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Abstract

Silica nanoparticles have been successfully synthesized by a modified sol-gel auto combustion synthesis method using
silica gel and PEG 4000. The as-prepared silica was calcined at 800 °C for 4 h following by the characterization using
various tools such as XRD, FT-IR, and FE-SEM. The average crystallite size of the calcined Silica was determined to be 3-
7.5 nm. FTIR spectroscopy confirmed the presence of a silica sample according to the presence of the peaks at 468, 665, 811,
and 1064 cm™. The FE-SEM photograph displayed that the calcined silica nanoparticles are agglomerated in spherical shapes
and the average agglomerated particle size in the range of 91 nm. The batch adsorption was applied for the removal of congo
red dye over the fabricated silicon oxide adsorbent under various experimental conditions. The extracted adsorption data
applied for the investigation of adsorption isotherm and kinetic models. Also, the thermodynamic parameters were examined

for the removal of congo red dye over silicon oxide nanoparticles.
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1. Introduction

Silica nanoparticles prepared by using various
techniques such as microwave [1] and sol-gel [2]
methods. These methods have different effects of the
synthesized material such as particle size, shape,
formation time, morphology, etc. [3]. The synthesis of
silica with PEI based on the
doped polyethyleneimine (PEI) inside silica nanoparticles
to get the (PEI) silica nanoparticles [4]. The preparation
method can be used CTAB to form mesostructured silica
cores [5, 6]. it also synthesized hollow mesoporous
silicate particles with minimum structural defects [7].
Silica nanoparticles used in different applications such as
biomedical (as enzymes and drug delivery) [8-10], high-
performance thermal insulation material [11], white
cement as a binder [12], fuel cell, electrolyte membrane
[13, 14], high-performance matrix for many catalysts
[15]. Also, silica nanoparticles showed a good adsorption
capacity for the removal of some pollutants from aqueous
solutions such as congo red dye [16] and methylene blue
dye [17, 18]. Rapid pyrolysis at high temperatures is a
promising process to obtain black SiO2 nanoparticles [19],
which can be applied in different areas for its
characteristic color such as cosmetics, graphite, paints,
ceramics, and polymer industry. It can be used for the
removal of some organic compounds.

Amorphous silica nanoparticles with high purity
were synthesized using precipitation following by the
calcination [20]. Silica nanoparticles adsorbent have may
practical applications for the removal of different heavy
metals [21-23] such as lead and cadmium from the
polluted water [24, 25]. Also, silica nanoparticles were
increased the removal capacity of nitrate from water due
to an increase in surface positive charges and provision

of new surface functional groups [26]. the combustion
synthesis method is also known as low solution
combustion synthesis and it used for the preparation of
simple and complex inorganic compounds [27-31]. In the
present work, we aimed to synthesize silica
nanoparticles by using the sol-gel auto combustion
synthesis method following by the calcination to
improve the crystallinity of the synthesized silica. The
structure, functional groups, and morphology properties
of the obtained silica are characterized by different tools
such as XRD, FT-IR, and SEM.

2. Experimental
2.1. Materials and reagents

All chemicals and reagents in this work were of
analytical grade and they were purchased and employed
as received without further purification. Silica gel (60-120
mesh), Sodium hydroxide (NaOH, 99%), nitric acid
(HNOs3, 69%), and polyethylene glycol 4000 (PEG 4000)
were purchased from El Nasr pharmaceutical chemicals
company.

2.2. Preparation of silica nanoparticles

0.02 mole of silica gel was dissolved in 0.04 mole
of sodium hydroxide solution with stirring at 80°C for 10
minutes to complete the solubility of the silica gel. After
the solution was cooled, pH of the solution decreases
using nitric acid (2M) to obtain the gel (pH= 7). The
obtained gel was centrifuged and washed several times
with distilled water. 0.1, 0.5, 0.75 grams of polyethylene
glycol (4000) was added to the produced gel with 20 ml
distilled water with stirring at 80°C for 1h. The obtained
gel was dehydrated at 150 °C for 2 h in an electric
furnace. The white solid material was auto-ignited at 350
°C on a hot plate. The combustion reaction was
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completed in 10 minutes and the grey powder was
obtained. The synthesized silica was well ground and
calcined at 800 °C for 4 h., to get the crystalline silica
nanoparticles. Figure (1) shows a schematic flowchart for

1 outlined the names of products, the ratio between the
reactants according to the weight of PEG in the
combustion method. The synthesized samples were
named by SE18, SE28, and SE38 after calcination at 800

the preparation of silicon dioxide using a sol-gel auto °C for 4 h.

combustion method using different weights of PEG. Table
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Fig (1): Flowchart of the synthesis of silica nanoparticles.

Table 1
The names of products and the ratio between the reactants in the preparation of silicon oxide

S. name Silica gel, mole PEG, g SIi/PEG, wt. ratio
SE18 0.02 0.1 12.0
SE28 0.02 0.5 24
SE38 0.02 0.75 1.6
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2.3. Characterization:

X-ray diffraction (XRD) of the sample was
measured using a diffractometer (Bruker; model D8
advance) with monochromatic Cu-Ka radiation, 1.54178
("A) in the 20 range of 15-80°. FTIR spectra were
measured using the FT-IR spectrometer (Bomem; model
MB 157S) from 4000 to 400 cm™ at room temperature. The
morphology of the prepared sample was studied using a
Field emission scanning electron microscope (FE-SEM,
JEOL: model JSM-6500F).

3. Result and Discussion
3.1. Characterization of the synthesized silicon oxide

Figure (2) displays the XRD patterns of the calcined
silicon dioxide (SE18, SE28, and SE38 samples). The
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extracted data shows that the pure crystalline silicon oxide
nanoparticles were obtained with the diffraction peaks
according to XRD card No. 82-1403 and 86-0681 for
Cristobalite and Tridymite. From the extracted data of
XRD analysis, the effect of PEG appeared on the
synthesized silicon oxide phase. The average crystallite
sizes of silicon dioxide calculated by using the Debye-
Scherrer formula No. (1).

X =0.9A /Buj2cos 0 Q)
Where ) is the wavelength (1.5406 A for CuKa), 6 is the
diffraction angle and B is the x-ray full width at half
maximum height of the diffraction peak. The average
crystallite size of the calcined silica (X) is determined to
be 3 nm, 3 nm, and 7.5 nm for SE18, SE28, and SE38,
respectively.

Intensity,a.u.

SE38

SE28

SE18

20 30

20, degree

T
40

s0 60 70

Fig (2): XRD patterns of silica sample after calcination at 800 °C for 4 h (SE18, SE28, and SE38 samples).

Figure (3) displays the FT-IR spectra of the synthesized
silica after calcination at 800 °C. The two weak and broad
bands appeared at 1635 and 3438 cm™ are corresponding
to bending and stretching vibrations of the adsorbed -OH
groups on the surface nanomaterial. FTIR spectrum
showed absorption bands at 468, 665, 811, and 1064 cm™

corresponding to a pure SiO2 product. The absorption
band appeared at 468 cm™ due to the siloxane bond (Si-O-
Si) bending vibration. The bands at 665 and 811 cm™ can
be attributed to symmetric stretching vibrations of the Si-
O-Si bond. While the band observed at 1064 cm
returned to an asymmetric stretching vibration of the Si-
O-Si bond.
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Fig (3): FTIR spectra of the calcined silicon oxide nanoparticles at 800 °C for 4 h (SE18, SE28, and SE38 samples).
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Fig (4): FE-SEM micrograph of the calcined silicon oxide (SE28 sample) at 800 °C for 4 h.

3.2. Morphological studies

The morphology of the fabricated SiO:
nanoparticles after the calcination at 800 °C was studied
using a field-emission scanning electron microscope (FE-
SEM), as displayed in Figure (4). The FE-SEM
micrograph of the silica sample exhibited that the product
consisted of hard aggregation of two main different
morphologies. The first type is the regular irregular shape
and the average particle size was found to be 91 nm. The
second type is the collection of the particle together in the
form of tubes, with length 278 nm and diameter 34 nm.

4. Adsorption studies

The synthesized silicon oxide is used for the
adsorption of congo red dye from aqueous media.
Different factors that are required for the study of the
removal of congo red dye: pH, adsorbent dose, time, and
temperature. The removal of the congo red dye (20 mg/L)
over 50 mg of the synthesized silicon oxide was studied
over a wide range of pH from 5 to 10 as shown in Fig.
5(a). After stirring for 24 h, the removal efficiency of the
congo red dye reached its maximum which found to be
6.0 % (Amax =498 nm at pH 6. The contact time of the
adsorption of congo red (20 mg/L) over 0.05gm of silicon
oxide was examined at pH 6, with stirring for 210 min. as
shown in Fig. 5(b). The removal efficiency of the congo

WD
0.0 mm

red dye was rapidly increased and it recorded 6 % at 40
min. The equilibrium condition was attained between 40-
210 min and the removal percentage was found to be 6.2
%. The effect of initial concentrations on the removal of
congo red dye is examined by using 50 mg of SiO2
nanoparticles at pH 6 and initial concentrations in the
range of 10 to 100 mg/L. After 50 min of stirring, the
adsorption capacity of congo red dye was plotted with the
initial concentrations as shown in Fig. 5(c)The adsorption
capacity increased with the raising of the initial
concentrations till 10mg/L and then, it became constant
with 0.861 mg/g maximum adsorption capacity. The
effect of adsorbent dose of SiO2 on the removal of congo
red dye was examined at the following conditions: was
examined on the removal of congo red dye(20mg/g) at pH
6.0, The extracted data appeared that the removal of dye
decreased with raising the amount of silicon oxide as
shown in Fig. 5(d). The effect of temperature on the
adsorption process of congo red dye was carried out at
30,35,40 and 45°C, separately and the selected conditions:
pH 6, 20 mg/L, and 40 min. The experimental study
revealed that the removal decreased slowly by increasing
temperature as shown in Fig.5(e). From the calculated
data, the adsorption of congo red is an exothermic
process.
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Figure (5): The experimental adsorption parameters for the removal of congo red dye over silicon oxide nanoparticles: (a) effect
of pH, (b) effect of time, (c) effect of initial concentration, (d) effect of dose and (e) effect of temperature.

5. Adsorption Isotherms

Langmuir and Freundlich isotherm models were
tested using 50 mg of silicon oxide (SE28 sample) and the
determined experimental data like the following: initial
concentration (10-100 mg/L), pH 6, 30 °C and 40 min. The
selected isotherm models can be achieved using the
following equations (2 and 3).

Ce/qe = 1/(qmKL) + Co/qm (2)

Inqg, = InKz + (1/n) InC, 3)

Where C,, q., and gm are the equilibrium
concentration of dye (mg/L), amount of adsorbed dye at
equilibrium, and the maximum capacity of adsorbed dye
over silicon oxide (mg/g), respectively. K;, Kr, and 1/n are

Langmuir constant (L/mg), Frendlich constant (mg/g), and
the heterogeneity factor, respectively. The essential
characteristics of Langmuir isotherm can be expressed by a
dimensionless constant called equilibrium parameter Ry,
defined as:

1
Ry =——n
(4) 1+ EJC,,
Where b is the Langmuir constant and Co is the initial dye
concentration (mg/L), RL value indicates the adsorption
nature to be either unfavorable if RL >1, linear if RL =1,
favorable if 0< RL <1 and irreversible if R =0
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Fig (6) Langmuir (a) and Freundlich (b) isotherm models for the removal of congo red dye over silicon oxide

nanoparticles,(SE28 sample)

Table 2 The extracted parameters of the applied isotherms for removal of congo red dye over silicon oxide nanoparticles.

Adsorption isotherm Parameter Values
Langmuir parameters KL (L/mg) 0.0627
Om (cay (M@/q) 1.054407
RL 0.1375-0.6164
R? 0.9773
gm (exp) (MY/Q) 0.861727
Freundlich parameters Kr (L/mg) 0.06256
Om (cal) (mg/g) 0.80727
Kr 1.2037
R? 0.9355
gm (exp) (MY/Q) 0.860727

Figure (6) Displayed Langmuir and Freundlich isotherm
models for the removal of congo red dye over silicon oxide
nanoparticles (SE28 sample). Table 2 are outlined the
extracted factors from Langmuir and Freundlich isotherm.
From the R? values, Langmuir isotherm model is better
fitting than the Freundlich isotherm. Besides, the estimated
adsorption capacity from Langmuir isotherm was estimated
to be ( 1.15 mg/g ), which are approached from the
experimental value (1.0544mg/g). From Table (2), RL
values show that the adsorption of congo red dye over
silicon oxide nanoparticles is a favorable process.

6. Kinetic studies
Pseudo first order and pseudo-second-order reaction
models are used for investigation of the rate of the removal

of congo red dye over the fabricated silicon oxide (SE28
sample) as shown in the following equations(4 and 5).

K
log(qe — qv) = logqe — 5= t “)

2.303
t 1 t

q_t Bl que2 q_e

®)

Where ge and gt are the quantities of adsorbed dye
(mg/g) at equilibrium and time, Ki: (min!) and k:
(9/mg/min) are constants of pseudo first and pseudo-
second-order respectively figure 7 shows Pseudo first order
and pseudo-second-order models for the removal of congo
red dye over the synthesized silica (SE28 sample). Kinetic
parameters were listed in Table 3 for the adsorption of
congo red dye over the synthesized silicon oxide
adsorbent. According to the correlation coefficients R?, a
pseudo-second-order was acceptable than pseudo-first-
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order kinetic models. Depending on the extracted data, the
adsorption capacity value (0.80727 mg/g) calculated from
the pseudo-second-order kinetic model was near to the
experimental value (0.86072 mg/g) for the removal of
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congo red dye over silicon oxide adsorbent. These previous
results suggested that the pseudo-second-order adsorption
can be applied.

400

(b)
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Fig (7) Pseudo-first-order model (a), pseudo-second-order model (b), for removal of the congo red dye using silicon oxide

nanoparticles (SE28 sample).

Table 3

Kinetic parameters for adsorption of congo red dye over the synthesized silicon oxide adsorbent

Kinetic model Parameter Values
Pseudo first order Kz(min™) 0.062485
Om (caty (MQ/Q) 0.735047
R2 0.9209
Om exp) (MY/Q) 0.62
Pseudo second order K2 (g/mg.min) 0. 066137
gm (cal) (MQ/Q) 0.711613
R2 0.9783
Om exp) (MY/Q) 0.62

7. Thermodynamic studies

Thermodynamic parameters (entropy change
(AS®), enthalpy change (AH°), and free energy change
(AG®)) are related by Van't Hoff equation:(6,7 and 8) as
the following:

K. = AS° AH° 6

nRkq = R RT (6)
AG® = AH° — TAS® 7
Kq= Qc/Ce )

Where Kq is the Equilibrium constant, ge is the
adsorbent equilibrium concentration (mg/L), T in Kelvin
and R is the gas constant. Plotting In Kq against 1/T gives
a straight line with slope and intercept equal to [-AH%/R]
and [AS®/R], respectively. Thermodynamic parameters are
determined and listed in Table 4.

The value of AHC is lower than 40 KJ/mol, so the
removal of congo red dye using silicon oxide
nanoparticles indicated that the adsorption process was
exothermic and physisorption process. The negative value
of entropy change (ASo) corresponds to a decrease in the
degree of freedom of the adsorbed species of removal
congo red dye using silicon oxide. The positive values of
AGo revealed that the separation process is
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Fig (8) Van't Hoff plot for the adsorption of congo red dye on silicon oxide nanoparticles (SE28 sample).

Table 4

Thermodynamic data for adsorption of congo red dye over the synthesized silicon oxide adsorbent

In K¢

Sample T, (°K) AG® AH® AS®
(KJ/mol) (KJ/mol) (KJ/mol)
303 -3.479017 8.7595 -38.93 -0.1574
SE28 308 -3.730098 9.5466
313 -3.961460 10.333
318 -4.212152 11.120

5. Conclusions

Silica nanoparticles were fabricated by Sol-gel auto-
combustion synthesis method followed by the calcination
at 800 °C for 4 h. The obtained sample was characterized
by different tools such as XRD, FT-IR, and FE-SEM. The
XRD pattern of calcined silicon showed that the
characte6+ristic lines of the cristobalite phase of silicon
oxide with an average crystallite size of 3-7.5 nm. The
characteristic FTIR absorption peaks at 468, 665, 811, and
1064 cm™ are attributed to Si-O, Si-O-Si stretching vi-
bration modes of SiOz[8]. The FE-SEM photograph
displayed that the calcined silica nanoparticles show the
spherical shapes with hard agglomeration and the average
particle size in the range of 91 nm. It was found that the
reaction rate of adsorption of congo red dye was obeyed
pseudo-second-order. The adsorption process of congo red
dye over silica nanoparticles can be fitted Langmuir
isotherm model. The calculated thermodynamic factors
(AG®, AH® and AS) exhibit that the adsorption process of

congo red dye on silicon oxide was exothermic, so the
adsorption is unfavorable at high temperatures.
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