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Abstract

A new hybrid nanostructured sorbent ZnCl,-MCM-41, was synthesized by a post-synthesis
method in toluene as the solvent. To characterize the sorbent, a number of methods were applied,
including X-ray diffraction (XRD), nitrogen adsorption-desorption isotherm, Fourier transform
infrared spectroscopy (FT-IR), transmission electron microscopy (TEM), and scanning electron
microscopy (SEM). Characterization demonstrated that sorbent particles are of semi-spherical
shape, nanostructured with a 754 m”g”' surface area and a 2.86 nm pore diameter. The Pb(II)
removal depended on several parameters, including the pH of solution, temperature, initial Pb(II)
concentration, sorbent dosage, ionic strength, and the amount of ZnCl, loaded on the MCM-41

surface. The results showed that the pseudo-second-order model describes the kinetic of sorption

* Corresponding author: Tel/Fax:+985118816840
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better than the pseudo-first-order model. The adsorption continuously increased in the pH range
of 2.0-7.0, beyond which the adsorption could not be carried out due to the precipitation of the
metal ions. The adsorbent had a considerably high Langmuir monolayer capacity of 479 mg g'l.
The adsorption process was exothermic at ambient temperature and the computation of the

parameters AG°®, AH®, and AS° indicated the interactions to be thermodynamically favorable.

Keywords: Nanostructured sorbent; ZnCl,-MCM-41; Pb(Il) Removal; Isotherm; Kinetic,

Adsorption.
1. Introduction

Heavy metals are toxic, non-biodegradable, and have a tendency to accumulate in living
organisms, causing a number of health problems including various diseases and disorders.
Different methods have been developed to remove toxic heavy metals from wastewater —
namely, chemical oxidation/reduction, precipitation, ion exchange, electrochemical processes,
membrane filtration, and reverse osmosis '. These methods are, in general, expensive and
potentially risky due to the possibility of generating hazardous by-products, so such methods are
not suitable for small-scale industries » °. However, another approach — adsorption - is widely
used for metal ion removal because it is simple to operate, cost effective, and has an efficient
removal capacity’®. Different adsorbents such as carbon nanotubes ’, mesoporous silica (SBA-

1

15) *, biomass °, and Zeolite '° have been used for the adsorption of Pb(Il) from aqueous

solutions. Additionally, mesoporous silica materials have received considerable attention

because of their exceptionally large surface area and well-defined pore size and pore shape ' '%.

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

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

13, 14

mild acidic properties . In the previous study >, MCM-41 materials were modified by ZnCl,
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particles in order to remove Hg(Il) species from aqueous solutions. This study showed that the
adsorption capacity of the ZnCl,-MCM-41 sorbent for Hg(Il) removal from aqueous solutions
was sufficiently high (204.1 mg g'l) for justifying future research. In addition, Boudrahem et al.
15 observed that ZnCl,-activated carbon is an effective adsorbent for the removal of Pb ions from
aqueous solutions. However, to the extent of our knowledge, the ability of ZnCl,-MCM-41 to

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

The main purpose of this study was to modify synthesized MCM-41 with ZnCl, and apply the
modified MCM-41 for the removal of Pb(Il) from aqueous solutions. The synthesized ZnCl,-
MCM-41 adsorbent was then characterized using FT-IR, N, adsorption-desorption, XRD, TEM,
and SEM techniques. Furthermore, the influences of several operating parameters - such as pH,
ionic strength, contact time, and temperature - on the sorption capacity of ZnCl,-MCM-41 were
investigated, and the obtained results are reported. Pseudo-first-order, pseudo-second-order,
Elovich, and intra-particle kinetic models were used to identify the possible mechanisms of the
sorption process, and different isotherm models were used to analyze the sorption equilibrium.
Thermodynamic parameters were calculated to determine the nature of the sorption process (i.e.,
chemisorption or physisorption). Moreover, the desorption of Pb(II) ions from the adsorbent was
studied to understand the feasibility of recovering the sorbent and Pb(II) species. Finally, an
industrial wastewater sample from a battery production factory was used to study the heavy

metal sorption capability of ZnCl,-MCM-41 sorbent.

The method of least squares is the most widely used technique for predicting the optimum
isotherm, and the non-linear regression method is currently the best known way to select the
optimum isotherm for experimental data. This non-linear regression method involves the step of

minimizing the error distribution between the experimental data and the predicted isotherm: the
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error distribution between the experimental equilibrium data and the predicted isotherms will be
minimized either by minimizing the error function or by maximizing it based on the definition of
the error function. In this study, all model parameters were evaluated by nonlinear regression.
The optimization procedure was done by seven error functions to measure the goodness of fit,
with smaller error function values indicating a better-fitting curve. The non-linear error functions
employed in this study are presented in Table S1 (supplementary file). After computing these
error functions for each model and calculating the sum of normalized errors (SNE), the optimum
isotherm was recognized as the isotherm with the smallest SNE. The calculation method for SNE

is presented in the supplementary file.

2. Materials and methods

2.1. Chemicals

Cetyltrimethylammonium bromide (CTAB), tetraethylorthosilicate (TEOS), lead nitrate
(Pb(NO3),), ethanol, toluene absolute, zinc chloride (ZnCl,), sodium hydroxide (NaOH), and
hydrochloric acid (HCI) were all supplied by Merck and used without further purification.

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

2.2. Synthesis of the MCM-41

2.5 g of CTAB was dissolved in 50 g of deionized water. To this surfactant solution, 16.8 g of an
ammonia solution (25 wt% in water) and 60 g of ethanol were added. The solution was stirred
for 15 min (300 rpm) and then 4.7 g of TEOS were added drop wise. The resulting synthesis gel,
with a molar composition of TEOS: CTAB: NH3: H20: EtOH = 1: 0.3: 11: 144: 58, was stirred
for an additional 2 h at room temperature. The solid product was obtained by filtration, washed

with deionized water and ethanol, dried in an oven at 353 K, calcined at 823 K for 8 h with the
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heating rate of 1 °C/min, and kept at this temperature for 4 h to remove the CTAB. The outcome
of this method is the unmodified version of MCM-41 (throughout this manuscript MCM-41

refers to the calcined MCM-41).
2.3. Synthesis of ZnCl,-MCM-41

The ZnCl,-MCM-41 adsorbent was synthesized by post-synthesis method according to Jianfu et
al. '° In brief, 1.0 g of the calcined MCM-41 was added to a flask containing 50 ml of dried
toluene and a specific amount of anhydrous ZnCl,. To find the maximum adsorption capacity of
ZnCl,-MCM-41 adsorbent for the Pb (II) species, different amounts of ZnCl, (0.1-1.0 g) were
added to the above-mentioned solution. The mixture was stirred at 35 °C for 6 h (300 rpm). The
obtained solid was filtered off, washed completely with dry toluene, and dried at 100 °C for 36 h.
Dried powders were washed with 100 ml deionized water to dissolve and remove unreacted Zn*"
from mesoporous silica bulk and the filtered solution was analyzed by atomic absorption
spectrophotometry (AAS) technique in order to determine the amount of ZnCl, loaded on MCM-

41. The structure of ZnCl,-MCM-41 is shown in Fig. 1.
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ZnCl,-MCM-41

Fig. 1. Schematic structure of MCM-41 and ZnCl,-MCM-41

2.4. Preparation of lead solutions

A stock solution of 1.0 M Pb(Il) was prepared by dissolving 33.12 g Pb(NOs), in 100 ml
deionized water. Other concentrations, varying between 2 and 200 mg L™, were also prepared
from stock solution. The pH of the working solutions was adjusted to the desired values with 0.1

M HNOj; or 0.1 M NaOH. Fresh dilutions were used for each experiment.
2.5. Batch adsorption studies

Batch experiments of the Pb(Il) adsorption were conducted by placing 10 mg hybrid ZnCl,-
MCM-41 sorbent in a series of Erlenmeyer flasks containing 30 ml of the Pb(II) at the specific
initial concentrations and pH. Then the contents of the flasks were magnetically stirred for a
specific time at the rate of 300 rpm, with a controlled temperature during adsorption process. The

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

gram of ZnCl,-MCM-41 was calculated according to Eq. (1):

qe:M (1)

m

Where ¢, is the equilibrium Pb(Il) concentration on the adsorbent (mg g'); C. and C; are the
equilibrium and initial lead(I) concentrations in the solution, respectively (mg L™); ¥ is the
volume of the solution (L); and m is the mass of dry sorbent used (g). The variables that were
investigated for possible effects on adsorption were pH (2-7), contact time (1-60 min), initial ion
concentration (2-200 mg L), and temperature (20, 30, 40, and 50 °C). All samples were filtered
through Whatman No. 42 filter paper and then analyzed with an atomic absorption

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

Removal(%) = %XIOO (2)

0
2.6. Characterization of samples
2.6.1. XRD

X-ray powder diffraction patterns were recorded in the 26 range of 1.5 to 10 deg. at 0.02 deg.
steps and 0.4 [s] scan step time on a Philips Analytical X-Ray B.V. diffractometer equipped with

a Cu-anode (A = 1.54056 A).

2.6.2. Nitrogen adsorption

N, adsorption isotherms were measured at 77 K on a Micrometrics ASAP 2010 analyzer using

standard, continuous procedures. Prior to measurement, all samples were degassed at 573 K for 5
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h. The measurements were carried out over relative pressures ranging from ca. 10~ to 0.995.
Surface areas and pore size distribution were determined by Brunauer-Emmett-Teller (BET) and

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

2.6.3. FT-IR spectroscopy

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

spectrophotometer and a standard KBr technique in the region of 4000-400 cm™.

2.6.4. TEM and SEM

Transmission electron microscopy (Leo 912 AB, Germany) was used to examine the pore array
structure of the ZnCl,-MCM-41 sorbent. Scanning electron microscopy (KYKY-EM3200 Digital
Scanning Electron Microscope) was used to determine the particle morphology and the particle

size distribution of the synthesized materials.

3. Results and discussion
3.1. Adsorbent Characterization
3.1.1. XRD pattern

XRD patterns of mesoporous MCM-41 and ZnCl,-MCM-41 are shown in Fig. 2. There are four
MCM-41 characteristic peaks at 2.32, 4.05, 4.69, and 6.20 degrees, which could be assigned to
(100),(110),(200),and (2 10) planes, respectively. These peaks are in good agreement with
the XRD patterns obtained by Savidha and Pandurangan '8 Therefore, it could be inferred that
the synthesis procedure of MCM-41 in this work has been done well and the crystalline structure
is as expected. The diffraction pattern of the MCM-41 indicated the possession of an ordered

structure of hexagonal pore arrays. After ZnCl, particles were dispersed into MCM-41, none of
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the peaks was disappeared. Nevertheless, peak intensities of all planes of the support decreased.
Moreover, a slight shift was occurred in the location of the peaks as 2.34, 4.09, 4.71, and 6.28
degrees, which are related to (1 0 0), (1 1 0), (2 0 0), and (2 1 0) planes, respectively. The
decrease in peak intensities after incorporation may be explained by reasoning that either: a part
of the pore structure is blocked with ZnCl, °; or pore filling reduces the scattering contrast
between the pores and walls of mesoporous silica resulting from the formation of “-O-Zn-CI1”
sites inside the MCM-41 pores *°. The low intensity and peak broadening observed in the XRD
pattern of ZnCl,-MCM-41 indicate that these materials are not as well ordered as MCM-41; i.e.,
the hexagonal array of their channels is not quite regular. It should be mentioned that no peaks
were observed in the XRD pattern of ZnCl,-MCM-41 from 10 to 80 degrees, showing that all

reactants were either used completely or washed off the surface and hence no unreacted ZnCl,

left in the obtained sorbent °.

100

— MCM-41

/ > ZnCl,-MCM-41

110 200 210

L

Intensity (a.u.)

2 4 6 8 10
20(degree)

Fig. 2. The X-ray diffraction patterns of MCM-41 and ZnCl,-MCM-41
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3.1.2. N adsorption-desorption isotherm

The nitrogen adsorption-desorption isotherms of MCM-41 and ZnCl,-MCM-41 samples are
shown in Fig. 3a and b. The isotherms of MCM-41and ZnCl,-MCM-41 corresponded to type IV
based on the IUPAC classification scheme, which is characteristic of MCM-41 materials. The
adsorption at low relative pressure (P/Py<0.2) increased considerably due to monolayer
adsorption on the external surface. The lower adsorption volume on ZnCl,-MCM-41 indicated
lower surface area. The N, adsorption increased again before reaching a nearly constant volume
in the relative pressure range of 0.2-0.4, which corresponded to nitrogen adsorption in the
mesopores. As indicated in Fig. 3, the adsorption on the surface of ZnCl,-MCM-41 decreased in
this range, indicating the partial blocking of mesopores by the ZnCl, particles. The general and
the main feature of adsorption isotherms on MCM-41 is a characteristic step associated with the
capillary condensation in pores. It has been shown that, depending on adsorbate, pore size, and
temperature, the capillary condensation desorption in MCM-41 may occur both with and without
a hysteresis loop °. For both cases, a hysteresis loop occurred in the mesopores. The specific
surface areas and pore diameters of both samples are shown in Table 1. The decrease in the
surface area of ZnCl,-MCM-41 indicated that ZnCl, particles reduced the pore volume of MCM-
41. This may be attributed to the dispersion of ZnCl, onto the walls of mesoporous support. In
addition, the pore diameters of ZnCl,-MCM-41 calculated from the BJH equation were in the
range of 25-35 A (Figure not presented). This implies that, after ZnCl, incorporating into MCM-
41 pores, the ZnCl,-MCM-41 pores are still mesoporous. The long plateau at higher relative
pressures indicates that there was a slight pore filling after P/Py>0.40. Textural characteristics of
prepared adsorbents were obtained from isotherms using BET and BJH methods, and the results

are depicted in Table 1. The specific surface area of MCM-41 was decreased from 1169 to 754

10
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194 m’ g’ by ZnCl, incorporation. After ZnCl, loading, a decrease in the V, and BJH average pore
195  diameter was observed that can be interpreted due to the fact that the ZnCl, particles were

196  dispersed onto the MCM-41 mesopores channels.
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(mg") (ecm’g") (m) (nm)
MCM-41 1169 0.97 3.25 3.55
ZnClL,-MCM-41 754 0.58 2.86 3.15

200
201  3.1.3. FT-IR analysis

202 FT-IR patterns of mesoporous silica materials between 4000 and 400 cm ™' are shown in Fig. 4.
203  Generally, the main feature of the mesoporous silica sample spectra is a large, broad band
204  between 3200 and 3500 cm ', which is attributed both to -OH bond stretching of the surface
205  silanol groups, and to the remaining adsorbed water molecules. The broad absorption band at
206 around 1030—1240 cm ' is assigned to the Si-O-Si stretching. The spectrum for the uncalcined
207  MCM-41 (Fig. 4a) shows a group of strong, intense bands at 3396, 2923, 2852, 1639, and 1479
208 cm ' and a group of bands in the region below 1400 cm . The bands at 3396 and 1639 cm ™' are
209  related to the stretching and bending modes of adsorbed water molecules, while the bands at
210 2923 and 2854 cm ' are attributed to the stretching mode of vCH(—CH3) and vCH(—CH>-)
211 groups, respectively. The band at 1479 cm ' is assignable to the bending mode of SCH(-CHs)
212 and 8CH(-CH,-) groups. The group of bands observed below 1400 cm ' is related to the
213 framework vibration of MCM-41. For the calcined MCM-41 as shown in Fig. 4b, the band at
214 2923, 2852 and 1479 cm ' were disappeared, showing that the CTAB template has been
215  removed completely after calcination. The band at 1058 cm ' s assigned to v,(Si-O-Si); the
216  band at 968 cm ' is assigned to v,s(Si-OH); the band at 796 cm ! is assigned to v(Si-O-Si); and
217  the band at 459 cm™ ' is assigned to §(Si-O-Si). The band at 1634 cm ™' and the broad absorption
218  band centered at 3441 cm ' are attributed to hydrogen-bonded Si-OH groups perturbed by

219  physically adsorbed water’'. For ZnCl,-MCM-41 (Fig. 4c), the absorption intensity of 3565,

12
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1735, 1614, and 802 cm’' bands increased and shifted toward greater wave numbers, which
could be considered as evidence for the incorporation of ZnCl, in the MCM-41 pores. Moreover,
there was a change in the intensity and broadening of the 965 cm™' band, which indicates a
structural change for the surface Si—-OH group due to the presence of ZnCl, species in the MCM-

41 material, and might be due to the formation of a new vibration band, v,s(Si—O—Zn) 3,

13
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3.1.4. TEM images

The TEM image of ZnCl,-MCM-41 is displayed in Fig. 5. The determined-field image at high
magnification of the ZnCl,-MCM-41 particles shows a mesostructure with a well-defined
hexagonal arrangement of uniform pores. The pore size was estimated to be ~2.7 nm, which is in
good agreement with the average pore sizes calculated by the BJH model from N, adsorption
data. The micrograph confirmed the highly ordered hexagonal arrays and one-dimensional

mesoporous parallel channels.

Fig. 5. The TEM image of ZnCl,-MCM-41

3.1.5. SEM micrograph

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

that all of the ZnCl,-MCM-41 particles have an ovoid morphology without any agglomeration.

15
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20.0 kV X 300K 1.00um

Fig. 6. The SEM micrographs for the ZnCl,-MCM-41

3.2. Adsorption of Pb(II) species
3.2.1. Effect of ZnCl, loading

In order to obtain the maximum adsorption capacity of Pb(Il) species by ZnCl,-MCM-41
sorbent, different amounts of ZnCl, (0—7 mmol) were incorporated into 1 g of calcined MCM-41.
These samples were used for Pb(Il) removal while other operating parameters were kept
constant. As shown in Fig. 7, the optimum adsorption was attained when 4 mmol ZnCl, was
employed for loading onto 1 g of MCM-41. Hence, the rest of the experiments were carried out
with the 4 mmol g ZnCl-modified MCM-41 sorbent samples. It is worth mentioning that the
Pb(I) removal efficiency of the pure MCM-41 was only about 17%, while the modified MCM-
41 could remove almost 97% percent of the Pb(II) ions. This significant increase in the Pb(Il)
removal efficiency of the modified sorbent is attributed to the formation of O-Zn-Cl binding sites

by incorporating ZnCl, into MCM-41 structure.

16
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Fig. 7. Pb(Il) removal efficiency of ZnCl,-MCM-41 as a function of ZnCl, loading (Cy=20 mg
L_l, T=20 °C, pH=7, sorbent dosage=0.333 g L'l, 60 min, 300 rpm)

3.2.2. Effects of contact time and initial concentration

The sorption data for the uptake of Pb(II) versus contact time at different initial concentrations
ranging from 2 to 200 mg L' are displayed in Fig. 8. It can be observed that the sorption
capacity increased with time and then reached a constant value where no more metal was
removed from the solution. At this point, the amount of Pb(II) being sorbed by the sorbent was in
a state of dynamic equilibrium with the amount of Pb(Il) desorbed from the sorbent. The
required contact time for Pb solutions with initial concentrations of 2 to 200 mg L' to reach
equilibrium was approximately 30 min. Therefore, it can be deduced that the equilibrium time
was virtually independent of initial lead concentration. This is because the large pores of the
sorbent allow lead species to move through the pores easily and readily access the active binding
sites of the sorbent. It was observed that the Pb(II) removal varied with variations in the initial
metal concentration. The removal of lead was found to be dependent on the initial concentration;
the adsorbed amount increased with increases in the initial concentration. In addition, the
adsorption was fast in the early stages, and then attained an asymptotic value for longer contact

times. The initial rate of sorption was greater due to higher initial lead concentration; in other

17
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words, the resistance to the metal uptake decreased as the mass transfer driving force increased.
Equilibrium uptake increased with the increase of initial metal concentration at the range of
experimental concentration. This is due to the increase in the driving force - i.e., the
concentration gradient. It is also noticed that an increase in the initial lead concentration led to a
decrease in the metal removal percentage. This effect can be explained as follows: at low
metal/sorbent ratios, there are a number of sorption sites in ZnCl,-MCM-41 structure, but as the
metal/sorbent ratio increases, sorption sites become saturated, resulting in decreases in the
sorption efficiency.
Left Axis Right Axis

A5ppm @ 50 ppm

B 100 ppm

@ 10 ppm

Fig. 8. Effect of contact time and initial concentration on the adsorption of Pb(Il) onto ZnCl,-

MCM-41 (T=20 °C, pH=7, sorbent dosage=0.333 g L', 300 rpm)

18
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3.2.3. Effect of temperature

Fig. 9 shows the amount of lead sorbed versus time at different temperatures. Experimental
results showed that the adsorption of Pb(Il) ions onto ZnCl,-MCM-41 was significantly
dependent on the temperature until the contact time of 30 min. The adsorption of Pb(II) onto
ZnCl,-MCM-41 at different temperatures showed a decrease in the adsorption capacity with an
increase in temperature. As temperature increased from 20 to 50 °C for the equilibrium time, 30
min, the sorption amount decreased from 58.08 to 54.18 mg g' for Pb(I). These results
indicated the exothermic nature of Pb(Il) sorption onto ZnCl,-MCM-41 pores. The decrease in
the sorption of Pb(Il) ions resulting from an increase in temperature may be due to an increasing
tendency to desorb metal ions from the interface to the solution. Aksu and Kutsal ** have
commented that the thickness of the boundary layer decreases at relatively high temperatures,
due to the increased tendency of the metal ion to escape from the adsorbent surface to the

solution phase, which results in a decrease in adsorption.

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

the optimum temperature was selected as 20 °C for further sorption experiments.
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Fig. 9. Effect of contact time and temperature on the sorption of Pb(II) onto ZnCl,-MCM-41

(C=20 mg L'; pH=7 ; Sorbent dosage=0.333 g L™"; 300 rpm)

3.2.4. Effect of pH

The pH parameter has been identified as one of the most influential parameters on metal
sorption, and it strongly influences hydrolysis, complexation by organic and/or inorganic ligands,
redox reactions, and precipitation, as well as the speciation and adsorption availability of heavy
metals **. Additionally, pH is directly related to hydrogen ions’ ability to compete with metal
ions to occupy active sites on the sorbent surface **. Several experiments were performed to
optimize the pH of the solution for maximum Pb(II) adsorption by ZnCl,-MCM-41. The initial
solution pH was varied at the range of 2—7 in order to avoid precipitation of lead in the form of
metal hydroxides and hydrolytic action from metal ions 3 and as pH increased from 2 to 7, the
removal of Pb(Il) increased from 72.46 to 97.24% (Fig. 10). Lead speciation is great concern in
the studies associated with the effect of initial pH of solution. It is known that lead species are
present in the forms of Pb*", Pb(OH)", Pb(OH)9, Pb(OH)3, and Pb(OH)?at different pH values
(Fig. S1) *°. Fig. S1 shows that the predominant speciation of lead ions at pH values higher than
7 1s Pb(OH), and therefore in that pH range precipitation occurs. In order to prevent lead
precipitation, the pH range of 2-7 was selected for this study. According to the well-known
speciation of lead in aqueous solutions, the predominant ionic form at pH<6 is Pb*". However, at
low pH levels, the large amount of H' ions could compete with the Pb*" ions for the binding

sites, resulting in low Pb(II) adsorption.

By increasing the pH, the effect of H" competition was decreased, which made the binding sites
more accessible to Pb(II) ions. In addition, increasing the pH caused the negative charges on the

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

20



323

324

325

326

327

328

329

330

331

332

333
334

335

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

amount of Pb(I) adsorption. At pH 7-10, the main species of lead are Pb(OH)" and Pb(OH)9Y,

RSC Advances

Page 22 of 39

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

Pb(OH)Y and sorption of Pb(OH)". Consequently, this condition is often not desirable.
Nevertheless, almost 97 percent of lead ions are adsorbed on ZnCl,-MCM-41 at pH 7, and

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

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

Pb(Il) on ZnCl,-MCM-41. At pH values greater than 10, the predominant lead species are
Pb(OH)j and Pb(OH);, which are difficult to adsorb on the negatively charged surface of the

adsorbent *’. (Effect of pH on Pb(II) sorption at Cy = 50 mg L has been presented in Fig. S2)

Fig. 10. The effect of pH on the adsorption of Pb(II) ions onto ZnCl,-MCM-41 (C;=20 mg L™

ApH=2 epH=3 epH=4
mPH=5 ApH=6 @pH=7
10 20 30
Time (min)

:T=20 °C; Sorbent dosage=0.333 g L'; 300 rpm)
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3.2.5. Effect of sorbent dosage

The sorption capacity (mg g) and sorption efficiency (%) of ZnCl,-MCM-41 for Pb(I) ions as a
function of sorbent dosage was investigated (Fig. 11). The percentage of the sorption increased
from 96.7% to 99.9% as the sorbent concentration was increased from 0.01 to 0.05 g (30 ml)’
solution. This is because of the availability of more binding sites, resulting in greater access to
the sorption sites for Pb(I) ions. Further increases in the sorbent concentration did not cause
significant improvement in sorption capacity. This may be due to the binding of almost all ions
to the sorbent, as well as the establishment of equilibrium between the ions bound to the sorbent
and those remaining unsorbed in the solution. The maximum sorption was found to be 99.9% at a
ZnCl,-MCM-41 concentration of 0.05 g (30 ml)” solution. On the other hand, the adsorption
capacity of Pb(Il) on ZnCl,-MCM-41 decreased gradually with the increase of sorbent dosage.
At low adsorbent content, all kinds of surface sites are entirely exposed for adsorption and the
surface reaches saturation faster, resulting in a higher adsorption capacity. However, at higher
sorbent concentrations the availability of higher energy sites decreases as a larger fraction of
lower energy sites is occupied, leading to a lower adsorption capacity **. Since the lead removal
percentage did not change drastically by increasing the sorbent dosage, while the adsorption
capacity diminished tremendously, 0.01 g (30 ml)" was selected as the optimum sorbent dosage

for the rest of the experiments.
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Fig. 11. Adsorption of Pb(Il) on ZnCl,-MCM-41 as a function of sorbent dosage (Cp=20 mg L

! T=20 °C, pH=7, 60 min, 300 rpm)

3.2.6. Influence of ionic strength

The influence of ionic strength on the adsorption of Pb(Il) onto ZnCl,-MCM-41 is shown in Fig.
12. As can be seen, the adsorption of Pb(Il) onto ZnCl,-MCM-41 was clearly affected by ionic
strength. The adsorption decreased steeply with increasing NaNOj3 concentration, which suggests
that sodium ions greatly affected Pb(II) adsorption. With increasing Na’ concentration in the
solution, competition between Pb(II) and Na' for adsorption on the ZnCl,-MCM-41surface
increases, and thereby the adsorption of Pb(II) on ZnCl,-MCM-41 decreases. Furthermore, the
Na' in solution may influence the double layer thickness and interface potential, and thereby
affect the binding of the adsorbed species. lon exchange and outer-sphere complexes are affected
by the variations of ionic strength more easily than are inner sphere complexes, since the

background electrolyte ions are placed in the same plane as outer-sphere complexes.
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Fig. 12. Influence of ionic strength on the adsorption of Pb(II) onto ZnCl,-MCM-41 (Cy=20 mg

L, T=20 °C, pH=7, sorbent dosage=0.333 g L', 60 min, 300 rpm)

3.3. Adsorption kinetics

To evaluate the adsorption kinetics of Pb(Il) ions, four different kinetic models were applied to
the experimental data: (1) the pseudo-first order model, (2) the pseudo-second order model, (3)
the Elovich model, and (4) the intra-particle diffusion model. Table 2 shows the equations
associated with these models. The parameters of the models were calculated by linear and non-
linear (using Excel Add-in Solver) regression methods separately. In this study, the coefficient of
determination (R’) was used to find the best-fitting kinetic and isotherm models for the

experimental data:

> (4,-4.)
> (4,-7.) +>(4,-4.)

R’ =

€)

where ¢, is the equilibrium capacity obtained from the model, g, is the equilibrium capacity

obtained from experimental data, and g, is the average of ¢..
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383  All kinetic parameters and correlation coefficients are listed in Table 3. As can be seen, the
384  pseudo-second order model had the highest R’ value at all Pb(II) initial concentrations in both
385  linear and non-linear regression methods. This model assumes that the rate limiting step in the
386  adsorption of Pb(Il) species is chemisorption, involving valence forces through the sharing or
387  exchange of electrons between lead ions and active binding sites on the sorbent surface. For all
388  kinetic models, the results obtained from linear regression differ from the results from non-linear
389  regression, especially for the pseudo first-order model. This difference shows that linearization
390  changed the error structure of models and verifies that it is inappropriate to use the coefficient of
391  determination of a linear regression analysis for comparing the best-fitting solution of different
392 isotherms. Detailed explanations about linear and non-linear regression are presented in our
393 previous study 2. For all models, the calculated ¢. values are not completely consistent with the
394  experimental data. The R’ value of intra-particle diffusion was less than the R’ values in other
395  models, which verifies that the diffusion through the sorbent pores is not the rate-limiting step. In
396  fact, the uniform, regular, and large pores of ZnCl,-MCM-41 allow lead ions to move easily
397  through the pores to access the binding sites without any diffusivity barrier. The Elovich
398  equation does not provide any mechanistic evidence in this study, although previous work has
399  proved that it is suitable for highly heterogeneous systems ». Consequently, the inability of the
400  Elovich equation to describe the Pb(II) sorption process of the ZnCl,-MCM-41 sorbent confirms
401  that the sorption system of this study is homogeneous. A comparison of the different kinetic
402  models for the adsorption of Pb(Il) onto ZnCl,-MCM-41 at different initial concentrations is

403  illustrated in Fig. 13.

404  Table 2. Equations of the kinetic models

Model Equation Reference
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Pseudo-first order In(q,-q,)=Ing, -kt 30

t 1 t 31
Pseudo-second order —=—t—
qt que qe

: 1 1 32

Elovich q,=| — |In(ab)+| — |In(¢)

b b

Intra-particle Diffusion q, =k, t" +c 33

405

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

407 100, and 200 mg L™, T=20 °C, pH=7, sorbent dosage=0.333 g L', 300 rpm)

Kinetic model Model parameters Linear regression Non-linear regression

50 100 200 50 100 200
Pseudo-first . meas (MG g 145.8  287.1 5524 1458 287.1 5524
order 9 moder (ME g 353 74.6 110.8 1443 2844 548.6
k,(min™") 0.186 0223  0.244 0.791 0.743 0.929
R 0.9858 0.9927 0.9875 0.8909 0.9509 0.9255
Pseudo-second Demeas (ME gh) 145.8  287.1 5524 1458 287.1 5524
order 9 moqer (ME g™h 149.2  294.1 5556 148.1 2945 5613

k, (gmg ' min") 0.013  0.007 0.005 0.013 0.0057 0.0047

R 0.9999 0.9999 0.9999 0.9986 0.9880 0.9916
Elovich ax10®(@mg'min) 0011 0047 214 0011 0022 0785
b(mg g 0.101  0.045 0.034 0.101 0.042 0.032
R 0.9207 0.8549 0.8591 0.9036 0.8481 0.8499
Intra-particle k., (mg g min"?) 606 132 175 65 159  21.1
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Diffusion ¢, (mg g 116.6 2247 4699 114.1 212.6 4539
R’ 0.7921 0.7092 0.7071 0.7933 0.7369 0.7381
408
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410 Fig. 13. Comparison of different kinetic models for Pb(II) adsorption onto ZnCl,-MCM-41 at
411 three different initial concentrations (a) C,=50 mg L™, (b) C;=100 mg L™, and (c) 200 mg L'
412 (T=20 °C, pH=7, sorbent dosage=0.333 g L, 300 rpm)
413
414  3.4. Adsorption isotherm
415  Three isotherms, namely the Langmuir, Freundlich, and Redlich-Peterson (R-P) models, were
416 fitted to the experimental data to find out more details about the process. These details include
417  maximum theoretical adsorption capacity, process mechanism, physisorption or chemisorption,
418  and monolayer or multilayer adsorption, to name a few. To make a comparison, the isotherm
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parameters were calculated by linear and nonlinear regression methods. All isotherm equations

and their linearized forms are presented in Table S2.
3.4.1. Linear regression

Linear regression using the method of least squares is the most commonly-used method in
determining isotherm parameters. The best-fit isotherm was selected based on the coefficient of
determination that produced the minimum error distribution between the predicted and
experimental isotherms. The Freundlich, Langmuir, and Redlich-Peterson constants can be
obtained from the slope and intercept of the plots between In(g.) versus In(C,), C./q. versus C,,
and /n(AC./q.-1) versus In(C,), respectively. In the case of the Redlich-Peterson isotherm, the
constant 4 was obtained by maximizing the R’ value using a trial and error method in the solver
add-in function of Microsoft Excel, Microsoft Corporation. The calculated isotherm parameters
at the studied solution conditions, and the corresponding R’ values, are shown in Table 4. The R’
values were lower for the Freundlich isotherm, which suggests that this isotherm cannot
appropriately represent the uptake of Pb(Il) by ZnCl,-MCM-41 particles. In contrast, the very
higher R’ values for both the Langmuir and the Redlich-Peterson isotherms suggest that these
two models can be used for explaining the equilibrium Pb(II) uptake. The Redlich-Peterson
isotherm is a hybrid of the Langmuir and Freundlich isotherms into a single equation. Two
limiting behaviors exist: the Langmuir form for m=1 and Henry’s law form for m=0. The m
value was 0.693, which indicates that the number of homogeneous active sites on ZnCl,-MCM-
41 was higher than the number of heterogeneous ones. In fact, the higher R value of the R-P
isotherm denotes that both the Langmuir and Freundlich isotherms can describe this sorption
process, but most of Pb(Il) sorption onto ZnCl,-MCM-41 takes place according to the

assumptions of the Langmuir isotherm. The Freundlich model proposes an adsorption with a
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442  heterogeneous energetic distribution of active sites, accompanied by interactions between
443  adsorbed molecules. The Langmuir model suggests that the uptake occurs on a homogeneous
444  surface through monolayer sorption without interaction between adsorbed molecules *°. Thus,
445  according to a linear regression method, most of the Pb(I) uptake is due to monolayer coverage
446  of solute species onto the surface of ZnCl,-MCM-41. Fig. S1 illustrates the linear behavior of

447  these three isotherm models.

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

449 linear regression method (T=20 °C, pH=7, sorbent dosage=0.333 g L', 60 min, 300 rpm)
Freundlich Langmuir Redlich-Peterson
K, 1/n R? q, K, R? A B m R?
494 0546 0.9674 4545  0.110 0.9947 71.3  0.481 0.693 0.9964
450

451  3.4.2. Non-linear regression

452  The Freundlich, Langmuir, and Redlich-Peterson isotherm constants and error values were
453  determined by a non-linear regression method based on different error functions. These data are
454  presented in Table S3. For each isotherm, seven sets of error functions with model parameters
455  were calculated, and then the SNE value of each set was computed. The lowest SNE value
456  indicates the best set of error functions. The Sz, x°, and ARE sets were obtained as the optimum
457 sets of error functions for the Freundlich, Langmuir, and Redlich-Peterson isotherms,
458  respectively. The optimum sets of the Freundlich and Langmuir models do not have higher R’
459  values than the other sets. Therefore, it is not appropriate to use the coefficient of determination
460  (R’) for comparing the best-fitting isotherms. The parameters obtained by linear regression differ

461  from the non-linear parameters (in the optimum set), especially for the R-P isotherm. This
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difference verifies that the non-linear method is a better way to obtain the isotherm parameters,
since the linearization of non-linear experimental data may distort the error distribution structure
of an isotherm . Fig. S3 presents the Langmuir, Freundlich, and R-P isotherms’ deviations from
experimental data. A comparison of monolayer maximum adsorption capacities (Gmax) of

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

In addition to the studied isotherms mentioned previously, the equilibrium data were analyzed by
the Dubinin-Radushkevitch (D-R) isotherm model to determine whether the adsorption process

is physical or chemical. The linear form of the D-R isotherm equation is :
Ing, =Inq, — Be’ (6)

where ¢, is the amount of adsorbate per unit weight of sorbent (mol g '), ¢,, is the maximum
sorption capacity (mol g '), A is the activity coefficient related to sorption mean free energy
(mol® %), and ¢ is the Polanyi potential (¢ = RTIn(1+ 1/C,)). The D-R model parameter

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

E=—1_ )

J-28

The E (kJ mol™) value presents information about the adsorption mechanism, describing
whether it is occurring physically or chemically. A mean free energy between 8 and 16 kJ mol '
denotes that an adsorption process takes place chemically, while E<8 kJ mol™' shows that an
adsorption process proceeds physically. The mean sorption energy was determined as 8.68 kJ
mol ! for the sorption of Pb(II). This result suggests that the sorption process of Pb ions onto

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

484 41 might be carried out by a physico-chemical mechanism.
485

486

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

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

Ing,, B (mol*J %) E (kJ mol ") R’

-5.63 6.64 x107 8.68 0.9845

489
490  3.6. Thermodynamic study of the adsorption process

491  Thermodynamic parameters can be determined using the equilibrium constant (K=g¢./C.),
492  depending on temperature. The Gibbs free energy change (AG°®) is the fundamental criterion of
493  spontaneity. Reactions occur spontaneously at a given temperature if AG°® has a negative
494  quantity. The changes in free energy (AG®), enthalpy (AH®), and entropy (AS°) associated with

495  the adsorption process were calculated using the following equations™:

496 AG°=-RThhK (4)
(0] (6]
497 InK= A}‘z - A;T (5)

498  The plot of /n K versus I/T provides the numerical values of AH® and AS° from slope and
499  intercept, respectively (Fig. 14). The values obtained from Eqgs. (4) and (5) are tabulated in Table

500 6. A negative value for the standard enthalpy change shows that the adsorption is exothermic.
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The results indicate that the adsorption of Pb(II) onto ZnCl,-MCM-41 was favored at low
temperatures and blocked at high temperatures. The negative values of AG® indicate that the
adsorption process had a spontaneous nature. In addition, the negative value of the entropy
change (AS°) implies that some structural changes occurred in sorbate and sorbent during the
adsorption process, which led to a decrease in the disorderedness of the solid-solution system.
The thermodynamic analysis derived from temperature-dependent adsorption isotherms shows
that the adsorption process of Pb(II) onto ZnCl,-MCM-41 was spontaneous and exothermic. As
the initial concentration of Pb(II) increased from 20 to 200 mg L, the free energy change shifted
to lower negative values for all studied temperatures. This demonstrates that the adsorption was
more spontaneous at low concentrations. From Table 6, it is worth mentioning that the AH®, AS®
and AG° obtained at variable initial Pb(II) concentrations are different. The enthalpy change
(AH®) varied from -29.4 to -10.1 kJ mol™ in the Pb(II) concentration range of 20200 mg L™
while the entropy change (AS°) varied from —63.39 to —4.88 J mol” K. The decrease in
enthalpy was in conformity with the exothermic and spontaneous nature of the adsorption
process. The distribution of Pb(Il) ions in the solution is by nature more chaotic than the
distribution of the Pb(Il) ions bound to the ZnCl,-MCM-41 surface, so the binding of Pb(II) ions
onto the sorbent surface resulted in a net decrease in entropy. Overall, the values of AH®, AS°,
and AG® obtained at variable initial Pb(II) concentrations were different, especially in the case of

higher initial Pb(II) concentrations.
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Fig. 14. Plot of In K versus 1/T for the determination of thermodynamic parameters

Table 6. Thermodynamic parameters for the sorption of Pb(I) onto ZnCl,-MCM-41

AG® (kJmol™) AH® AS°
o (mgg )
20°C  25°C  35°C 50°C (kimol") (Jmol'K™")
20 1091 -10.09  -9.46 9.02 -29.4 -63.39
50 -10.76  -10.05  -9.43 -8.90 -28.9 -62.32
100 -10.12 956  -9.22 -8.70 -23.7 -46.29
200 -8.67 8.62  -8.53 -8.54 -10.1 -4.88

3.7. Adsorbent regeneration and lead recovery

Desorption of the adsorbed Pb(Il) ions from ZnCl,-MCM-41 using different concentrations of
HNO; was studied. For these studies, different volumes of HNO; were used for regenerating 10
mg of the wasted ZnCl,-MCM-41 adsorbent. The effect of using various volumes of different

concentrations of HNOs as eluent was investigated in the range of 3-10 mL, the results of which
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531  are tabulated in Table 7. The highest recovery for Pb(Il) ions was found to be 95% through the
532 use of 10 mL of 1.0 M HNO;. Furthermore, the adsorbents regenerated by different volumes of
533 1.0 M HNO; were utilized for the uptake of Pb species from 20 mg L™ Pb(Il) solution. This
534  assessment shows that the synthesized sorbents were effectively capable of being regenerated
535 and reutilized, which is of extreme importance in industrial applications. The evaluation of

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

537
538
539 Table 7. Adsorbent regeneration, Pb(II) recovery, and evaluation of removal efficiency after
540 regeneration by nitric acid
Volume HNO; (M) Pb(II) recovery (%) Pb(II) removal after regeneration by
1 0
03M 05M 08M 10M different volumes of 1.0 M HNO; (%)
3mL 47 52 61 68 62
5mL 49 57 66 73 68
8 mL 56 68 78 91 76
10 mL 72 83 90 95 87
541

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

543  To examine the performance of ZnCl,-MCM-41 for the removal of Pb(II) ions in the presence of
544  other cations, the sorbent was added to a 50 mL sample of wastewater from a battery production
545  factory. The sample consists of different heavy metals such as Pb(II), Ni(Il), Fe(III), Cr(III), and
546  Zn(II), with different initial concentrations. The results obtained at pH 7, 20 °C, 60 min, and a

547  stirring rate of 300 rpm are listed in Table 8. The results showed that 0.333 g L' of sorbent can
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remove Pb(Il) and Fe(Ill) completely. Moreover, these results illustrated that ZnCl,-MCM-41
sorbent is capable of considerably adsorbing all contaminants. According to the outcome of these
tests, it can be concluded that ZnCl,-MCM-41 is an effective sorbent for removing a number of

heavy metals from aqueous solution.

Table 8. Heavy metal uptake from an industrial wastewater sample onto ZnCl,MCM-41

Heavy metal Initial concentration (ug L™) Removal (%)
Pb(II) 7540 100
Ni(II) 0.575 89.6
Fe(III) 0.76 100
Cr(I1D) 0.15 91.3
Zn(1I) 0.69 88.4

4. Conclusion

The present study shows that ZnCl,-MCM-41 is an effective adsorbent for the removal of Pb(II)
ions from aqueous solutions. The SEM and TEM images show that the new synthesized sorbent
particles have a spherical morphology with no agglomeration. Other characterization tests
indicate that the porosity of particles after modification was preserved. However, the regularity
of crystalline structure, surface area, pore volume, and pore diameter was reduced. The

adsorption process was a function of ZnCl, loading, the solution pH, temperature, adsorbent
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dose, initial metal concentration, and agitation time. The optimum conditions for the lead
removal by ZnCl,-MCM-41 were 4 mmol ZnCl, per gram of MCM-41, pH=7, 20 °C, and 0.01 g
(30 ml)" adsorbent dose. Equilibrium was achieved practically in 30 min, but the experiments
were done for 1 h to ensure equilibrium. The Freundlich, Langmuir, and Redlich-Peterson
isotherms were fitted to the equilibrium sorption data by linear and non-linear regression
methods in the following order, according to the SNE values: Redlich-Peterson> Langmuir>
Freundlich. According to the analysis results, the non-linear regression method has smaller
deviations from the experimental data. Adsorption kinetics followed the pseudo-second order
kinetic model. Moreover, the inability of the Elovich equation to describe the sorption process
denotes that this process was homogeneous. The influence of ionic strength on the adsorption of
Pb(II) onto ZnCl,-MCM-41 showed that this sorbent was to some degree tolerant against the
interference of other ions. The obtained values of AH®, AG®, and AS° indicate that the process
was exothermic, spontaneous, and eventually of decreased randomness. Finally, desorption
studies using different concentrations of HNO; and the adsorption of heavy metals from an
industrial wastewater sample demonstrated the feasibility of using this adsorbent for industrial

applications.
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