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Chapter

Bi-Functionalized Hybrid
Materials as Novel Adsorbents for
Heavy Metal Removal from
Aqueous Solution: Batch and
Fixed-Bed Techniques
Yasser Hannachi, Afifa Hafidh and Salwa Ayed

Abstract

In this study, two new mesoporous hybrid gels were synthesized. The structural
order, morphology, and textural properties of the prepared hybrid materials have
been studied by 13C CPMAS NMR, SEM, FTIR, and nitrogen adsorption–desorption
analysis. The application for the heavy metal uptake from aqueous solution using
the as-synthesized hybrid materials as an adsorbent is explored. Operating parame-
ters influencing the adsorption procedure, for instance, solution pH, contact time,
and temperature are contemplated. In order to gain an insight into the adsorption
mechanism and reveal the rate-controlling steps, three models pseudo-first-order,
pseudo-second-order, and intra-particle diffusion have been studied to fit. Lang-
muir, Freundlich, and Dubinin-Radushkevich (D-R) models are assigned to portray
the adsorption isotherms. Besides, the feasibility of the synthesized adsorbents for a
continuous process in fixed-bed column was investigated. Prior tests produced on
electroplating effluents reveal that the as-prepared xerogel could be strongly used
for the heavy metal uptake from real wastewater.

Keywords: xerogels, adsorption, kinetic, fixed-bed studies, selectivity, reusability

1. Introduction

The prompt industrial development and ongoing urbanization have induced
growing problems relevant to waste output. Wastes are the generator of hazardous
substances which migrate unimpeded through the ecosystem posing severe jeop-
ardy to living organisms. Heavy metals are deemed as a standout among the most
toxic groups of inorganic pollutants. The principal origin sources of these heavy
metals are usually from electroplating, plastic manufacturing, mining, fertilizers,
etc. [1]. The excessive magnitude of these contaminants in industrial wastewaters
will severely devastate the ecosystem and human health via accumulation and
spreading in the environment and food chain [2]. Faced with the strict environ-
mental enactment, the treatment of wastewater before being discharged into the
environment becomes paramount topics worldwide. Diverse treatment processes,
for instance, coagulation, precipitation, ion-exchange, reverse osmosis, and
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electrolysis, are applied for the remediation of heavy metal ions from aqueous
solutions [3–5]. Notwithstanding, by far, the majority of these procedures are
restrained by both ecological and economic constraints. In contrast, adsorption has
been qualified to be the most relevant and promising method, on account of its low
cost, flexible operation, and reversibility. A wide variety of low-cost adsorbents, for
example, agricultural by-products, industrial wastes, and natural mineral materials,
were found to have good adsorption capacity [6]. However, these materials possess
weak resistance to abrasive forces in column apply and leaching of few organics
throughout retention process.

It is well known that the substantial factors affecting the adsorption process are
pore size distribution, specific surface areas, and pore surface chemistry. In this
endeavor, it is imperative to search materials with enormous porous structures,
high specific surface areas, and low density. In the last few decades, ordered
mesoporous silica has triggered a growing interest in the field of water treatment,
owing to its diverse outstanding properties. These enclose tunable pore-size, high
specific surface area, large pore volume, chemical inertness, thermal stability, and
the ability to attach a plethora of different functional groups [7–9].

One of the basic techniques applied for fabricating organic-inorganic hybrid
materials is the sol-gel method. Tetraalkoxysilanes (Si(OR)4) like tetraethyl
orthosilicate (TEOS) or tetramethyl orthosilicate (TMOS) are widely employed as
a precursor for preparing monolithic silica, owing to their hydrophobicity and
strong covalent Si-O bonding [10]. It is worthy to state that the as-prepared
hybrid materials by the sol-gel route are divided into two classes on account of the
interaction type between organic and inorganic components. In class I, organic
and inorganic components are strongly attached by covalent or dative covalent
bonds, while in the second, these two components are weakly bonded through
hydrogen or Van der Waals bonds. Indeed, these materials have generated con-
siderable interest for their potential application in multiple fields such as: adsorp-
tion [11], drug delivery systems [12, 13], biosensors [14], nanotechnology, and
nanomedicine applications [15, 16] and catalysis [17]. Organic-inorganic hybrid
materials displayed high efficiency and outstanding selectivity towards target
pollutant than the other silica gels. Nitrogen/thiol and magnetic functionalized
mesoporous silica have been at the foreground of these composites. In the same
vein, Benhamou et al. have shown that amine functionalized MCM-41 and MCM-
48 exhibited a higher adsorption capacity than pristine. They also evinced that
both hybrid materials have a higher affinity for Cu(II) and Pb(II) than for Cd(II)
and Co(II) in single and mixed cation solutions [18]. Shahbazi and co-workers
grafted aminopropyl (NH2) and melamine-based dendrimer amines (MDA) to
SBA-15 mesoporous silica. They observed that NH2–SBA-15 and MDA–SBA-15
were over ten-fold better than the pristine SBA-15 in the adsorption of Pb(II), Cu
(II), and Cd(II) [19]. Interestingly, they also showed that in column studies, the
adsorption yield was swayed by the flow rate. Apart from the fact that magnetic
silica-based materials exhibited excellent adsorption affinity towards heavy metal
ions, such adsorbents compared to the nitrogen and thiol designer silicates can be
easily removed from aqueous solution after adsorption. In the same context,
Wang et al. [20] synthesized an amino-functionalized core-shell magnetic
mesoporous SBA-15 silica composite which displayed a high adsorption capacity
for Pb(II) ions. This adsorbent can be readily removed and regenerated. Despite
the high adsorption capacity and the extra-ordinary selectivity towards target
metal, as well as the capacity for simultaneous removal of aqueous pollutants,
organic-inorganic hybrid materials are still not applied for a continuous process in
a fixed-bed column. Another challenge to overcome is the difficulty in their large-
scale production because of the complexity of synthesis methods and the control
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of the stability of the developed adsorbents. Therefore, great endeavors are
required for the synthesis of hybrid silicate adsorbents which meet the listed
challenges.

The main aims of the present study were the following:
Firstly, to synthesize and characterize new functionalized hybrid materials and

secondly, to assess their ability to remove Zn (II), Cd(II), and Cu(II) ions from
aqueous solution. To achieve these goals, experimental parameters affecting the
adsorption such as pH solution and contact time were determined. Kinetic data
were expressed by pseudo-first-order, pseudo-second-order, and intra-particle dif-
fusion models. Adsorption equilibrium isotherms were evaluated according to
Langmuir, Freundlich, and Dubinin-Radushkevich (D-R) models. In addition, the
thermodynamic parameters, selectivity, and the reusability have been determined
and extensively discussed. To the best of our knowledge, there are scant studies
dealing with the applicability of silica hybrid materials for a continuous process in a
fixed-bed column. Herein, we have successfully proven the feasibility of the
synthesized adsorbents for large volumes of discharges.

2. Materials and methods

2.1 Chemical reagents

All reagents were of analytical grade and used as received without further
purification. Hydrophobic tetraethyl orthosilicate (TEOS, 99%) was utilized as a
silica precursor, while ethanol was a bridging medium. Cd(NO3)2.4H2O, Cu(NO3)
2.3H2O, and Zn(NO3)2.6H2O were employed as metal sources for batch and col-
umn adsorption experiments. These reagents were supplied by Sigma-Aldrich,
USA. The organic precursors 1,3,4-thiadiazole-2,5-diamine and 1,3,4-thiadiazole-
2,5-dithiol were prepared according to the literature [21, 22].

2.2 Methods

2.2.1 Adsorbent synthesis

Pursuant to our foregoing studies, xerogels were synthesized using the following
process [Helali 15 et 16]: 10 ml of deionized water, 20ml of ethanol, and 22.8 mL of
TEOS were mixed under vigorous magnetic stirring. To the as-prepared mixture
was added a necessary amount of organic precursor (10�1 M, 11.6 g of 1,3,4-
thiadiazole-2,5-diamineor or 15 g of 1,3,4-thiadiazole-2,5-dithiol). Thereafter, the
reactant mixture was stirred for 6 h at 78°C and at the last ripened for 48 h at 100°C;
the resulting xerogels were labeled M1 and M2, and the synthesis mechanism is
represented in Figure 1.

2.2.2 Characterization

Xerogel morphology was carried out using a scanning electronic microscope
(Cambridge Instruments Stereoscan 120) operating at 15 kV. The textural proper-
ties of hybrid materials were determined from the N2 adsorption-desorption iso-
therms recorded at 77 K with a Micrometrics ASAP-2000 volumetric apparatus. The
specific surface areas were computed by the multi-point analysis (BET) (Brunauer
et al., 1938) in the relative pressure interval of 0.03˂P/P°˂0.3. Howbeit pore size
distribution was acquired from the adsorption-desorption branches of the isotherm
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through the BJH pattern. The total pore volume was evaluated at a relative pressure
of P/P° = 0.99.

The experimental parameters for the 13C CP MAS NMR were 9 KHz SPIN rate,
5 s pulse delay. NMR spectroscopy was carried out on an MSL 500 Bruker Spec-
trometer. FT-IR spectra were collected on 550 Nicolet Magana Spectrometer in KBr
pellets in the range of 4000–400 cm�1. X-ray photoelectron spectroscopy (XPS)
measurement was conducted on a VG ESCALAB MK II spectrometer in the pulse-
count mode at a pass energy of 50 eV employing a Mg Kα (1253.6 eV) achromatic
X-ray source. In order to evaluate the surface charges, the electro-kinetic potential
was performed by Malvern instrument Zeta Nano ZS.

2.2.3 Adsorption experiments

Stock solutions were set up by dissolving the required metal mass in 1 L of
double-distilled water. Aliquots were prepared by diluting standard stock solution
to the desired concentrations (5–400 mg.L�1). All experiments were done at room
temperature in triplicate, and the average values were utilized for further estima-
tion. For every essay, 0.01 g of xerogel was thoroughly blended in conical flasks
containing 25 ml of test solution with various metal concentrations at a required pH
adjusted prior to the experiment with 0.1 mol. L�1 of HNO3 or 0.1 mol. L�1 of
NaOH solution. The flasks were shaken for the coveted contact time in an electri-
cally thermostatic reciprocating shaker (Selecta multimatic-55, Spain) at 150 rpm.
The contact time for metal ions and the hybrid materials were ranged from
10 to 100 min.

For the adsorption isotherm contemplates, the initial metal concentration was
run from 10 to 400 mg. L�1. After each adsorption procedure, the gathered

Figure 1.
Synthesis mechanism of hybrid materials M1 and M2.
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examples were centrifuged at 12000 rpm for 20min with the end goal to separate
the solid from the liquid phase. The supernatant containing metal ions was evalu-
ated employing an atomic absorption spectrophotometer (SHIMADZU AA-680,
Japan). The percent adsorption of metal ion delineated is as follows (Eq. (1)):

adsorption %ð Þ ¼
Ci � Cf

� �

Ci
� 100 (1)

where Ci and Cf are the initial and final (or equilibrium) adsorbate concentra-
tions, respectively.

2.2.4 Fixed-bed column studies

Dynamic adsorption trial run in the fixed-bed column was conducted in a glass
column (3.5 cm length and 1.2 cm diameter), stuffed with 1 g of the xerogel. The
metal ion concentration (150 mg. L�1) was pumped in a down flow mode at a flow
rate of 20 mL min�1 by using a peristaltic pump (Flowtech India, model NFP01).
Samples were gathered at determined time interims, and the residual adsorbate
concentration (Ce) was measured spectrophotometrically (Eq. (2)). Column
exploitation was ceased when the adsorbate concentration attained 95% of its
initial concentration. The maximum column capacity (qc) can be reckoned as
follows Eq. (3):

qt ¼ A�Q � C� 1

1000
(2)

qe ¼
qtotal
M

(3)

where qtotal (mg) is the total quantity of adsorbed metal ions, A is the area
under breakthrough curve (Ce/(C0) versus time, Q (mL.min�1) is the flow rate,
C0 (mg.L�1) is the influent concentration, and M (g) is the mass of adsorbent.

2.2.5 Desorption studies

As a means to examine the regeneration of the synthesized hybrid materials, the
metal cation-loaded adsorbents are desorbed with 10 mL of HCl solution (0.5 M)
for 60 minutes. Afterwards, the recovered xerogel is flushed with deionized water

Parameters Values WHO Standard

pH 2.8 5.5–6.5

Temperature 40 20–30

TSS (mg.L�1) 720 20

COD (mg.L�1) 371 280

BOD (mg.L�1) 90 40

Zn (mg.L�1) 100 5

Pb (mg.L�1) 10 0.2

Cd (mg.L�1) 2 0.1

Table 1.
Physicochemical characterization of electroplating wastewaters.
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and parched in the air for the forthcoming experiment. Successive sorption-
desorption cycles are rehashed 10 times to build up the genuine application and the
high stability of the adsorbent.

2.2.6 Adsorption test with the electroplating wastewaters

The effluent specimens are gathered from the discharge exits of electroplating
plant, Yaroslavl, Russia. The physicochemical parameters of the electroplating
effluent are enlisted in Table 1.

Samples are stored in plastic bottles and cooled to 20°C; afterward, they are
diluted ten times and alkalized with 0.5 mol.L�1 of NaOH solution, and finally, are
filtered through a 0.35 μm membrane filter. All physicochemical features of the
effluent are determined by a conventional procedure [23].

3. Results and discussion

3.1 Characterization of adsorbents

The morphology of xerogel adsorbents was portrayed by SEM, and the images
are illustrated in Figure 2.

It very well may be obviously observed that all hybrid materials evinced wrin-
kled surface and irregular shaped particles with pore diameter over 1.5 nm, indicat-
ing the mesoporous structure. The textural properties of the synthesized materials,
including specific surface area, total mesoporous volume, and average pore diame-
ter were assessed by N2 adsorption-desorption isotherms and BJH method. Inter-
estingly, all samples recorded typical type IV adsorption-desorption isotherms
which is a characteristic pattern of mesoporous composites as stated in IUPAC
classification. Moreover, the hysteresis loop is of type H2 which is usually tied to the
ink-bottle pores with bulky orifice of the border inner parts (Figure 3).

A clearly defined step is eventuated roughly at P/P° = 0.4 characteristic of the
mesopore filling owing to capillary condensation [24]. Evenly, the pore size curve
obtained from the isotherm branch showed a tight distribution centered at about
3.5 nm.

Figure 2.
SEM micrographs of pristine adsorbents: (a) M1 and (b) M2.
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Based on data in Table 2, all xerogels showed relatively high specific surfaces
and pore volumes. More convincing underpins for the successful anchor of organic
moieties into the siliceous network emanate from the 13C CP MAS NMR analysis.

The 13C NMR spectra of the synthesized materials are shown in Figure 4. These
spectra recorded resonance peaks at 156.3–166.4 ppm (C=N) typical of sp2 carbon
atoms which characterized the cross links of the organic functional groups in the
inorganic network, providing the possibility of creating Si-N and Si-S covalent
bonds. The peaks at 13–58 ppm were attributed to CH3CH2O-Si- groups (TEOS).
This outcome portrayed the incorporation of the organic bi-functional compounds
in the inorganic network, providing the formation of Si-N and Si-S covalent bonds.

So as to confirm the attachment of the organic precursors onto the skeleton of
silica species, FT-IR spectroscopy was carried out.

The FT-IR spectra of all samples are depicted in Figure 5.
All samples showed a typical band related to Si-O bonds, at 434–440 cm�1,

bending of O-Si-O at 754–760cm�1, and strong bands at 1061–1134 cm�1 assigned to
the stretching vibration of Si-O-Si groups. Besides, the broad and strong bands
detected at 3383–3325 cm�1 were attributed to the stretching vibration of OH
groups which are associated to Si-OH groups ensuing from the TEOS hydrolysis.
The signals revealed at 1557–1576 cm�1 were ascribed to the stretching vibration of
C=N groups (heterocyclic part). Another indicative band of the covalent Si-N bond

Figure 3.
N2 absorption-desorption isotherms of (a) M1 and (b) M2 and BJH pore size distribution of (c) M1

and (d) M2.

Sample SBET (m2.g�1) Vpor (cm3.g�1) dmoy (Å)

M1 290 0.4 34.80

M2 310 0.2 20

Table 2.

BET surface area, pore volume, and average pore size of xerogels M1 and M2.
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created between 1,2,4-thiadiazole heterocyclic molecules and the polysiloxane
backbone emerged at 1175 cm�1. The bands located at 780 and 2680 cm�1, attrib-
uted to Si-S links and S-H groups, were observed in the M2 spectrum. In contrast,
the signals at 1614 and 3343 cm�1 recognize the presence of Si-N links, NH and NH2

groups, respectively, in M1 [7].

Figure 4.
13C NMR CP MAS spectra of M1 (a) and M2 (b).

Figure 5.
IR spectra of: (a) M1 and (b) M2.
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3.2 Effect of pH solution

The pH of the solution is regarded as one of the foremost adsorption factors,
since it has a prominent impact on the metal ion solubility, as well as on the
adsorbent surface metal binding sites.

The effect of pH on the removal efficiency of heavy metal ions by hybrid
materials was assessed inside a scope of 2–10. Zeta potential is the best and reliable
method to determine the adsorbent surface charge, which was characterized by
point of zero charge (pHpzc). The pH of zero charge (pHZps) of the as-prepared
xerogels M1 and M2 is recognized to be 4.6 � 0.2 and 4.2 � 0.2, respectively
(Figure 6).

As illustrated in Figure 6, when pH ˂ pHZps, the adsorbent surface charge is
positive by virtue of the amino and thiol group protonation. Therefore, electrostatic
repulsive force emerges between heavy metal ions and the adsorbent surface, incit-
ing abatement in the adsorption capacity. Be that as it may, at pH > pHZps, all
samples earn a negative surface charge, promoting electrostatic attraction between
metal cations and adsorbent and therefore, the absorption efficiency enhancement.
It ought to be stressed that beyond pH 5 [25], the uptake yield of heavy metal ions
diminishes through the metallic hydroxide precipitation which thwarts the diffu-
sion of the metal ions into the adsorbent active site. Therethrough, the pH at 7 was
selected as the ideal incentive in the resulting experiments (Figure 7).

Figure 6.
Zeta potential of xerogels at different pH values.

Figure 7.
Effect of pH on adsorption of metal ions onto both xerogels ((a)M1 and (b)M2) (metal concentration 20 mg.
L�1; adsorbent dosage 0.4 g.L�1, contact time 1 h).
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3.3 Adsorption kinetics

The contact time is well recognized as the dwelling time of sorbate uptake at the
superficial adsorbent surface. To study the effect of contact time, 0.015 g of hybrid
materials was thoroughly mixed in 25 mL of initial metal concentration 20 mg.L�1

and was shaken at a rotational speed of 150 rpm.
As portrayed in Figure 8, the heavy metal adsorption onto the three xerogels

rapidly increased in the first 40 min; thereafter, it becomes slower and in the later
stage reaches to saturation (equilibrium). Further increase in contact time did not
ameliorate the uptake efficiency; this trend may be attributed to the fact that
padding of void active sites becomes impossible owing to the electrostatic repulsion
between the solute ions of the adsorbent and bulk phases [26]. Thus, 60 min is seen
fit to attain equilibrium in ulterior trials.

In order to acquire an insight into the adsorption mechanism and reveal the rate
controlling steps, three kinetic models including pseudo-first-order, pseudo-
second-order, and intra-particle diffusion were checked.

The adsorption rates were first examined by Lagergren’s pseudo-first-order [27]
and its linearized integral form is spoken to as follows in Eq. (4):

ln qe � qt
� �

¼ ln qe � k1t (4)

where qt and qe (mg.g�1) are the adsorption capacities at equilibrium (mg.g�1)
and t (min), respectively, and k1 is the rate constant of the equation (min�1). The
rate constant, k1, equilibrium adsorption capacity, qe, and the correlation coefficient
R2, are determined experimentally by plotting ln qe � qt

� �

versus t. The allied
parameters are listed in Table 1.

The pseudo-second-equation provided by Ho [28] can be stated by the pursuing
equation Eq. (5):

t

qt
¼ 1

k2q22
þ t

q2
(5)

where k2 (g.mg�1 min�1) is the rate constant and q2 is the amount of adsorption
equilibrium capacity (mg.g�1). The values of qe and k2 can be determined
graphically from the slope and the intercept of the plot t/qt versus t at different
temperatures.

The kinetic parameters gained from pseudo-first-order and pseudo-second-
order are introduced in Table 3. It is obvious that the theoretical adsorption

Figure 8.
Effect of contact time and temperature on adsorption of metal ions by the two adsorbents (metal concentration:
20 mg.L�1; adsorbent dosage: 0.4 g.L�1; pH: 5): (a) M1 and (b) M2.
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capacities ((qth)) evaluated from the pseudo-second-order equation were very close
to experimental (qe (ex)) values; besides, the correlation coefficients related to the
above-mentioned model were found to be higher than those ascertained from the
pseudo-first-order equation. These unequivocally propose that the pseudo-second-
order model, as opposed to the pseudo-first-order model, is more suitable to depict
the adsorption procedure.

By the by, the aforementioned kinetic models cannot identify the diffusion
mechanism and also, the rate controlling step of the adsorption kinetic process. In
this regard, it is important to apply the Weber and Morris intra-particle diffusion
model. This later assumes that the adsorption process might be controlled either by
one of the resulting steps, namely film diffusion, pore diffusion, and adsorption
onto the inner sites of adsorbent or a mix of a few stages (multi-step process) [29].
The rate parameter for intra-particle diffusion is displayed as follows Eq. (6):

qt ¼ Kidt
0:5 þ C (6)

where Kid is the intra-particle rate constant (mg:g:min0:5Þ obtained from the

slope of the straight line qt versus t
0:5 and C is the intercept corresponding to the

boundary layer thickness. If the rate of adsorption is controlled only by the intra-
particle diffusion, the value of C should be zero (C = 0) and the plots of qt against

t0:5 provide a straight line passing through the origin.
As depicted in Figure 9, all the plots show multi-linear uptake revealing three

adsorption stages. The first steep-sloped portion corresponds to the transport of

Metal
ions

qe exp

(mg g�1)
Pseudo-first-order kinetic Pseudo-second-order kinetic

k1(min�1) qe cal (mg.g�1) r k2(g mg�1 min�1) qe cal (mg g�1) r

M1

Pb2+ 285 5.7.10�4 178 0.958 17.3.10�4 278 0.998

Cd2+ 234 2.8.10�4 167 0.953 8.02.10�4 38 0.999

Zn2° 410 7.5.10�4 249 0.936 19.9. 10�4 380 0.998

M2

Pb2+ 261 4.6.10�4 185 0,926 14.8.10�4 265 0.998

Cd2+ 214 2.4.10�4 150 0,942 7.3. 10�4 199 0.997

Zn2+ 360 6.6.10�4 210 0,912 17.8. 10�4 320 0.999

Table 3.
Pseudo-first-order and pseudo-second-order parameters for the adsorption of Pb (II), Cd (II), and Zn (II) onto
two adsorbents at different temperatures.

Figure 9.
Intra-particle diffusion plots model for metal ions adsorption onto (a) M1 and (b) M2.
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metal ions from bulk solution to the adsorbent external surface via film diffusion.
The second stage describes the progressive adsorption step, indicating the diffusion
of adsorbate through the pores of xerogel (intra-particle diffusion). The third small-
sloped section corresponds to the final equilibrium stage where the intra-particle
diffusion commences progressively to slow down because of the quick abatement of
metal cation concentrations. Intra-particle diffusion model parameters are enrolled
in the Table 4.

The boundary layer parameter C was diverse to zero, showing that the intra-
particle diffusion ought not to be the sole rate limiting step [30]. Be that as it may, it
ought to be accentuated that the rate controlled step was governed by film-diffusion
towards the start and afterward followed by intra-particle diffusion.

3.4 Adsorption isotherms

Adsorption isotherm is viewed as a standout amongst the most critical elements
for determining the mechanism between adsorbent and adsorbate. In this research,
Langmuir, Freundlich, and Dubinin-Radushkevich (D-R) isotherm models were
utilized to assess the equilibrium data.

The Langmuir isotherm model expects the formation of monolayer coverage of
adsorbate on the external surface of adsorbent and a finite number of equipotential
sites [31]. The Langmuir model can take the following linear form Eq. (7):

Ce

qe
¼ 1

qmaxKL
þ Ce

qmax

(7)

where qe is the amount of metal cations adsorbed by unit weight of adsorbent
(mg. g�1), Ce is the equilibrium concentration of adsorbate in the solution (mg.
L�1), qmax is the maximum adsorption capacity at monolayer coverage (mg.g�1),
and KL is the Langmuir adsorption constant (L.mg�1). Linear plots of Ce/qe against
Ce were used to determine the value of qmax (mg�g�1) and KL (L�mg�1). The data
obtained with the correlation coefficients (R2) are reported in Table 5.

The Freundlich isotherm is an experiential equation which presumes various
affinities for the binding sites on the surface of the adsorbent accompanied by the
interactions between adsorbed molecules. The linear form of the Freundlich
adsorption isotherm [32] can be communicated as follows Eq. (8):

log qe ¼ log kf þ
1

n
logCe (8)

where kf is a constant related to the bonding energy and n is a measure of the
deviation from linearity and the heterogeneity degree of adsorption sites. The

Sample K0
1 (mg.g�1.min�0.5) K 0

2 (mg.g�1.min�0.5) K0
3 (mg.g�1.min�0.5)

M1–Pb 10.252 4.792 2.103

M2–Pb 12.348 6.453 3.501

M1–Cd 11.457 5.395 3.424

M2–Cd 12.567 6.637 3.667

M1–Zn 10.684 5.138 2.735

M2–Zn 12.729 6.841 3.829

Table 4.
Intra-particle diffusion adsorption rate constants of metal ions onto the two adsorbents.
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Freundlich equilibrium constants kf and 1/n were determined from the slopes and
intercepts of the linear plot of log qe versus logCe . The values for Freundlich
constants and correlation coefficients (R2) for the adsorption process are also
recorded in Table 5.

As can be seen, the adsorption capacity is higher for M1 than M2. This pattern
could be related to the specific surface area as well as to the structure of the amino
groups which displayed a high chelating ability to heavy metal ions. However, the
isotherm parameters, together with the correlation coefficients showed that the
Langmuir model gives a good fit to the adsorption isotherm. Additionally, the
Freundlich adsorption capacity kf is higher for M1 than M2. The n values which
mirror the adsorption intensity also presented the same trend. The acquired values
n for both adsorbates model that the adsorption process onto mesoporous material
was favorable at considered conditions. However, compared to the R2 values, with
that obtained from the Langmuir model, it can be remarkably noted that the Lang-
muir isotherm model better fits the equilibrium data.

The Dubinin-Radushkevich (D-R) model is a semi-hypothetical equation which
is by and large allied to a sorption induced by a pore padding mechanism. This
model gives valuable information on the nature of the adsorption process (chemi-
sorption or physisorption) [33]. The linear presentation of the D-R isotherm equa-
tion [34] is granted as Eq. (9):

log qe ¼ log qm � β ε2 (9)

where qe is the adsorption capacity (mol.g�1), qm is the maximum adsorption
capacity (mol.g�1), β is the activity coefficient which gives an idea about the mean

free energy (mol2.J�2), and ε is the Polanyi potential [ε ¼ RTLn 1þ 1
Ce

� �

]. The values

of qm and β, can be generated from the slope and the intercept of the plot ln qe versus

ε2. The adsorption mean free energy (E, kJ.mol�1) can be calculated using Eq. (10):

E ¼ 1
ffiffiffiffiffiffiffiffiffi�2β

p (10)

In addition, the magnitude of E (kJ.mol�1) value provided data about the type of
adsorption mechanism, either physical or chemical. The maximum adsorption

Langmuir parameters Freundlich
parameters

D-R parameters

qm (mg.g�1) KL(L mg�1) R2 KF 1/n R2 qm (mol.g�1) E(KJ mol�1) R2

M1

Pb2+ 523 0.07 0.998 75.85 0.38 0.845 3.73.10�4 13.1 0.993

Cd2+ 507 0.05 0.997 128 0.27 0.871 2.64.10�4 13 0.991

Zn2+ 578 0.1 0.999 149 0.42 0.832 4.69.10�4 13.63 0.994

M2

Pb2+ 509 0.09 0.997 135 0.27 0.836 4.51.10�4 12.82 0.995

Cd2+ 493 0.04 0.998 67 0.41 0.883 3.34.10�4 13.33 0.992

Zn2+ 549 0.09 0.998 140 0.37 0.842 4.57.10�4 13.22 0.993

Table 5.
Langmuir, Freundlich, and D-R parameters for Pb (II), Cd (II), and Zn (II) adsorption onto mesoporous
materials M1 and M2.
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capacity qm, the adsorption free energy E, and the coefficients of linearity are
computed and spoken to in Table 5. As observed from the table, the high correla-
tion coefficients (≥ 0.99) propose that the adsorption equilibrium data fitted well
the D-R isotherm model. Moreover, the mean adsorption energy values were in the
range of 13–14 kJ�mol�1 for all samples. In perspective of the acquired outcomes, it
tends to be reasoned that the adsorption processes of metal ions onto the as-
prepared xerogels might be proceeded by chemisorption (binding surface func-
tional groups) [35].

4. Column studies

It is well known that the column trials were conducted to predict the necessary
residence time of effluent treatment with a specific flow rate and concentration
(Figure 10).

It ought to be stressed that the breakthrough curves characterize the dynamic
performance of saturated columns; delineated as the ratio of effluent concentration
to influent concentration over time. The time where the pollutant concentration in
effluent reached 5% is called breakthrough time (tb); however, the time taken for
the effluent concentration to attain 95% of initial pollutant concentration is
appealed exhaustion time. The Breakthrough curves for metal ion adsorption onto
both adsorbents are portrayed in Figure 6 and their column data are tabulated in
Table 6.

As portrayed in Figure 10, all breakthrough curves exhibited an S-shaped pro-
file; besides, earlier breakthrough and exhaustion times were observed for M2

Figure 10.
Breakthrough curves for metal ion adsorption onto mesoporous materials M1 (b) and M2 (a).

Metal Breakthrough time Exhaustion time Breakthrough capacity (mg.g�1)

M1 Zn (II) 45 185 442

Pb (II) 42 179 410

Cd (II) 40 175 403

M2 Zn (II) 38 175 420

Pb (II) 36 172 406

Cd (II) 35 170 394

Table 6.
Column data for metal ion adsorption.
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xerogel, while M1 displayed a longer breakthrough time. It is clear that break-
through capacities calculated from column studies were lesser than those settled
from the batch method. This pattern might be because of the impact of the
prolonged residence time of the sorbate as well as the agitation speed which
improve the adsorption in the batch technique. It is worthy to state that the grand
breakthrough capacity of M1 is related to its longer breakthrough time.

4.1 Column regeneration

The regeneration ability is an essential factor for metal recovery and the appli-
cability of adsorbents. The metal charged column was regenerated with 0.1 M HCl
(40 mL) and then with 0.5 M HNO3 (20 mL) at a flow rate of 7 mL.min�1.
Afterwards, each column was washed with 60 mL of hot deionized water and then
dried in an oven at 60°C. The adsorption efficiency of the exhausted column was
checked five times. The uptake yield decreased from 96%–94% to 90%–88% for
M1 and 93%–91% to 87%–86% for M2 after five adsorption-desorption cycles
(Figure 11). The acquired outcomes uncovered that the as-prepared xerogels could
be effortlessly regenerated and continuously used in the metal cation removal
process without an obvious decrease in the total adsorption performance.

4.2 Thermodynamic parameters

The mechanism of adsorption can be checked through determining thermody-
namic parameters like Gibbs free energy (ΔG°), enthalpy (ΔH°), and entropy (ΔS°).
These parameters can be determined from the following equations: Eqs. (11) and
(12):

LnKL ¼ ∆S

R
� ∆H

RT
Van’t Hoff equationð Þ (11)

ΔG° ¼ �RT LnKL (12)

where KL is the Langmuir constant (L.mol�1),T is the absolute temperature (K),
and R is the gas constant. By plotting LnKL against 1/T, it is possible to determine
graphically the value of ΔH° from the slope, and the value of ΔS° from the intercept
(Figure 12). The calculated parameters are given in Table 7.

The values of Gibbs free energy change ΔG° were negative at various tempera-
tures indicating that the adsorption of the two pollutants onto the as-synthesized
adsorbent was feasible and spontaneous. Notwithstanding, the abatement of ΔG°
values with temperature could be clarified by a diminishment in the mobility of the
metal and the adsorption driving force [36]. The negative value of ΔG° affirmed the

Figure 11.
Adsorption-desorption efficiency of xerogels after 5 cycles: (a) M1 and (b) M2.
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exothermic nature of the adsorption process; besides, its magnitude revealed the
type of adsorption mechanism (physisorption or chemisorption). Since the ΔH°
value was over 20 kJ.mol�1, this indicates that the adsorption process of metal ions
onto the xerogels occurred by means chemisorption [30]. The observed negative ΔS
° reflected a lessening in the randomness at the solid/solution interface during the
adsorption process [37].

Pb (II) T(K) ∆G0 kJ:mol�1Þ
�

∆H0 kJ:mol�1Þ
�

∆S0 J:mol�1
:K�1Þ

�

M1 293 �22.51 �74.67 �162 .3

303 �21.82

313 �20.94

M2 293 �23.92 �62.23 �143.31

303 �22 .89

313 �22.19

Cd(II) T(K) ∆G0 kJ:mol�1� �

∆H0 kJ:mol�1� �

∆S0 J:mol�1
:K�1� �

M1 293 �22.08 �69.08 �157.71

303 �21.72

313 �21.55

M2 293 �20.72 �59.86 �131.34

303 �20 .53

313 �20.39

Zn(II) T(K) ∆G0 kJ:mol�1� �

∆H0 kJ:mol�1� �

∆S0 J:mol�1
:K�1� �

M1 293 �23.16 �80.12 �172.35

303 �22.93

313 �22.75

M2 293 �21.87 �66.74 �152.27

303 �21 .64

313 �21.41

Table 7.
Thermodynamic parameters for heavy metal adsorption onto the two adsorbents M1 and M2.

Figure 12.
Determination of thermodynamic parameters for the adsorption of metal cations onto the two adsorbents:
(a) M1 and (b) M2.
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4.3 Adsorption mechanism

SEM, FTIR, and XPS analysis have been extensively used to identify the possible
metal cation-adsorbent interactions. In order to examine the morphology
structure of the adsorbents, SEMmicrographs were taken after metal ion adsorption
(Figure 13).

These micrographs indicated clearly the deformation and the presence of many
shiny small particles over the surface of both supports M1 and M2 after the adsorp-
tion process. Moreover, there was also a decrease in the pore sizes after metal
adsorption. This observation evidenced the surface coverage of adsorbents by
metal ions.

To gain further insights into the mechanism involved in the metal ions uptake
process, the FTIR spectra were analyzed, and the band positions for each adsorbent
exposed to metal ions are listed in Table 8.

In the M1 xerogel IR spectrum, the strong band that occurred at around
3325 cm�1 attributed to NH and NH2 stretching vibration was shifted and becomes
weaker after metal adsorption. This is likely due to the chelation between amino
groups and metal ions. Besides, the peak at about 1614 cm�1 ascribed to NH2 and
NH groups disappeared suggesting that the adsorption process is mainly dominated
by the coordination of nitrogen with metal cations. However, the characteristic
peak at 2680 cm�1 assigned to the stretching vibration of sulfhydryl group (S-H)
was disappeared. This result revealed that metal ions reacted with (S-H) groups on
the surface of M2 xerogel. No obvious shift of the Si-O group after lead adsorption
onto the two supports was observed.

To deepen the understanding of the mechanism of metal uptake, XPS analysis
before and after metal ion adsorption were performed.

Figure 13.
SEM micrographs of the two adsorbents after metal-ion adsorption.
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As displayed in Figure 14 a single peak was clearly observed at 398.2 eV,
corresponding to the presence of N atom in primary and secondary amine groups.
After metal ion adsorption, a new peak with higher binding energy was appeared at
about 400.2 eV which may be attributed to the complexation between NH2 and
metal ions (R-NH2—M2+). On the other hand, the S2p spectra exhibited a faint peak
at 167.3 eV assigned to oxidized sulfur. Another peak was observed at 162.6 eV
which corresponds to the unbounded S atom in thiol groups. After metal uptake, the
peak ascribed to oxidized sulfur becomes much stronger as well as its ratio area,
indicating the ion exchange reaction between (S-H) groups on the M2 xerogel
surface and metal ions. Additionally, the XPS spectra of Pb4f, Cd 3d, and Zn2p were
also obtained.

As portrayed in Figure 15, the binding energies for Pb 4f7/2, Cd 3d5/2, and Zn2p3/
2 were 137.9 eV, 404.7 eV, and 1021.1 eV, respectively. This result is in agreement
with the FTIR analysis which suggests that metal ions form a bidentate complex on
amino functionalized xerogel.

5. Performance of the synthesized adsorbents for treatment of
electroplating wastewater

The most important part of this work was to evaluate the potential use of both
synthesized adsorbents for the treatment of real effluent, via electroplating waste-
water. The whole analysis was conducted under the same predetermined conditions
(Figure 16). The treatment of paint wastewater utilizing hybrid material is
represented in Table 9.

It is obvious that the adsorption rate decreased from 94%–92% to 78%–76% for
M1 and 92%–92% to 75%–73% for M2. This pattern might be clarified by the way
that in real discharge, organic matter and other pollutants may rival metal ions
leading to lessening removal yield.

5.1 Selectivity of adsorbents

The selectivity of the adsorbent increases its interest for commercial use. In this
context, the selectivity of the two xerogels was carried out by removing an aqueous
solution containing a mixture of three metal ions (Pb (II), Cd (II), and Zn (II))
under the predetermined optimized conditions, that is, pH = 5, t = 60 min, adsor-
bent mass = 0.015 g, and T = 20°C.

It is apparent from Figure 17 that the adsorption efficiency of the two adsor-
bents towards different ions exposed the following order (Cd+2 ˂ Pb+2 ˂ Zn+2). The

ν (cm�1) OH and NH C=N Si▬N S▬H Si▬O

M1(pristine) 3343–3325 1557 1174 — 1058-951-460

Pb (loaded) 3303 1559 1170 — 1061-951-464

Cd (loaded) 3310 1561 — — 1060-948-462

Zn (loaded) 3307 1558 — — 1059-950-459

M2(pristine) 3383 1576 — 2680 1134-946-434

Pb (loaded) 3380 1572 — — 1131-947-430

Cd(loaded) 3383 1574 — — 1132-949-433

Zn (loaded) 3380 1577 — — 1135-944-436

Table 8.
Band positions before and after metal cation adsorption.
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great selectivity of both xerogels for Zn (II) ions could be ascribed to their low
hydrolysis constant and high covalent index. In this regard, the as-prepared adsor-
bents are relevant for practical application under industrial conditions.

5.2 Comparison with different adsorbents

The uptake efficiency of the as-prepared xerogels for the removal of three metal
ions (Pb (II), Cd (II), and Zn (II)) was compared with other stated adsorbents
(Table 10).

Figure 14.
XPS spectra of N1 s and S2p core level spectra before and after metal cation adsorption.
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Figure 15.
XPS spectra of Pb4f, Cd 3d, and Zn2p after metal ion adsorption.

Figure 16.
Efficiency of the as-prepared xerogels for metal ion removal from electroplating wastewater.

Parameters Values WHO standard

pH 5.8 5.5–6.5

Temperature 27 20–30

TSS (mg.L�1) 419 20

COD (mg.L�1) 320 280

BOD (mg.L�1) 78 40

Zn (mg.L�1) 4.5 5

Pb (mg.L�1) 0.15 0.2

Cd (mg.L�1) 0.08 0.1

Table 9.
Physicochemical characterization of treated electroplating wastewaters.

20

Water Chemistry



It can be remarkably noted that the synthesized xerogels exhibited considerably
higher adsorption capacity for metal cations than other sorbents specified previ-
ously.

This pattern might be attributed to high specific surfaces as well as the number
of chelating fragments on the surface of the synthesized adsorbents. Besides, the
facility of the synthesis method and the lower adsorption parameters such as con-
tact time, pH solution, and adsorbent dosage made them more appropriate for
industrial utilization.

6. Conclusion

The primary targets of this work were to synthesize novel functional organic-
inorganic hybrid materials and to check their ability to remove metal ions from
aqueous solution. The structural order, morphology, and texture of the prepared

Figure 17.
Selectivity of M1 and M2 xerogels (adsorbent dosage: 0.4 g. L�1; contact time: 60 min; pH: 5; temperature:
20°C).

Adsorbent pH Metal ions qm (mg/g) References

SBA15-NH2 5 Pb2+ 54.6 [38]

PEG-S 6 Pb2+ 241.36 [39]

Amino xerogel 5 Pb2+ 523 This work

Sulfhydryl xerogel 5 Pb2+ 509 This work

MIONPs-NH2 6 Cd2+ 33.72 [40]

MC/Al2O3 3–6 Cd2+ 49.98 [41]

Amino xerogel 5 Cd2+ 507 This work

Sulfhydryl xerogel 5 Cd2+ 493 This work

SiNAL4 6 Zn2+ 86.51 [42]

SG-MCF 6 Zn2+ 39.96 [43]

Amino xerogel 5 Zn2+ 578 This work

Sulfhydryl xerogel 5 Zn2+ 549 This work

Table 10.
Comparison of adsorption capacity of both mesoporous materials M1 and M2 for Pb(II), Cd(II), and Zn (II)
with that of other adsorbents.
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hybrid gels were studied by FTIR, 13C CP MAS NMR spectroscopy, SEM, and
nitrogen adsorption-desorption analysis.

The adsorption kinetic studies abide by the pseudo second-order model and
exhibit a three-stage adsorption process. Moreover, the adsorption rate of metal
cation was controlled by the diffusion rate inside the pore. The Langmuir model
showed the best fit for the entire experimental data. The free energy values (E) of
metal ion adsorption onto M1 and M2 xerogels generated by the D-R equation
revealed that the adsorption proceeded principally by chemisorption. In column
studies, the breakthrough efficiencies of both xerogels were comparable to those
calculated from batch techniques and can be reused for at least 5 cycles with a slight
decrease in the uptake capacity.

Thermodynamic parameters depicted the spontaneity and the exothermic
nature of the adsorption process at 20–40°C. The FTIR and XPS analysis revealed
that the chelation between the metal ions and the ligating nitrogen atoms of amino
functionalized xerogel was the main mechanism involved in cadmium uptake.
Otherwise, the proposed mechanism for lead adsorption onto sulfhydryl xerogel
was probably through the ion exchange reaction between metal ions and (▬SH)
groups. Prior tests accomplished on electroplating wastewater evinced that the
xerogel adsorbents possess an exceptional performance in heavy metal uptake from
real wastewater. The findings reported in this work showed that the as-prepared
xerogels could be widely applied for treatment of industrial wastewater owing
to their cost-effectiveness, prominent reusability, good selectivity, and high
adsorption efficiency.
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