respectively. The band at 1479 cm−1 is assignable to the bending mode of δCH(–CH3) 211 

and δCH(–CH2–) groups. The group of bands observed below 1400 cm−1 is related to the 212 

framework vibration of MCM-41. For the calcined MCM-41 as shown in Fig. 4b, the band at 213 

2923, 2852 and 1479 cm−1 were disappeared, showing that the CTAB template has been 214 

removed completely after calcination. The band at 1058 cm−1 is assigned to �as(Si-O-Si); the 215 

band at 968 cm−1 is assigned to �as(Si-OH); the band at 796 cm−1 is assigned to �s(Si-O-Si); and 216 

the band at 459 cm−1 is assigned to �(Si-O-Si). The band at 1634 cm−1 and the broad absorption 217 

band centered at 3441 cm−1 are attributed to hydrogen-bonded Si-OH groups perturbed by 218 

physically adsorbed water21. For ZnCl2-MCM-41 (Fig. 4c), the absorption intensity of 3565, 219 
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1735, 1614, and 802 cm-1 bands increased and shifted toward greater wave numbers, which 220 

could be considered as evidence for the incorporation of ZnCl2 in the MCM-41 pores. Moreover, 221 

there was a change in the intensity and broadening of the 965 cm−1 band, which indicates a 222 

structural change for the surface Si–OH group due to the presence of ZnCl2 species in the MCM-223 

41 material, and might be due to the formation of a new vibration band, νas(Si–O–Zn) 5. 224 
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 225 

Fig. 4.  The FT-IR spectra of (a) uncalcined-MCM-41, (b) calcined MCM-41, and (c) ZnCl2-226 

MCM-41 227 
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3.1.4. TEM images 228 

The TEM image of ZnCl2-MCM-41 is displayed in Fig. 5. The determined-field image at high 229 

magnification of the ZnCl2-MCM-41 particles shows a mesostructure with a well-defined 230 

hexagonal arrangement of uniform pores. The pore size was estimated to be ~2.7 nm, which is in 231 

good agreement with the average pore sizes calculated by the BJH model from N2 adsorption 232 

data. The micrograph confirmed the highly ordered hexagonal arrays and one-dimensional 233 

mesoporous parallel channels. 234 

 235 

Fig. 5. The TEM image of ZnCl2-MCM-41 236 

3.1.5. SEM micrograph 237 

The representative SEM image of the ZnCl2-MCM-41 is displayed in Fig. 6. From this, it is clear 238 

that all of the ZnCl2-MCM-41 particles have an ovoid morphology without any agglomeration. 239 
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 240 

Fig. 6. The SEM micrographs for the ZnCl2-MCM-41 241 

3.2. Adsorption of Pb(II) species 242 

3.2.1. Effect of ZnCl2 loading 243 

In order to obtain the maximum adsorption capacity of Pb(II) species by ZnCl2-MCM-41 244 

sorbent, different amounts of ZnCl2 (0–7 mmol) were incorporated into 1 g of calcined MCM-41. 245 

These samples were used for Pb(II) removal while other operating parameters were kept 246 

constant. As shown in Fig. 7, the optimum adsorption was attained when 4 mmol ZnCl2 was 247 

employed for loading onto 1 g of MCM-41. Hence, the rest of the experiments were carried out 248 

with the 4 mmol g-1 ZnCl2-modified MCM-41 sorbent samples. It is worth mentioning that the 249 

Pb(II) removal efficiency of the pure MCM-41 was only about 17%, while the modified MCM-250 

41 could remove almost 97% percent of the Pb(II) ions. This significant increase in the Pb(II) 251 

removal efficiency of the modified sorbent is attributed to the formation of O-Zn-Cl binding sites 252 

by incorporating ZnCl2 into MCM-41 structure. 253 
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 254 

Fig. 7. Pb(II) removal efficiency of ZnCl2-MCM-41 as a function of ZnCl2 loading (C0=20 mg 255 

L−1, T=20 °C, pH=7, sorbent dosage=0.333 g L-1, 60 min, 300 rpm) 256 

3.2.2. Effects of contact time and initial concentration 257 

The sorption data for the uptake of Pb(II) versus contact time at different initial concentrations 258 

ranging from 2 to 200 mg L−1 are displayed in Fig. 8. It can be observed that the sorption 259 

capacity increased with time and then reached a constant value where no more metal was 260 

removed from the solution. At this point, the amount of Pb(II) being sorbed by the sorbent was in 261 

a state of dynamic equilibrium with the amount of Pb(II) desorbed from the sorbent. The 262 

required contact time for Pb solutions with initial concentrations of 2 to 200 mg L−1 to reach 263 

equilibrium was approximately 30 min. Therefore, it can be deduced that the equilibrium time 264 

was virtually independent of initial lead concentration. This is because the large pores of the 265 

sorbent allow lead species to move through the pores easily and readily access the active binding 266 

sites of the sorbent. It was observed that the Pb(II) removal varied with variations in the initial 267 

metal concentration. The removal of lead was found to be dependent on the initial concentration; 268 

the adsorbed amount increased with increases in the initial concentration. In addition, the 269 

adsorption was fast in the early stages, and then attained an asymptotic value for longer contact 270 

times. The initial rate of sorption was greater due to higher initial lead concentration; in other 271 
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words, the resistance to the metal uptake decreased as the mass transfer driving force increased. 272 

Equilibrium uptake increased with the increase of initial metal concentration at the range of 273 

experimental concentration. This is due to the increase in the driving force - i.e., the 274 

concentration gradient. It is also noticed that an increase in the initial lead concentration led to a 275 

decrease in the metal removal percentage. This effect can be explained as follows: at low 276 

metal/sorbent ratios, there are a number of sorption sites in ZnCl2-MCM-41 structure, but as the 277 

metal/sorbent ratio increases, sorption sites become saturated, resulting in decreases in the 278 

sorption efficiency. 279 

 280 

Fig. 8. Effect of contact time and initial concentration on the adsorption of Pb(II) onto ZnCl2-281 

MCM-41 (T=20 °C, pH=7, sorbent dosage=0.333 g L-1, 300 rpm) 282 

 283 
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3.2.3. Effect of temperature 284 

Fig. 9 shows the amount of lead sorbed versus time at different temperatures. Experimental 285 

results showed that the adsorption of Pb(II) ions onto ZnCl2-MCM-41 was significantly 286 

dependent on the temperature until the contact time of 30 min. The adsorption of Pb(II) onto 287 

ZnCl2-MCM-41 at different temperatures showed a decrease in the adsorption capacity with an 288 

increase in temperature. As temperature increased from 20 to 50 °C for the equilibrium time, 30 289 

min, the sorption amount decreased from 58.08 to 54.18 mg g-1 for Pb(II). These results 290 

indicated the exothermic nature of Pb(II) sorption onto ZnCl2-MCM-41 pores. The decrease in 291 

the sorption of Pb(II) ions resulting from an increase in temperature may be due to an increasing 292 

tendency to desorb metal ions from the interface to the solution. Aksu and Kutsal 22 have 293 

commented that the thickness of the boundary layer decreases at relatively high temperatures, 294 

due to the increased tendency of the metal ion to escape from the adsorbent surface to the 295 

solution phase, which results in a decrease in adsorption. 296 

As it is evident from Fig. 9, the maximum adsorption capacity is achieved at 20 °C. Therefore, 297 

the optimum temperature was selected as 20 °C for further sorption experiments. 298 

 299 
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Fig. 9. Effect of contact time and temperature on the sorption of Pb(II) onto ZnCl2-MCM-41 300 

(C0=20 mg L-1; pH=7 ; Sorbent dosage=0.333 g L-1; 300 rpm) 301 

3.2.4. Effect of pH 302 

The pH parameter has been identified as one of the most influential parameters on metal 303 

sorption, and it strongly influences hydrolysis, complexation by organic and/or inorganic ligands, 304 

redox reactions, and precipitation, as well as the speciation and adsorption availability of heavy 305 

metals 23. Additionally, pH is directly related to hydrogen ions’ ability to compete with metal 306 

ions to occupy active sites on the sorbent surface 24. Several experiments were performed to 307 

optimize the pH of the solution for maximum Pb(II) adsorption by ZnCl2-MCM-41. The initial 308 

solution pH was varied at the range of 2–7 in order to avoid precipitation of lead in the form of 309 

metal hydroxides and hydrolytic action from metal ions 25, and as pH increased from 2 to 7, the 310 

removal of Pb(II) increased from 72.46 to 97.24% (Fig. 10). Lead speciation is great concern in 311 

the studies associated with the effect of initial pH of solution. It is known that lead species are 312 

present in the forms of Pb2+, Pb(OH)+, Pb(OH)�
�, Pb(OH)

�, and Pb(OH)�
��at different pH values 313 

(Fig. S1) 26. Fig. S1 shows that the predominant speciation of lead ions at pH values higher than 314 

7 is Pb(OH)2 and therefore in that pH range precipitation occurs. In order to prevent lead 315 

precipitation, the pH range of 2-7 was selected for this study. According to the well-known 316 

speciation of lead in aqueous solutions, the predominant ionic form at pH<6 is Pb2+. However, at 317 

low pH levels, the large amount of H+ ions could compete with the Pb2+ ions for the binding 318 

sites, resulting in low Pb(II) adsorption. 319 

By increasing the pH, the effect of H+ competition was decreased, which made the binding sites 320 

more accessible to Pb(II) ions. In addition, increasing the pH caused the negative charges on the 321 

surface of the adsorbent to increase due to deprotonation of active binding sites. Hence, the 322 

Page 21 of 39 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



21 
 

electrostatic attraction between ZnCl2-MCM-41 and Pb(II) was enhanced, further increasing the 323 

amount of Pb(II) adsorption. At pH 7-10, the main species of lead are Pb(OH)+ and Pb(OH)�
�, 324 

and thus the removal of lead is possibly accomplished by the simultaneous precipitation of 325 

Pb(OH)�
� and sorption of Pb(OH)+. Consequently, this condition is often not desirable. 326 

Nevertheless, almost 97 percent of lead ions are adsorbed on ZnCl2-MCM-41 at pH 7, and 327 

thereby it is impossible to form precipitation because of the very low concentration of remaining 328 

lead in the solution. Therefore, pH 7 was selected as the optimum condition for the sorption of 329 

Pb(II) on ZnCl2-MCM-41. At pH values greater than 10, the predominant lead species are 330 

Pb(OH 0
2) and Pb(OH 3)− , which are difficult to adsorb on the negatively charged surface of the 331 

adsorbent 27. (Effect of pH on Pb(II) sorption at C0 = 50 mg L-1 has been presented in Fig. S2) 332 

 333 

Fig. 10. The effect of pH on the adsorption of Pb(II) ions onto ZnCl2-MCM-41 (C0=20 mg L-1 334 

;T=20 °C; Sorbent dosage=0.333 g L-1; 300 rpm) 335 
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3.2.5. Effect of sorbent dosage 336 

The sorption capacity (mg g-1) and sorption efficiency (%) of ZnCl2-MCM-41 for Pb(II) ions as a 337 

function of sorbent dosage was investigated (Fig. 11). The percentage of the sorption increased 338 

from 96.7% to 99.9% as the sorbent concentration was increased from 0.01 to 0.05 g (30 ml)-1 339 

solution. This is because of the availability of more binding sites, resulting in greater access to 340 

the sorption sites for Pb(II) ions. Further increases in the sorbent concentration did not cause 341 

significant improvement in sorption capacity. This may be due to the binding of almost all ions 342 

to the sorbent, as well as the establishment of equilibrium between the ions bound to the sorbent 343 

and those remaining unsorbed in the solution. The maximum sorption was found to be 99.9% at a 344 

ZnCl2-MCM-41 concentration of 0.05 g (30 ml)-1 solution. On the other hand, the adsorption 345 

capacity of Pb(II) on ZnCl2-MCM-41 decreased gradually with the increase of sorbent dosage. 346 

At low adsorbent content, all kinds of surface sites are entirely exposed for adsorption and the 347 

surface reaches saturation faster, resulting in a higher adsorption capacity. However, at higher 348 

sorbent concentrations the availability of higher energy sites decreases as a larger fraction of 349 

lower energy sites is occupied, leading to a lower adsorption capacity 28. Since the lead removal 350 

percentage did not change drastically by increasing the sorbent dosage, while the adsorption 351 

capacity diminished tremendously, 0.01 g (30 ml)-1 was selected as the optimum sorbent dosage 352 

for the rest of the experiments. 353 
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 354 

Fig. 11. Adsorption of Pb(II) on ZnCl2-MCM-41 as a function of sorbent dosage (C0 = 20 mg L-355 

1, T=20 °C, pH=7, 60 min, 300 rpm) 356 

3.2.6. Influence of ionic strength 357 

The influence of ionic strength on the adsorption of Pb(II) onto ZnCl2-MCM-41 is shown in Fig. 358 

12. As can be seen, the adsorption of Pb(II) onto ZnCl2-MCM-41 was clearly affected by ionic 359 

strength. The adsorption decreased steeply with increasing NaNO3 concentration, which suggests 360 

that sodium ions greatly affected Pb(II) adsorption. With increasing Na+ concentration in the 361 

solution, competition between Pb(II) and Na+ for adsorption on the ZnCl2-MCM-41surface 362 

increases, and thereby the adsorption of Pb(II) on ZnCl2-MCM-41 decreases. Furthermore, the 363 

Na+ in solution may influence the double layer thickness and interface potential, and thereby 364 

affect the binding of the adsorbed species. Ion exchange and outer-sphere complexes are affected 365 

by the variations of ionic strength more easily than are inner sphere complexes, since the 366 

background electrolyte ions are placed in the same plane as outer-sphere complexes. 367 
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 368 

Fig. 12. Influence of ionic strength on the adsorption of Pb(II) onto ZnCl2-MCM-41 (C0=20 mg 369 

L-1, T=20 °C, pH=7, sorbent dosage=0.333 g L-1, 60 min, 300 rpm) 370 

 371 

3.3. Adsorption kinetics 372 

To evaluate the adsorption kinetics of Pb(II) ions, four different kinetic models were applied to 373 

the experimental data: (1) the pseudo-first order model, (2) the pseudo-second order model, (3) 374 

the Elovich model, and (4) the intra-particle diffusion model. Table 2 shows the equations 375 

associated with these models. The parameters of the models were calculated by linear and non-376 

linear (using Excel Add-in Solver) regression methods separately. In this study, the coefficient of 377 

determination (R2) was used to find the best-fitting kinetic and isotherm models for the 378 

experimental data: 379 

( )
( ) ( )

2

2

2 2

m e

m e m e

q
R

q q q

q

q

−
=

− + −

∑
∑ ∑

                                                                               (3) 380 

where qm is the equilibrium capacity obtained from the model, qe is the equilibrium capacity 381 

obtained from experimental data, and ��� is the average of qe. 382 
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All kinetic parameters and correlation coefficients are listed in Table 3. As can be seen, the 383 

pseudo-second order model had the highest R2 value at all Pb(II) initial concentrations in both 384 

linear and non-linear regression methods. This model assumes that the rate limiting step in the 385 

adsorption of Pb(II) species is chemisorption, involving valence forces through the sharing or 386 

exchange of electrons between lead ions and active binding sites on the sorbent surface. For all 387 

kinetic models, the results obtained from linear regression differ from the results from non-linear 388 

regression, especially for the pseudo first-order model. This difference shows that linearization 389 

changed the error structure of models and verifies that it is inappropriate to use the coefficient of 390 

determination of a linear regression analysis for comparing the best-fitting solution of different 391 

isotherms. Detailed explanations about linear and non-linear regression are presented in our 392 

previous study 29. For all models, the calculated qe values are not completely consistent with the 393 

experimental data. The R2 value of intra-particle diffusion was less than the R2 values in other 394 

models, which verifies that the diffusion through the sorbent pores is not the rate-limiting step. In 395 

fact, the uniform, regular, and large pores of ZnCl2-MCM-41 allow lead ions to move easily 396 

through the pores to access the binding sites without any diffusivity barrier. The Elovich 397 

equation does not provide any mechanistic evidence in this study, although previous work has 398 

proved that it is suitable for highly heterogeneous systems 29. Consequently, the inability of the 399 

Elovich equation to describe the Pb(II) sorption process of the ZnCl2-MCM-41 sorbent confirms 400 

that the sorption system of this study is homogeneous. A comparison of the different kinetic 401 

models for the adsorption of Pb(II) onto ZnCl2-MCM-41 at different initial concentrations is 402 

illustrated in Fig. 13. 403 

Table 2. Equations of the kinetic models 404 

Model Equation Reference 
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Pseudo-first order ( ) 1  e t eln q q lnq k t− = −  30 

Pseudo-second order 2
2

1

t e e

t t

q k q q
= +  31 

Elovich ( ) ( )1 1
ln lntq ab t

b b

   = +   
   

 32 

Intra-particle Diffusion 1/2    t id iq k t c= +  33 

 405 

Table 3. Parameters of the kinetic models for Pb(II) adsorption onto ZnCl2-MCM-41 (C0=50, 406 

100, and 200 mg L-1, T=20 °C, pH=7, sorbent dosage=0.333 g L-1, 300 rpm) 407 

Kinetic model Model parameters Linear regression Non-linear regression 

50 100 200 50 100 200 

Pseudo-first 

order 

,e measq (mg g-1) 

,modele
q (mg g-1) 

1
1(min )k −  

2R  

145.8 

35.3 

0.186 

0.9858 

287.1 

74.6 

0.223 

0.9927 

552.4 

110.8 

0.244 

0.9875 

145.8 

144.3 

0.791 

0.8909 

287.1 

284.4 

0.743 

0.9509 

552.4 

548.6 

0.929 

0.9255 

Pseudo-second 

order 

,e measq  (mg g-1) 

,modele
q (mg g-1) 

2k  (g mg-1 min-1) 

2R  

145.8 

149.2 

0.013 

0.9999 

287.1 

294.1 

0.007 

0.9999 

552.4 

555.6 

0.005 

0.9999 

145.8 

148.1 

0.013 

0.9986 

287.1 

294.5 

0.0057 

0.9880 

552.4 

561.3 

0.0047 

0.9916 

Elovich a 810−× (g mg-1 min-1) 

b (mg g-1) 

2R  

0.011 

0.101 

0.9207 

0.047 

0.045 

0.8549 

2.14 

0.034 

0.8591 

0.011 

0.101 

0.9036 

0.022 

0.042 

0.8481 

0.785 

0.032 

0.8499 

Intra-particle 
idk (mg g-1 min-1/2) 6.06 13.2 17.5 6.5 15.9 21.1 
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Diffusion 
ic (mg g-1) 

2R  

116.6 

0.7921 

224.7 

0.7092 

469.9 

0.7071 

114.1 

0.7933 

212.6 

0.7369 

453.9 

0.7381 

 408 

 409 

Fig. 13. Comparison of different kinetic models for Pb(II) adsorption onto ZnCl2-MCM-41 at 410 

three different initial concentrations (a) C0=50 mg L-1, (b) C0=100 mg L-1, and (c) 200 mg L-1 411 

(T=20 °C, pH=7, sorbent dosage=0.333 g L-1, 300 rpm) 412 

 413 

3.4. Adsorption isotherm 414 

Three isotherms, namely the Langmuir, Freundlich, and Redlich-Peterson (R-P) models, were 415 

fitted to the experimental data to find out more details about the process. These details include 416 

maximum theoretical adsorption capacity, process mechanism, physisorption or chemisorption, 417 

and monolayer or multilayer adsorption, to name a few. To make a comparison, the isotherm 418 
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parameters were calculated by linear and nonlinear regression methods. All isotherm equations 419 

and their linearized forms are presented in Table S2. 420 

3.4.1. Linear regression 421 

Linear regression using the method of least squares is the most commonly-used method in 422 

determining isotherm parameters. The best-fit isotherm was selected based on the coefficient of 423 

determination that produced the minimum error distribution between the predicted and 424 

experimental isotherms. The Freundlich, Langmuir, and Redlich-Peterson constants can be 425 

obtained from the slope and intercept of the plots between ln(qe) versus ln(Ce), Ce/qe versus Ce, 426 

and ln(ACe/qe-1) versus ln(Ce), respectively. In the case of the Redlich-Peterson isotherm, the 427 

constant A was obtained by maximizing the R2 value using a trial and error method in the solver 428 

add-in function of Microsoft Excel, Microsoft Corporation. The calculated isotherm parameters 429 

at the studied solution conditions, and the corresponding R2 values, are shown in Table 4. The R2 430 

values were lower for the Freundlich isotherm, which suggests that this isotherm cannot 431 

appropriately represent the uptake of Pb(II) by ZnCl2-MCM-41 particles. In contrast, the very 432 

higher R2 values for both the Langmuir and the Redlich-Peterson isotherms suggest that these 433 

two models can be used for explaining the equilibrium Pb(II) uptake. The Redlich-Peterson 434 

isotherm is a hybrid of the Langmuir and Freundlich isotherms into a single equation. Two 435 

limiting behaviors exist: the Langmuir form for m=1 and Henry’s law form for m=0. The m 436 

value was 0.693, which indicates that the number of homogeneous active sites on ZnCl2-MCM-437 

41 was higher than the number of heterogeneous ones. In fact, the higher R2 value of the R-P 438 

isotherm denotes that both the Langmuir and Freundlich isotherms can describe this sorption 439 

process, but most of Pb(II) sorption onto ZnCl2-MCM-41 takes place according to the 440 

assumptions of the Langmuir isotherm. The Freundlich model proposes an adsorption with a 441 

Page 29 of 39 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



29 
 

heterogeneous energetic distribution of active sites, accompanied by interactions between 442 

adsorbed molecules. The Langmuir model suggests that the uptake occurs on a homogeneous 443 

surface through monolayer sorption without interaction between adsorbed molecules 35. Thus, 444 

according to a linear regression method, most of the Pb(II) uptake is due to monolayer coverage 445 

of solute species onto the surface of ZnCl2-MCM-41. Fig. S1 illustrates the linear behavior of 446 

these three isotherm models. 447 

Table 4. The isotherm parameters for the sorption of Pb(II) onto ZnCl2-MCM-41 obtained by 448 

linear regression method (T=20 °C, pH=7, sorbent dosage=0.333 g L-1, 60 min, 300 rpm) 449 

Freundlich  Langmuir  Redlich-Peterson 

fK  1/ n  2R   
mq  aK  2R   A  B  m  2R  

49.4 0.546 0.9674  454.5 0.110 0.9947  71.3 0.481 0.693 0.9964 

 450 

3.4.2. Non-linear regression 451 

The Freundlich, Langmuir, and Redlich-Peterson isotherm constants and error values were 452 

determined by a non-linear regression method based on different error functions. These data are 453 

presented in Table S3. For each isotherm, seven sets of error functions with model parameters 454 

were calculated, and then the SNE value of each set was computed. The lowest SNE value 455 

indicates the best set of error functions. The SRE, χ2, and ARE sets were obtained as the optimum 456 

sets of error functions for the Freundlich, Langmuir, and Redlich-Peterson isotherms, 457 

respectively. The optimum sets of the Freundlich and Langmuir models do not have higher R2 458 

values than the other sets. Therefore, it is not appropriate to use the coefficient of determination 459 

(R2) for comparing the best-fitting isotherms. The parameters obtained by linear regression differ 460 

from the non-linear parameters (in the optimum set), especially for the R-P isotherm. This 461 
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difference verifies that the non-linear method is a better way to obtain the isotherm parameters,  462 

since the linearization of non-linear experimental data may distort the error distribution structure 463 

of an isotherm 17. Fig. S3 presents the Langmuir, Freundlich, and R-P isotherms’ deviations from 464 

experimental data. A comparison  of  monolayer  maximum  adsorption  capacities  (qmax)  of  465 

some  adsorbents  for  Pb(II) removal  from  aqueous  solution were listed in Table S4. 466 

3.5. Sorption nature 467 

In addition to the studied isotherms mentioned previously, the equilibrium data were analyzed by 468 

the Dubinin-Radushkevitch (D-R) isotherm model to determine whether the adsorption process 469 

is physical or chemical. The linear form of the D-R isotherm equation is 5: 470 

2   e mlnq lnq βε= −                                                                                                                (6)                                                                  471 

where qe is the amount of adsorbate per unit weight of sorbent (mol g−1), qm is the maximum 472 

sorption capacity (mol g−1), β is the activity coefficient related to sorption mean free energy 473 

(mol2 J−2), and ε is the Polanyi potential (� = ����(1 + 1/��)). The D-R model parameter 474 

values are given in Table 5. The mean free energy (E; kJ mol−1) is defined as follows: 475 

1
      

2
E

β
=

−
                                                                                                                   (7) 476 

The E (kJ mol−1) value presents information about the adsorption mechanism, describing 477 

whether it is occurring physically or chemically. A mean free energy between 8 and 16 kJ mol−1 478 

denotes that an adsorption process takes place chemically, while  E<8 kJ mol−1 shows that an 479 

adsorption process proceeds physically. The mean sorption energy was determined as 8.68 kJ 480 

mol−1 for the sorption of Pb(II). This result suggests that the sorption process of Pb ions onto 481 

ZnCl2-MCM-41 may be carried out by a chemical mechanism 7. However, because of the small 482 
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difference between 8 and 8.68 kJ mol-1, it could be said that Pb(II) adsortion onto ZnCl2-MCM-483 

41 might be carried out by a physico-chemical mechanism. 484 

 485 

 486 

Table 5. The D-R isotherm linear equations and parameters for the adsorption Pb(II) onto ZnCl2-487 

MCM-41 (T=20 °C, pH=7, sorbent dosage=0.333 g L-1, 60 min, 300 rpm) 488 

lnqm  β (mol2 J−2) E (kJ mol−1) R2 

-5.63 6.64 ×10-9 8.68 0.9845 

 489 

3.6. Thermodynamic study of the adsorption process 490 

Thermodynamic parameters can be determined using the equilibrium constant (K=qe/Ce), 491 

depending on temperature. The Gibbs free energy change (∆Gº) is the fundamental criterion of 492 

spontaneity. Reactions occur spontaneously at a given temperature if ∆Gº has a negative 493 

quantity. The changes in free energy (∆Gº), enthalpy (∆Hº), and entropy (∆Sº) associated with 494 

the adsorption process were calculated using the following equations29: 495 

lnG RT KΟ∆ = −                                                                                                            (4) 496 

ln
S H

K
R RT

Ο Ο∆ ∆
= −                                                                                                       (5) 497 

The plot of ln K versus 1/T provides the numerical values of ∆Hº and ∆Sº from slope and 498 

intercept, respectively (Fig. 14). The values obtained from Eqs. (4) and (5) are tabulated in Table 499 

6. A negative value for the standard enthalpy change shows that the adsorption is exothermic. 500 
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The results indicate that the adsorption of Pb(II) onto ZnCl2-MCM-41 was favored at low 501 

temperatures and blocked at high temperatures. The negative values of ∆Gº indicate that the 502 

adsorption process had a spontaneous nature. In addition, the negative value of the entropy 503 

change (∆Sº) implies that some structural changes occurred in sorbate and sorbent during the 504 

adsorption process, which led to a decrease in the disorderedness of the solid-solution system. 505 

The thermodynamic analysis derived from temperature-dependent adsorption isotherms shows 506 

that the adsorption process of Pb(II) onto ZnCl2-MCM-41 was spontaneous and exothermic. As 507 

the initial concentration of Pb(II) increased from 20 to 200 mg L-1, the free energy change shifted 508 

to lower negative values for all studied temperatures. This demonstrates that the adsorption was 509 

more spontaneous at low concentrations. From Table 6, it is worth mentioning that the ∆Hº, ∆Sº 510 

and ∆Gº obtained at variable initial Pb(II) concentrations are different. The enthalpy change 511 

(∆Hº) varied from -29.4 to -10.1 kJ mol-1 in the Pb(II) concentration range of 20–200 mg L-1 512 

while the entropy change (∆Sº) varied from −63.39 to −4.88 J mol-1 K-1. The decrease in 513 

enthalpy was in conformity with the exothermic and spontaneous nature of the adsorption 514 

process. The distribution of Pb(II) ions in the solution is by nature more chaotic than the 515 

distribution of the Pb(II) ions bound to the ZnCl2-MCM-41 surface, so the binding of Pb(II) ions 516 

onto the sorbent surface resulted in a net decrease in entropy. Overall, the values of ∆Hº, ∆Sº, 517 

and ∆Gº obtained at variable initial Pb(II) concentrations were different, especially in the case of 518 

higher initial Pb(II) concentrations. 519 
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 520 

Fig. 14. Plot of ln KD versus 1/T for the determination of thermodynamic parameters 521 

 522 

 523 

Table 6. Thermodynamic parameters for the sorption of Pb(II) onto ZnCl2-MCM-41 524 

0C  (mg g 1− ) 

G∆ ° (kJmol-1) H∆ °  

(kJ mol-1) 

S∆ °  

(J mol-1 K-1) 20 C°  25 C°  35 C°  50 C°  

20 -10.91 -10.09 -9.46 -9.02 -29.4 -63.39 

50 -10.76 -10.05 -9.43 -8.90 -28.9 -62.32 

100 -10.12 -9.56 -9.22 -8.70 -23.7 -46.29 

200 -8.67 -8.62 -8.53 -8.54 -10.1 -4.88 

 525 

3.7. Adsorbent regeneration and lead recovery 526 

Desorption of the adsorbed Pb(II) ions from ZnCl2-MCM-41 using different concentrations of 527 

HNO3 was studied. For these studies, different volumes of HNO3 were used for regenerating 10 528 

mg of the wasted ZnCl2-MCM-41 adsorbent. The effect of using various volumes of different 529 

concentrations of HNO3 as eluent was investigated in the range of 3-10 mL, the results of which 530 
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are tabulated in Table 7. The highest recovery for Pb(II) ions was found to be 95% through the 531 

use of 10 mL of 1.0 M HNO3. Furthermore, the adsorbents regenerated by different volumes of 532 

1.0 M HNO3 were utilized for the uptake of Pb species from 20 mg L-1 Pb(II) solution. This 533 

assessment shows that the synthesized sorbents were effectively capable of being regenerated 534 

and reutilized, which is of extreme importance in industrial applications. The evaluation of 535 

removal efficiency after regenerating the sorbents by HNO3 is also presented in Table 7. 536 

 537 

 538 

Table 7. Adsorbent regeneration, Pb(II) recovery, and evaluation of removal efficiency after 539 

regeneration by nitric acid 540 

Volume HNO3 (M) Pb(II) recovery (%) Pb(II) removal after regeneration by 

different volumes of 1.0 M HNO3 (%) 
0.3 M 0.5 M 0.8 M 1.0 M 

3 mL 47 52 61 68 62 

5 mL 49 57 66 73 68 

8 mL 56 68 78 91 76 

10 mL 72 83 90 95 87 

 541 

3.8. Adsorption ability of ZnCl2-MCM-41 for an industrial wastewater sample 542 

To examine the performance of ZnCl2-MCM-41 for the removal of Pb(II) ions in the presence of 543 

other cations, the sorbent was added to a 50 mL sample of wastewater from a battery production 544 

factory. The sample consists of different heavy metals such as Pb(II), Ni(II), Fe(III), Cr(III), and 545 

Zn(II), with different initial concentrations. The results obtained at pH 7, 20 °C, 60 min, and a 546 

stirring rate of 300 rpm are listed in Table 8. The results showed that 0.333 g L-1 of sorbent can 547 
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remove Pb(II) and Fe(III) completely. Moreover, these results illustrated that ZnCl2-MCM-41 548 

sorbent is capable of considerably adsorbing all contaminants. According to the outcome of these 549 

tests, it can be concluded that ZnCl2-MCM-41 is an effective sorbent for removing a number of 550 

heavy metals from aqueous solution. 551 

 552 

 553 

 554 

Table 8. Heavy metal uptake from an industrial wastewater sample onto ZnCl2MCM-41 555 

Heavy metal Initial concentration  (µg L-1) Removal (%) 

Pb(II) 7540 100  

Ni(II) 0.575 89.6 

Fe(III) 0.76 100  

Cr(III) 0.15 91.3 

Zn(II) 0.69 88.4 

 556 

4. Conclusion 557 

The present study shows that ZnCl2-MCM-41 is an effective adsorbent for the removal of Pb(II) 558 

ions from aqueous solutions. The SEM and TEM images show that the new synthesized sorbent 559 

particles have a spherical morphology with no agglomeration. Other characterization tests 560 

indicate that the porosity of particles after modification was preserved. However, the regularity 561 

of crystalline structure, surface area, pore volume, and pore diameter was reduced. The 562 

adsorption process was a function of ZnCl2 loading, the solution pH, temperature, adsorbent 563 
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dose, initial metal concentration, and agitation time. The optimum conditions for the lead 564 

removal by ZnCl2-MCM-41 were 4 mmol ZnCl2 per gram of MCM-41, pH=7, 20 °C, and 0.01 g 565 

(30 ml)-1 adsorbent dose. Equilibrium was achieved practically in 30 min, but the experiments 566 

were done for 1 h to ensure equilibrium. The Freundlich, Langmuir, and Redlich-Peterson 567 

isotherms were fitted to the equilibrium sorption data by linear and non-linear regression 568 

methods in the following order, according to the SNE values: Redlich-Peterson> Langmuir> 569 

Freundlich. According to the analysis results, the non-linear regression method has smaller 570 

deviations from the experimental data. Adsorption kinetics followed the pseudo-second order 571 

kinetic model. Moreover, the inability of the Elovich equation to describe the sorption process 572 

denotes that this process was homogeneous. The influence of ionic strength on the adsorption of 573 

Pb(II) onto ZnCl2-MCM-41 showed that this sorbent was to some degree tolerant against the 574 

interference of other ions. The obtained values of ∆Hº, ∆Gº, and ∆Sº indicate that the process 575 

was exothermic, spontaneous, and eventually of decreased randomness. Finally, desorption 576 

studies using different concentrations of HNO3 and the adsorption of heavy metals from an 577 

industrial wastewater sample demonstrated the feasibility of using this adsorbent for industrial 578 

applications. 579 
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