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Abstract

We herein report a direct and facil sol-gel method for the preparation of porous silicon dioxide nanoparticles using dissolved
silica gel and nitric acid. We prepared SiO, nanoparticles at three different pH values: 6, 7, and 8. The washed and dried
products were calcined at 800 °C for 2 h. The average crystallite size of the prepared SiO, nanoparticles was ca. 37.7 nm.
The products were characterized by using FT-IR, TEM, FE-SEM, and XRD analyses. The as-prepared SiO, nanoparticles
showed high adsorption capacities; ca. 32.2 mgg~' and 42.2 mg g™, for the removal of Pb(II) and Cd(II) ions, respectively,
from aqueous media. The adsorption data followed well the pseudo-second-order and Langmuir isotherm models. The
determined thermodynamic parameters: AG® (from —5.026 to —5.180 kJ/mol for Cd(II) ion adsorption and from —5.528
to —5.732 kJ/mol for Pb(II) ion adsorption) and AH® (—7.00 and —7.607 kJ/mol, respectively), indicate the spontaneous,
exothermic, and physisorption nature of the adsorption process. Besides, the excellent reusability and adsorption capacity

for SiO, nanoparticles revealed their good efficiency for the removal of Pb(II) and Cd(II) ions from aqueous media.
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1 Introduction

One vital challenge worldwide is water contamination by
heavy metals, which is considered one of the most toxic
water pollutants. Heavy-metal ions are a severe environ-
mental problem due to that toxic waste in water not only
poses a major health risk to humankind, but also destroys
the circulation of the ecological environment [1]. Due to the
non-biodegradable nature, heavy metals get accumulated in
the ecosystem and finally enter in food cycle [2, 3]. Among
the heavy metal ions, Cd(II) and Pb(II) have been shown to
have carcinogenic effects. Heavy metals such as cadmium
and lead among others, are commonly detected in industrial
effluents [4]. A variety of syndromes, renal function hyper-
tension, hepatic injury, lung damage and teratogenic effects
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may result from cadmium toxicity [5]. Lead may cause men-
tal disturbance, retardation, and semi-permanent brain dam-
age [1]. Hence, due to the Cd(II) and Pb(II) potential threat
to human health, it is important to control the concentration
of these toxic ions from polluted water to provide a safe and
clean water supply to the public [4].

So far, several methods have been proposed for the reme-
diation of organic and inorganic pollutants [6, 7] include
adsorption [8, 9], chemical precipitation[10, 11], ion
exchange [12, 13], membrane filtration [14—18], coagulation
[19, 20], photocatalytic degradation [21, 22], and biosorp-
tion processes [23-26]. It is notable that most of these
methods have one or more drawbacks; however, adsorption
method still has the superiority over all methods due to its
simplicity, high efficiency, cheapness, and regeneration of
the adsorbents [27-29]. Therefore, SiO, nanoadsorbent has
been suggested for treatment of aqueous solutions from vari-
ous pollutants [30]. The SiO, adsorbent was characterized
by low-cost, high-performance, high adsorption capacity,
fast adsorption, and good recyclability. Silicon dioxide is
considered one of the unique materials with wide applica-
tions in water purification [31-33]. Silicon dioxide is an
inorganic solid material that is composed of three-dimen-
sional network structures (the silicon atom is covalently
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bonded to four oxygen atoms) joined by a common atom
(bridge), which gives structures of porous materials having
a large surface area with chemical formula, (Si0,) [34, 35].
Silicon dioxide materials possess excellent physicochemi-
cal properties such as water stability, thermal stability, good
mechanical strength and it is nontoxic [30]. Mesoporous
silicon dioxide received greater attention during the last
couple of decades due to its diverse application in various
research areas such as column chromatography, adsorption,
drug delivery and immobilization of enzymes or proteins,
etc. [36, 37]. Recently, various types of nano-porous silicon
dioxide-based materials were found to be efficient in the
removal of toxic metals from aqueous solutions depending
on its properties such as specific surface area, narrow pore-
size distributions and controlled pore sizes [38]. Numerous
researchers, in recent times, showed interest in the devel-
opment of new methodologies for the synthesis of micro
and mesoporous silicon dioxide with a special focus on the
improvement in surface area, pore size, pore volume, etc.
[30, 39]. The physicochemical properties of silicon dioxide
are greatly dependent on the synthesis methods, their con-
ditions such as pH of the medium, temperature, source of
silicon dioxide, templating agent and its concentrations [40].

Herein, pure nano-sized SiO, was successfully synthe-
sized via a sol-gel route. The structure, textural and mor-
phological characteristics of the synthesized silicon dioxide
were investigated. The obtained silicon dioxide was then
applied for the adsorption of Cd(II) and Pb(II) ions from pol-
luted aqueous media. The effects of operational parameters
on the adsorption efficiency, kinetic, isotherm and thermo-
dynamic aspects of Cd(II) and Pb(II) ions adsorption were
explored.

2 Materials and Methods
2.1 Materials

All reagents were of analytical grade and they were pur-
chased and used as received without further purification.
Silica gel of 60/120 (mesh), nitric acid (HNO;, 90%), hydro-
chloric acid (HCI, 37%), sodium hydroxide (NaOH, 98%),
cadmium chloride (CdCl,-4H,0, 99.9%) and lead nitrate
(Pb(NO3),, 99.95%) were supplied by the El-Nasr pharma-
ceutical chemicals company (Egypt). Bi-distilled water was
used as a solvent and/or adsorption media. The prepared
Si0, nanostructures were characterized by X-ray diffraction
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(XRD), Fourier transform infrared spectroscopy (FT-IR),
field-emission scanning electron microscope (FE-SEM), and
transmission electron microscope (TEM).

2.2 Preparation of SiO, Nanoparticles

Silicon dioxide (Si0,) was prepared by a simple and direct
sol-gel method. In a typical synthesis process: 4.0 g of
silica gel was dissolved in an aqueous solution of NaOH
(2 M, 30 mL) with a continuous stirring for 40 min and
heating at 70 °C. The produced solution was allowed to
get the room temperature then an aqueous solution of 2 M
HNO; was added drop wise so as to attain a specific pH (6,
7, and 8), yielding a colorless gel. The obtained gel was
allowed to stir for two hours. The produced gel was washed
with bi-distilled water several times, via centrifugation,
to remove the impurities (sodium hydroxide and sodium
nitrate). The produced white products were dried at 120 °C
for 4 h. Finally, the produced powders were calcined at
800 °C for 2 h, generating fine white powder. The white
powder obtained at pH values of 6, 7 and 8 were referred to
as S|, S, and S;, respectively.

2.3 Adsorption Studies

The adsorption performance of the as-prepared silicon diox-
ide nanostructure was evaluated for Cd(Il) and Pb(II) ions
removal through batch adsorption experiments with vari-
ous parameters including pH, initial concentration, dose of
the adsorbent, contact time and temperature. Cd(II) and
Pb(II) concentrations were analyzed by atomic absorption
spectrometer and each sample was measured in triplicate,
and the average results are reported [41]. The removal effi-
ciency (R,%) and adsorption capacity (q,, mgg™") of the
silicon dioxide adsorbent were calculated using the follow-
ing equations:

Adsorption efficiency(R, %) = (Cy —C,)/Cyx 100 (1)

Adsorption capacity(qe, mg g_l) = [(CO - Ce)V] /m 2)

where q, is equilibrium adsorption capacity of silicon diox-
ide adsorbent toward the selected ions (mgg™'), C, and C,
are the initial and equilibrium concentrations of the selected
ions in the solution (mg/L), respectively, V is the volume of
the solution (L), and m is the weight of adsorbent (g).
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Fig.1 FT-IR spectra of the prepared silicon dioxide nanoparticles
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Fig.2 FT-IR spectra of the prepared silicon dioxide nanoparticles
(S;, S, and S5 samples) after calcination at 800 °C for 2 h

3 Results and Discussion

3.1 Characterization of the Synthezied SiO,
Nano-adsrobent

3.1.1 FT-IR Spectra Analysis

The infrared spectra of the as-prepared SiO, nanoparti-
cles (S;, S, and S;) before and after calcination are shown
in Figs. 1 and 2, respectively. Figure 1 revealed that S|,
S, and S; samples without calcination have similar spec-
tra. These samples showed absorption bands at 1630 and
3440 cm™! ascribed to the stretching and bending of the
adsorbed water molecules on the surface of the synthe-
sized silicon dioxide [30]. Besides, two bands appeared at
around 1200 and 1090 cm™! are related to the asymmetric
and symmetric vibrational modes of the Si—O-Si bands.
Two bands appeared at ca. 795 and 460 cm™" are assigned
to symmetric stretching and tetrahedral bending of Si—-O
bonds, respectively. These typical bands are assigned to
the formation of silicon dioxide nanoparticles. On the

other hand, after calcination at 800 °C for 2 h (Fig. 2),
three dominant bands were observed at ca. 488, 788 and
1094 cm™! which can be attributed to the bending vibra-
tions of Si—O, symmetric stretching vibrations of O-Si—O,
and asymmetric vibrations of Si—O-Si, respectively [30].
The the results indicated that calcination resulted in dis-
appearance of the vibrational bands of the Si—~OH groups
and surface adsorbed water molecules of the SiO samples
[30, 42, 43].

3.1.2 XRD Studies

From Fig. 3, the diffraction peaks of (S;) sample calcined
at 800 °C can be indexed to a mixture of tridymite phase
(50%, JCPDS No. 00-003-0218) and cristobalite phase (50%,
JCPDS No. 00-002-0278). While the diffraction peaks of
(S,) sample calcined at 800 °C can be indexed to a mixture
of quartz phase (JCPDS No. 00-013-0026) and low-alpha
quartz phase (JCPDS No. 00-005-0490). Finally, the diffrac-
tion peaks of (S;) sample calcined at 800 °C can be indexed
to a mixture of cristobalite alpha phase (JCPDS No. 00-003-
0271) and quartz-beta phase (JCPDS No. 00-007-0346) [30].
The average crystallite sizes of the calcined products were
estimated using the following Debye—Scherrer equation, Eq.
(3) [44]:

D = 0.91/Bcos O 3)

where A, O and p are the X-ray wavelength, Bragg diffrac-
tion angle, and the XRD pattern peaks full width at half
maximum (FWHM), respectively. The results revealed that
the average crystallite size values for S, S, and S; sam-
ples calcined at 800 °C were found to be ca. 37.7, 40.0
and 45.2 nm, respectively. Since S; sample has the small-
est crystallite size, it has been chosen for the subsequent
experiments.
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Fig.3 XRD patterns of the as-prepared silicon dioxide nanoparticles
(S, S, and S; samples) after calcination at 800 °C for 2 h
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Fig.4 FE-SEM (a) and TEM (b) images of S, sample

3.1.3 Morphology Studies

The morphology of the as-prepared silicon dioxide nano-
particles (S; sample) was characterized by FE-SEM and
HR-TEM as displayed in Fig. 4. FE-SEM images of the
SiO, sample displayed that the fabricated silicon dioxide
product consisted of porous aggregates of spherical shaped
particles as shown in Fig. 4a. Besides, the microstructure
of the SiO, product was investigated using TEM as shown
in Fig. 4b. The TEM image revealed that the SiO, product
(S,) is composed of spherical and irregular particles of an
average particle size of ca. size ca. 38 nm. These results are
compatible with the XRD data.
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3.2 Adsorption Studies
3.2.1 pHpzc Determination

The pHpzc (point of zero charge) is the pH value at which
the net surface charge of the SiO, particles equals zero.
It is an important parameter elucidating the adsorption
mechanism of sorbed species at the surface. At pH value
lower than that of pHpzc, the net surface charge of the
adsorbent is positive which results in an electrostatic
repulsion between the positively charged SiO, particles
and the cationic species, and possibly inhibit the adsorp-
tion of such species from aqueous solutions. On the other
hand, at pH higher values, the surface charge of adsorbent
possesses a net negative charge due to the acidic dissocia-
tion of H* ions from the surface Si—-OH groups, and the
produced negatively charged particles favor the uptake of
positively charged species (in the present case Pb(II) and
Cd(ID)). The point of zero charge (pH,,.) of SiO, nanopar-
ticles (S,) was estimated using the pH drift method [45].
As such, suspensions of SiO, in 0.01 M solutions of NaCl
with different initial pH values (2.0-9.2) were used for
this estimation. The initial pH values (pH;,;;,;) were plot-
ted against the final pH values (pHg,,) (Fig. 5), and the
point of intersection between the pH;;;;,—PHg,a curve and
the pH;;i1 = PHgin line marks the pH,,,. value. The pH,,.
value of the S, adsorbent was found to be around 7.2, con-
sequently, it is preferred to remove cations at pH> 7.2 to
ensure that the net surface of S, being negative.

3.2.2 Adsorption Properties of the Prepared SiO,
Nanoparticles

Adsorption is an efficient and economically feasible pro-
cess for the wastewater containing chemically stable pollut-
ants such as heavy metals. We investigated the adsorption
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Fig.6 FT-IR spectra for S, adsorbent before and after adsorption

properties of the as-prepared SiO, nanoparticles for Pb(II)
and Cd(II) ions as a toxic pollutant. Adsorption capacity
represents one of the more characteristics features to decide
which sample is more convenient for heavy metal removal
processing. The FT-IR spectra can be used as an evidence
for the adsorption process of heavy metals [41, 46]. Fig-
ure 6 depicts the FT-IR spectra of the prepared adsorbent
before and after adsorption of Pb(II) and Cd(II) ions. From
Fig. 6, it is observed that the spectrum of Pb(Il) and Cd(II)
metal-loaded for S, differs from that adsorbent before the
adsorption. The difference between the FT-IR spectra of the
prepared adsorbents before and after adsorption in all spec-
trum is probably due to the adsorbed Pb(II) and Cd(II) ions
onto the adsorbent.

3.2.2.1 Effect of pH The solution pH is considered one of
the most effective and crucial parameters in the adsorption
of heavy metals because it can both affect the surface charge
properties of the adsorbent and the aqueous distribution of
metal ions. Therefore, adsorption of Cd(II) and Pb(II) ions
on the surface of as-prepared silicon dioxide was studied in
the pH range of 2.5-9.0 which was adjusted by using HCI
and NaOH (0.2 M) with an adsorbent dosage of 0.05 g and
initial Cd(IT) and Pb(Il) ions concentration of 50 mg/L at
298 K. The adsorption progress by protonation and depro-
tonation of adsorbent surface functional groups are influ-
enced by the pH of the adsorption media. The pH of the
solution controls the adsorption behavior of the metal ions
onto the adsorbent particles. It also affects the solubility of
the metal ions in the solution, replaces some of the posi-
tive ions found in the active sites, and affects the degree of
ionization of the adsorbate during the reaction. The effect
of initial pH on the sorption of Pb(II) ions onto the utilized
nanoparticles was evaluated within the pH range of 2.5-9.0.
The metal removal from solution at pH beyond 10 would
not give accurate results because precipitation of the ions as
hydroxides took place. This was the reason why the removal
curve became high as there were not lead ions to be removed
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Fig. 7 Effect of pH on the efficiency of removing Cd(Il) and Pb(II)
ions using the as-prepared SiO, nanoparticles

(the solution seems to be clear because of the metal precipi-
tation) at these pH values. The effect of different pH values
ranged from 2.5 to 9.0 on the adsorption of Pb(II) and Cd(I)
ions by SiO, (S,) nanoparticles (1 g/L) for 24 h contact time
was investigated and displayed in Fig. 7. The initial concen-
tration of Pb(II) and Cd(II) ions, adsorbent dose, volume
of metal ions and stirring rate were set at 50 ppm, 0.05 g,
50 mL, and 400 rpm, respectively, at 298 K for 24 h.

The effect of pH on the adsorption behavior of SiO, for
Pb(II) and Cd(II) ions were shown in Fig. 7. It can be seen
that at lower pH values, the surface of adsorbent has a posi-
tive charge, and therefore lower pH values are not favored
for adsorption of Cd(IT) and Pb(II). Besides, the presence of
excess H* ions in the solution competing with the positive
Cd(II) and Pb(II) ions is another result for the low adsorp-
tion efficiency at lower pH values (i.e. pH2.5) [47]. As the
pH value was raised, the number of negatively charged
adsorption sites, generated by the deprotonation of func-
tional groups on silicon dioxide (S,) adsorbent, increased.
Therefore, the high electrostatic attraction between these

q (mg/g)
NN
S W

—e—Cd(ll) —e—Pb(ll)

0 100 200 300 400
time (min)
Fig.8 Effect of adsorption time on the adsorption capacity of SiO,

for removing Cd(II) and Pb(II) ions
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negatively charged surface of the adsorbent and positively
charged Cd(II) and Pb(II) ions enhanced the adsorption effi-
ciency [48]. Consequently, pH 9 was considered suitable
value for the effective removal of Cd(II) and Pb(II) ions by
(S,) adsorbent.

3.2.2.2 Adsorption Contact Time As shown in Fig. 8, the
adsorption contact time has a significant influence on the
efficiency of removing Cd(II) and Pb(II) ions under follow-
ing conditions: 50 mg/L of initial concentration of Cd(II)
and Pb(II) ions, 1 g/L of the prepared silicon dioxide (S;)
nanoparticles, room temperature, and pH 9. The results
showed that with increasing the contact time from 30 to
120 min the adsorption capacity reached ca. 42.2 mgg~"' for
Cd(I) ions. And with increasing the contact time from 30
to 150 min the adsorption capacity reached ca. 32.2 mgg™"
for Pb(Il) ions. Afterwards the adsorption processes reached
their equilibarium for both ions. Overall, each adsorption
process can be divided into three stages. The three states are
described as follows: Firstly, at the beginning of adsorption,
the adsorption efficiency increased dramatically because the
adsorption occurs mainly on the surface of adsorbent. Then,
at the second stage, the increasing efficiency of adsorp-
tion became slow and this is probably due to the decrease
in Cd(Il) and Pb(Il) ion concentration in solution. The
other reason is that during this stage the adsorption works
mainly in the internal surface of adsorbent pores to decrease
the mass transfer rate. Finally, the adsorption reaches an
equilibrium state when the Cd(II) and Pb(Il) ions residue
is much less. These results are in accordance with that of
the adsorption of some cations on some porous materials
[49]. Based on the obtained results, the adsorption efficien-
cies increased their highest values; 68% for Pb(Il) ions in
120 min and 80.2% for Cd(II) ions in 150 min. Accordingly,
the adsorption contact time was set as 120 min and 150 min
for Cd(II) and Pb(II) ions, respectively, in the following
adsorption studies.

90
80 1 ——
70 /J/_\

60 1 ,

50
40
30 ] —o—Pb(Il) —o— Cd(D)
20
10

%R

0 1 2 3 4
Adsorbent dose, g/L

Fig.9 Effect of adsorbent dose on the efficiency of removing Cd(II)
and Pb(II) ions
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3.2.2.3 Adsorbent Dose Figure 9 shows the effect of the
dosage (0.5-3 g/L) of (S,) sample on the efficiency of
removing Cd(II) and Pb(Il) ions under following condi-
tions: 50 mg/L of initial concentration of Cd(II) and Pb(II)
ions, (0.5-3 g/L) dose of the prepared silicon dioxide (S;)
nanoparticles, room temperature, and pH 9, after 120 and
150 min. As shown in Fig. 9, the removal efficiency of
Cd(II) and Pb(II) ions was increased from 35 to 93% and
40 to 92% as the dose of (S,) sample increased from 0.5 to
3 g/L. The significant enhancement in adsorption capaci-
ties can be due to the high accessibility of larger number
of adsorption sites due to the increasing in the dose of S;
[49]. However, at higher dosage of the adsorbent, some
agglumerations occurred. Therefore, 1 g/ (S;) dose was
selected for the subsequent experiments.

3.2.2.4 Initial Metals Concentration Under conditions:1 g/LL
(S,) dosage, pH 9, adsorption time 120 min for Cd(II) and
150 min for Pb(Il), and room temperature, the effect of
Cd(I) and Pb(II) initial concentrations on the removal effi-
ciency was carried out. It could be observed from Fig. 10
that the adsorption efficiency decreased while the initial
concentrations of Cd(II) and Pb(II) ions increased. Obvi-
ously, the adsorption efficiency reached the optimum values
of 89% and 91% for Cd(Il) and Pb(II) ions, respectively, at
an initial ion concentration 10 mg/L for both cations. The
results may be interpreted as following. Firstly, the adsorp-
tion quantity of the ions on the adsorbent will be constant
when a given mass of adsorbent is used. Then the amount
of residual Cd(IT) and Pb(II) ions can be increased as the
initial concentrations raised, which can lead to reducing
the removing efficiency [49]. In other words, the available
adsorption sites reduced as the initial concentration of the
cations of interest increased.

3.2.2.5 Effect of Temperature Temperature degree has an
essential role affect on the rate of adsorption process. The

q., mg/g
N W
0nh o

e
o
1
q

5 ] ——Cd() ——Pb(D)

0 20 40 60 80
Cy, mg/L

Fig. 10 Effect of initial concentration of Cd(II) and Pb(Il) ions on
their adsorption on SiO, nanoparticles
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Fig. 11 Effect of temperature on Cd(II) and Pb(II) removal percent
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adsorption studies were carried out at different tempera-
tures (298, 303, 308, 313 and 318 K) separately for Cd(Il)
and Pb(I) ions using 0.05 g of (S;) nanoparticles at the
obtained optimum conditions as illustrated in Fig. 11. The
experimental results showed that the adsorption capacity
decreased slowly with increasing the solution temperature
as shown in Fig. 11. This indicates that the adsorption of
metal ions on the prepared adsorbents is an exothermic pro-
cess. The decrease in the rate of adsorption with the increase
in temperature may be attributed to the tendency of metal
ions to escape from the solid phase to bulk liquid phase at
higher temepature values [49].

3.3 Adsorption Kinetic Study

Adsorption kinetic studies are necessary in the treatment
of aqueous effluents because they provide valuable infor-
mation on the mechanism of the adsorption process which
is crucial for the practicality of the process. The mecha-
nism of the adsorption process depends on the physical
and chemical characteristics of the adsorbent and adsorb-
ate. The mechanism and rate of adsorption were proposed
by fitting the experimental kinetic data to pseudo-first-
order (log(qe—q,) and t) and pseudo-second-order (t/q, and
time t) models [50] as represented in Egs. (4), (5).

log(q,~q,) = logg,—k, /2.303t @

where q, and q, are the amount of heavy metal ions adsorbed
on the adsorbent in mg (metal)/g (adsorbent) at equilibrium
and at time t, respectively. k; is the rate constant of first-
order kinetics in min~'. While the pseudo-second-order
kinetic model can be written as given in Eq. (5).

t/q, = 1/kq,” +1/q, ©)

where q, and g, are the amount of heavy metal ions adsorbed
by the adsorbent in mg (metal)/g (adsorbent) at equilibrium
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Fig. 12 Pseudo-first-order plots for adsorption of a Cd(II) and b
Pb(II) ions onto SiO, (S,) nanoparticles
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Fig. 13 Pseudo-second-order plots for adsorption of a Cd(Il) and b
Pb(II) onto (S;) nanoparticles
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Table 1 Kinetic parameters for the adsorption of Cd(II) and
Pb(II) ions onto SiO, (S,) nano-adsorbent
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Kinetics models Constants Values
Pbl)  CddI)
Pseudo-first-order k, (1/min) 0.0252 0.0236
Qe(cary (ME/E) 4538  18.699
r,? 0.7534  0.5736
Qe(exp) (ME/g) at 322 422
Co=50 mg/L
Pseudo-second-order k, [g/(mg min)] 0.00026 0.00044
Qe(cary (ME/2) 44.01 50.11
o 0963  0.9813
Qe(exp) (ME/E) at 322 42.2
Cy=50 mg/L

and at time t, respectively. k, is the rate constant of second-
order kinetics in g/(mg/min). The values of k; and k, were
determined from Eqgs. (4) and (5), respectively [51]. Fig-
ures 12 and 13 display the results of the kinetic relations
for the removal of lead and cadmium ions. The parameters
of pseudo-first-order model and pseudo-second-order model
for the adsorption of Pb(II) and Cd(II) on S, nanoparticles
are tabulated in Table 1. According to the values of R for
the examined experimental data using various models, the
pseudo-second-order model is the better fitting (R*=0.995)
than the pseudo-first order (R*>=0.778) for the removal of
the lead ions. And the values of R? for the tested experi-
mental data exhibited that the pseudo-second-order model
is the better fitting (R>=0.993) than the pseudo-first order
(R*=0.523) for the removal of the cadmium ions. So, we
can say that the adsorption of cadmium and lead ions from
aqueous solution onto (S;) followed the pseudo-second-
order model.

3.4 Isotherm Studies

The common isotherm models (Langmuir and Freundlich)
were used to describe the adsorption of Pb(II) and Cd(II)
ions on the nanoparticles. Langmuir model supposed that
all the adsorption sites of the adsorbent have the same bind-
ing energy and every site joints to only one adsorbate ion/
molecule [51, 52]. This model of isotherm assumes the for-
mation of a monolayer adsorbate on the outer surface of the
adsorbent, and after that no further adsorption takes place.
It is valid for monolayer adsorption onto a surface contain-
ing a finite number of identical sites. It assumes uniform
energies of adsorption onto the surface and no transmigra-
tion of adsorbate in the plane of the surface. The linearized
Langmuir isotherm form is given by Eq. (6):
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Fig. 14 Langmuir isotherm model for a Pb(II) and b Cd(II) adsorp-
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where q. is the equilibrium adsorption capacity of the
adsorbent in mg (metal)/g (adsorbent), C, is the equilib-
rium concentration of metal ions in (mg/L), q,, is the maxi-
mum adsorption capacity of the adsorbent in mg(metal)/
g(adsorbent), and b is the Langmuir constant that belongs
tothe bonding energy of adsorption in (L/mg). Linear plot
of C /q, versus C, shows Langmuir isotherm (Fig. 14), the
obtained values of q,, and b were calculated from the slop
and intercept of the linear plots (Table 2). The essential
characteristics of Langmuir isotherm can be expressed by a
dimensionless constant called equilibrium parameters, R;,
defined in Eq. (7):

1

R = —
L= T+bC, )

where b is the Langmuir constant and C is the initial metal
ion concentration (mg/L), and R; value indicates the adsorp-
tion nature to be either: unfavorable if R; > 1, Linear if
R; =1, favorable if 0 <R <1 and irreversible if R; =0 [51,
52]. The obtained R; values were between zero and one,
which indicate favorable adsorption.
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Table 2 Constants of the
Langmuir and Freundlich
isotherms for the adsorption of

Adsorption isotherm
model

Parameters

Values

Pb(ID) Cd(IT)

Pb(II) and Cd(II) ions on SiO,

(S,) nano-adsorbent Langmuir

I
Ry

Ky (L/mg)
qm(cul) (mg/g)

0.1779

34.67

0.982
0.0669-0.3342

0.2425

47.29

0.921
0.0669-0.3342

Qe(exp) (Mg/g) at Cy=50 mg/L 322 422

Freundlich

Y]
n

Ky [(mg/g) (L/mg)"""]
qm(cal) (mg/g)
2

8.579
68.92
0.977
2.737

16.46
68.12
0.870
3.731

Qe exp) (Mg/g) at Co=50 mg/L 322 42.2

w
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Fig. 15 Freundlich isotherm for a Pb(Il) and b for Cd(Il) adsorption
on (S,) nanoparticles

On the other hand, Freundlich isotherm model is used to
describe the adsorption characteristics for the heterogeneous
surface [51, 52]. It assumes heterogeneity of binding ener-
gies of adsorption sites. The linearized Freundlich isotherm
form is given by Eq. (8).

1
Ing, = InK; + (= )InC
nq, n f n nc, (8)
where q, is the equilibrium adsorption capacity of the

adsorbent in mg/g, C, is the equilibrium concentration of
heavy metal ions in (mg/L), K is the constant refers to the

adsorption intensity of the adsorbent in [(mg/g)(L/mg)"",
and n is the constant linked to the adsorption intensity. (1/n)
is the heterogeneity factor and it is a function of the strength
of adsorption in the adsorption process [51, 52]. If n=1
(i.e. (1/n)=1), the partition between the two phases are
independent of the concentration. If value of 1/n is below
one, it indicates a normal adsorption. If 1/n is above one, it
indicates a cooperative adsorption [51, 52]. In addition, if
n lies between one and ten, this indicates a favorable sorp-
tion process [51, 52]. According to Freundlich isotherm
model, Inq, is plotted against InC, and the data are treated
by linear regression analysis, as shown in Fig. 15 for metal
ion adsorption on S,. 1/n and K; constants are determined
from the slope and intercept of the plots. Based on the tabu-
lated values of 1/n and n in Table 2, it can be concuded
that the sorption of Pb(IT) and Cd(II) ions onto the prepared
nano-sized SiO, particles is favorable. The constants of the
Langmuir and Freundlich isotherm models are presented in
Table 2. Although, we determined the maximum adsorption
capacity (q,,) by using the Langmuir model, this value can
be also calculated from the Freundlich isotherm model by
using Eq. (9) [53].
QM
Kp=—>-
Cé/ ©

According to the listed data in Table 2, it can be con-
cluded that the experimental data can be described well
using the Langmuir isotherm model because the higher r
values and closer calculated maximum adsorption capacity;
A (Amcary) to the experimental gy, (qpexp)) Obtained from
this model compared to those obtained from the Freundlich
isotherm model. Consequently, the adsorption of the cations
of interest may take place through a monlayer adsorption and
homogeneously distributed on the active sites of the surface
of the as-prepared adsorbent.
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3.5 Thermodynamic Studies

The effect of adsorption media temperatures on the adsorp-
tion of the ions of interest on the as-prepared adsorbent was
explored in the range of 298-318 K, as shown previously in
Fig. 11, under the adsorption conditions: 0.05 g adsorbent,
50 mg/L initial concentration of the metal ion, and 400 rpm
stirring rate. The results exhibited that the decrease in the
rate of adsorption with the increase of the temperature can
be attributed to the low tendency of Pb(II) and Cd(II) ions
to the solid phase at higher temperatures. The values of ther-
modynamic parameters such as change in enthalpy (AH®),
change in entropy (AS°®), and change in Gibbs free energy
(AG®), were determined by using the following Eq. (10)
[54]:

InK, = (AS°/R)—(AH°/RT) (10)

where K.=C,./C.. K_ is the equilibrium constant, C,, is
the solid phase concentration at equilibrium (mg/L), T is the
temperature in Kelvin, and R is the gas constant. By plot-
ting InK_ against 1/T gives a straight line with a slope and
intercept equal to (— AH®/R) and AS°/R, respectively. The
values of AH® and AS°/R were calculated from Fig. 16a, b

(@)

InKe

B 5 kB o & D

0.0031 0.00315 0.0032 0.00325

/7 (K1

0.0033 0.00335 0.0034
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215

21 é
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Fig. 16 Plots of In K against 1/T for a Cd(II) and b Pb(II) adsorption
on (S,) nanoparticles
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Table 3 Thermodynamic parameters for the adsorption of Pb(II) and
CddI) on S, nanoparticles

Adsorbate Temperature InK, AG° AH° AS°
(K) (kJ/mol)  (kJ/mol) (kJ/mol k)
Cddn 298 2.091 -5.1799
308 2.07 -5.3019 -7.003 0.0059
313 2.002 -5.2096
318 1.901 -5.0259
Pb(II) 298 2314 —=5.7322
308 2.289 -—5.8626 —7.607 0.006
313 2254 -5.8657
318 2.091 -5.5276

and reported in Table 3. The negative values of AH® indicate
the exothermic nature of the adsorption process of Cd(II)
and Pb(II) on the S, product. The positive values of entropy
changes, AS°, correspond to an increase in degree of free-
dom of the adsorbed species. Gibbs free energy change,
AG?®, of the adsorption process was calculated from Eq. (11)
and the values are given in Table 3.

(AG®) = AH® — TAS® (11)

The negative values of (AG®) indicated that the adsorp-
tion of both metal ions on S, product is a spontaneous
process and the decrease in (AG®) values with increasing
the temperature indicates that the adsorption process is
less preferable at higher temperature values. The nega-
tive value of AH® indicates that the adsorption process is
exothermic.

Table 4 Comparison study between current work and literature stud-
ies for the adsorption of Pb(II) and Cd(II) ions on different adsorbents

Adsorbate Adsorbent Adsorption References
capacity
(mg/g)

Pb(II) Zero-valent iron 90.10 [55]

Pb(ID) Polymer based graphene 73.52 [56]

oxide

Pb(II) Nano-sized silicon oxide 34.2 This work

Cddr) Alumina nanoparticles 0.608 [57]

Cddr) Carbon nanotubes 181.8 [58]

Cddr) Nano-sized silicon oxide 422 This work
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3.6 Regeneration and Reproducibility

The results revealed that 0.4 M of EDTA di-sodium salt is
a good media for the desorption of Cd(II) and Pb(II) ions
from the prepared SiO, (S,) nanoparticles. In aqueous solu-
tion, EDTA is a hexadentate ligand that forms highly stable
complexes with Cd(II) and Pb(Il) ions. As a result, it has an
affinity for taking off the adsorbed metal ions from the sur-
face of the prepared SiO, (S,) nanoparticles. In terms of time
and money, it’s better to choose adsorbent materials that can
be reused multiple times without losing their effectiveness.
There is no deterioration in the percent of removing or the
adsorption capacity of the synthesized SiO, (S,) nanoparti-
cles after four adsorption cycles. Thus as a result, these the
prepared SiO, (S,) nanoparticles are effective, reusable, and
stable, and they may be utilized repeatedly without losing
their efficiency against cadmium and lead ions.

3.7 Comparison Study

The produced SiO, nanoparticles’ adsorption capabili-
ties for lead and cadmium ions were compared to those
of other adsorbents and listed in Table 4. In addition,
Table 4 displays that the as-prepared SiO, (S;) nanoparti-
cles have a maximum adsorption capacity (q,,) of ca. 32.2
and 42.2 mg g~! for the removal of lead and cadmium ions
from aqueous media which are relatively higher than those
published for other adsorbents toward the cations of inter-
est. Therefore, the as-prepared SiO, (S,) nanoparticles can
be considered as a promising candidate for the removal of
Cd(II) and Pb(II) ions from aqueous media. This is due to
the relatively high efficiency of the as-prepared SiO, nano-
adsorbent and its relatively long-term regeneration for the
removal of Cd(IT) and Pb(II) ions from aqueous solutions.

3.8 Application of the as-Prepared SiO, on Real
Water Samples

The attained optimum conditions for the removal of Cd(II)
and Pb(II) ions from aqueous solutions were applied on
real water samples. It notable that as detailed in the experi-
mental section, the produced nanoparticles were employed
to treat wastewater that contains lead (2.2 mg/L) and cad-
mium (3.52 mg/L) and collected from a factory for galva-
nization in Mubark Industrial Zone, Quesna city, Egypt.
These pollutants were totally removed from the wastewater
using the fabricated nanoparticles after utilizing the as-
prepared SiO, nano-adsorbent and applying the optimum
conditions. Consequently, the as-synthesized SiO, (S);)
nanoparticles can be considered as a promising candi-
date for the removal of cations of interest from aqueous
solutions.

4 Conclusions

Silicon dioxide nanoparticles (S,;) were successfully pre-
pared using direct and simple sol-gel method. The as-
prepared silicon dioxide products were characterized using
Fourier transform infrared spectroscopy (FT-IR), X-Ray dif-
fraction (XRD), scanning electron microscopy (SEM), and
transmission electron microscopy (TEM). The highly porous
nanosized silicon dioxide high removal ability toward Cd(II)
and Pb(II) ions from aqueous media. The results revealed
long-term use of the adsorbent, and its maximum adsorp-
tion capacity was found to be 32.2 mgg~' and 42.2 mgg™!
for Pb(Il) and Cd(II) ions, respectively. The kinetics and
isotherm modelling studies showed that the experimental
data fitted well with the pseudo-second-order and Langmuir
isotherm models, respectively. The obtained thermodynamic
adsorption results indicatd that the adsorption process of
interest has spontaneous and exothermic natures. However,
producing SiO, nanoparticles with smaller crystallite size is
still challenging and it will be a useful point for our future
direction.
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