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Abstract

Silica nanoparticles have been successfully synthesized by utilizing sol-gel auto-combustion method
using fuels (oxalic acid and citric acid) followed by the calcination at 850 °C for 4 h. The fabricated silica
nanoparticles were characterized by various tools such as X-ray diffraction (XRD), Fourier transform
infrared analysis (FT-IR), Field-emission scanning electron microscope (FE-SEM) and high-resolution
transmission electron microscope (HR-TEM). The batch adsorption was applied for the removal of sun set
dye over the fabricated silicon oxide adsorbent under various experimental conditions. The extracted
adsorption data were examined using some adsorption isotherm and kinetic models. The thermodynamic

parameters were calculated for the removal of sun set dye over silicon oxide nanoparticles.
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1. Introduction that have been used for the synthesis of silicon
oxide nanoparticles as micro-emulsion [1, 10],
combustion [11, 12], hydrothermal [13, 14], sol-

gel [15-17], etc. There is a significant interest in

Metal oxide nanoparticles are required due
to its application in electronic, optical, magnetic,

chemical catalytic and mechanical properties

originating from the high surface to volume ratio, the synthesis of crystalline and amorphous

high density of surface sites and quantum size material  for the  various  applications:

effect [1, 2]. Transition metal oxides (TMO) are microelectronics, optical, electrical, etc. Silica

the most widely used in the emerging field of nanoparticles with high purity have a lot of

magneto-electronics,  catalysts, and  photo potential applications in many fields such as water

. L treatment, sensor devices and catalysis and
catalysis, solar-cells, and gas- sensors applications

[3, 4]. Silicon oxide has many crystalline dielectric materials [2, 18]. Silicon oxide

structures in the form of Quartz, Cristobalite and nanoparticles have been used in the removal of a

Tridymite. Besides, the most important form of
silicon dioxide is amorphous phase which can be
used in different applications. The optical
properties having larger transition strengths and
index of refraction of crystalline quartz and
amorphous silicon oxide [5-7]. Crystalline silicon
oxide has more sharp features in the inter-band
transition strength spectrum than amorphous
silica. The energy of the absorption edge for
crystalline SiO: is about 1eV higher than that for

amorphous one [8, 9]. There are several methods

number of pollutants such as dyes [19, 20],
antibiotics [21], heavy metals [22, 23] by
adsorption process. The elimination of various
dyes from the waste waters of textile industries is
also a remarkable field. The hybrid sol-gel auto-
combustion synthesis method is used for the
preparation of various simple and composite
metal oxides [24-29]. In this work, sol-gel auto-
combustion method has been used for the
synthesis of silica nanoparticles. The composition

and morphology of the obtained crystalline silicon
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oxide were examined by different equipments
including X-ray diffraction, FT-IR analysis, FE-

2. Experimental
2.1. Materials and reagents

All chemicals were obtained and used as
received without Sodium
metasilicate pentahydrate (Na2SiOs.5H20; 98%)

and sun set dye (CisHioNaO7Sz) were obtained

any purification.

2.2.

nanoparticles

Auto-combustion  synthesis of SiO2

Sodium metasilicate (0.02 mol) was dissolved in
25 ml of distilled water. The pH of the solution
was adjusted by addition of HNOz (2M) to get
pH 9 and the gel was formed. The gel was
washed by distilled water and certain amount of
the organic fuel (OX, CA and a mixture of them)
was added. The obtained mixture was dried at 80
°C for 5h followed by auto-ignition at 300 °C for

sodium metasilicates
solution (PH13)

Gel

White solid material

Ash powder

SEM and HR-TEM.

from Sigma-Aldrich company. Anhydrous citric
acid (CA: CeHsO7; 99.5%), oxalic acid (OX:
C2H204), nitric acid (70% HNO3) and ammonium
hydroxide (NH4OH, 25%) were supplied by El-

Nasr Pharmaceutical Chemicals Company.

few minutes. The obtained ashes were calcined at
500 °C for 1h and annealed at 850 °C for 4h to
obtain white crystalline silicon oxide. Figure 1
presents the flowchart of the fabrication of
silicon oxide nanoparticles using sol-gel auto-
combustion method using different fuels. Table 1
outlined the products labels, the ratios between
the reactants according to the type of fuel in the
combustion method. The samples were named as
S18, S28 and S38 after calcination at 850 °C for
4h

< 1. HNO3 solution, PH=9

2. Separation, washing

1. Fuel solution addition

<« 2. Stirringfor30 min.

3. Dry at 100°C for5 h

<« Auto-ignition at 250°C

1. Calcination at 500°C for 1h
2. Washing, drying at 100°Cfor 4h
3. Calcination at 850 °C for 4h

White silicananoparticles

Characterization

Fig(1) Schematic flowchart for the synthesis of SiO2 nanoparticles
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Table(1) presents the labels of the products and the ratios between the reactants in the preparation of silicon

oxide
v
Organic Fuel S/ Fuel,
S. name Si** .
molar ratio
OoX CA Ox +CA
S1 0.02 25 1:10
S2 0.02 47 1:1.25
S3 0.02 14.85 1:5:0.625

3. Characterization

Powder X-ray diffraction (XRD) of the
products was measured using diffractometer
(Bruker; D8 with
monochromnated Cu-Ka radiation, 1.54178 (°A)
in the 20 range of 15-80. FT-IR spectra were

model advance)

taken using FT-IR spectrometer (Bomem; model

3. Results and discussion
3.1

nanoparticles

X-ray diffraction (XRD) of SiO2

The phase composition and crystallite sizes
of the synthesized materials were studied using X-
ray analysis and displayed in Fig. 2. XRD patterns
of the silicon oxide (S18, S28 and S38 samples)
produced by sol-gel auto-combustion method and
followed by the calcination at 850 °C for 4 h were
depicted in Fig. 2. It was observed that the pure

crystalline silicon oxide nanoparticles were

MB 157S) from 4000 to 400 cm™ at room
temperature. The morphology and particle size of
samples are studied by using Field emission
scanning electron microscope (FE-SEM, JEOL.:
model JSM-6500F) and HR-TEM (model Tecnai
G20, FEI, Netherland) at an electron voltage of
200 KV.

obtained with the diffraction patterns according to
XRD card No. 82-1403 and 86-0681 for
cristobalite and tridymite except S18 sample
which was amorphous. From the extracted data of
XRD analysis, the effect of fuel appeared on the
synthesized silicon oxide phase. The average
crystallite size (S) of the fabricated silicon oxide
was determined from the x-ray diffraction peaks

to be 3 nm and 3.5 nm for S28 and S38,

respectively.

Intensity, a.u.

S38

S28

T T
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T
40
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Fig(2) XRD patterns of silica oxide products after calcination at 850 °C for 4 h
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calcination, the weak absorption bands in the range

3.2. Fourier transforms infrared analysis (FT- 3000-3500 cm* disappeared which can be

IR) assigned to the hydroxide groups and adsorption

According to Fig. 3, FT-IR spectra of the water over the surface of silicon oxide as shown in

as-prepared silicon oxide were recorded in the Fig4. The intensity of absorption bands in the

wavenumber range of 400-4000 cm. The weak range 1100-400 cm™ increased which related to
the metal oxide bands. The characteristic
absorption bands at 450, 800 and 1090 cm™ are
associated to the stretching and bending vibration
mode of Si-O bands for S18, S28 and S38 samples

[14].

absorption bands at 3000—3500 cm™ are related to
the stretching vibration of hydroxyl groups,
originating from organic material and adsorbed
water on the surface of the fabricated silicon oxide
[30]. The absorption bands at 450, 800 and 1090
cm™ can be assigned to the Si-O band [29]. After

S3R

S2R m
) \m
W L] » 1 * 1) ' ) » ) o 1 o L]

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'1)

Fig(3) FT-IR spectra of the synthesized silica oxide without calcination (S1R, S2R and S3R samples)

Transmittance, (a.u.)

S38

. V)
-
e

4000 ) 35'00 ) 30'00 ) 25l00 ) 2000 15'00 10'00 ) 5(')0

Wavenumber (cm")
Fig(4) FT-IR spectra of the synthesized silica oxide products after calcination at 850 (S18, S28 and S38
samples)

Transmittance, (a.u.)
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Fig(6) HR-TEM images of silicon oxide nanoparticles (538 sample) after calcination at 850 °C for 4 h
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3.3 Morphology studies

FE-SEM was used to study the
morphology of the calcined SiO; at 850 °C as
represented in Fig. 5(a-d). The FE-SEM
micrograph shows an agglomeration of spherical
silica oxide nanoparticles. The morphology of the
synthesized SiO2 nanoparticles has been

4. Adsorption studies

The synthesized silicon oxide is used for
the adsorption of sun set dye from aqueous media.
Different factors that are required for the study of
the elimination of sun set dye like pH, adsorbent
dose, time and temperature which were studied.
The removal of the sun set dye (50 mg/L) over 50
mg of the synthesized silicon oxide was studied
over a wide range of pH from 2 to 8 as shown in
Fig. 7(a). After stirring for 24 h, the removal
efficiency of sun set dye reached its maximum
which found to be 12 % (where, A max =482 nm
at pH 2). The contact time of the adsorption of
sun set (20 mg/L) was examined at pH 2 and 0.05
g of silicon oxide SiO2 with stirring for 180 min.
The removal efficiency of sunset dye was rapidly
increased and recorded 26 % at 60 min. The
equilibrium condition was attained in between
100-180 min and the removal percentage was

found to be 28 %. The removal of sun set dye was

5. Adsorption isotherms

Langmuir and Freundlich isotherm models
were tested using 50 mg of silicon oxide and the
determined experimental data as the following: 10-
50 mg/L, pH 2, 30 °C and 140 min. the selected
isotherm models were applied for an adsorption

data using the following equations:

Ce/qe =1/(gmB) + Co/qm (1)

investigated by high-resolution transmission
electron microscopy (HRTEM) as shown in Fig.
6(a-d). TEM images display that the silicon oxide
nanoparticles are composed of complete and
incomplete spherical particles with an average
diameter of 16.16 nm.

examined by using 50 mg of SiO2 nanoparticles at
pH 2 and the initial concentrations were used in
range of 10 - 50 mg/L. After 140 min of stirring,
the adsorption capacity increased as displayed in
Fig. 7(b). 10-100 mg of silicon oxide was
examined for the removal of sun set dye of 25
mg/L initial concentration at pH 2. The removal
of sun set dye was plotted against the adsorbent
does as shown in Fig. 7(c). The extracted data
appeared that the removal of dye decreased with
raising the amount of silicon oxide. The
adsorption studies were carried out at 30, 40 and
50 °C, separately and the selected conditions were
pH 2, 25 mg/L and 140 min contact time. The
experimental study revealed that the removal
decreased slowly by increasing temperature as
shown in Fig. 7(d). Based on the obtained data,
we can conclude that the adsorption of sun set
exothermic

was an process.

1
Ing, = InKy + (H) InC, (2)

Where Ce, Qe 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. B, K and 1/n are Langmuir constant
(L/mg), Frendlich constant (mg/g) and the

heterogeneity factor, respectively.
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Fig(7) the study of experimental adsorption parameters for the removal of sun set dye over silicon oxide
nanoparticles: (a) effect of pH, (b) effect of initial concentration, (c) effect of dose and (d) effect of

temperature

Fig(8) displayed Langmuir and Freundlich
isotherm models for the removal of sun set dye
over silicon oxide nanoparticles. Table 2 are
outlined the extracted factors from Langmuir and
the R?

Langmuir isotherm model was a better fitting than

Freundlich isotherm. From values,

the Freundlich isotherm. Besides, the estimated
adsorption capacity from Langmuir isotherm was
estimated to be 3.62 mg/g, which were consistent
with the experimental value (3.11 mg/g). From
Table (2), RL values show that the adsorption of
sun set dye over silicon oxide nanoparticles was a

favorable process.
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Fig(8) Langmuir (a) and Freundlich (b) isotherm models for the removal of sun set dye over silicon oxide

nanoparticles

Table(2) The extracted parameters from the isotherms for the removal of sun set dye on silicon oxide

nanoparticles

6. Kinetic studies

Adsorption isotherm Parameter SiO2

Langmuir parameters Kt (L/mg) 0.18793
Om (caly (MQ/Q) 3.622

R 0.09619 - 0.34731

R? 0.9884
Qm (exp) (MY/Q) 311

Freundlich parameters K [(L/mg) (L/mg)¥&] 1.0543
Om (cay (MQ/g) 2.723
B 3.158

R? 0.8028
gm (exp) (MY/Q) 311

LI SN
Pseudo first and pseudo second order de Kzqe®  qe

reaction models were used for investigation of the

rate of the remove of sun set dye over the

fabricated silicon oxide by utilizing the following

equations:

K
log(qe — a0) = logae — 5557 £ (3)

Where, ge and qt are the quantities of
adsorbed dye (mg/g) at time and equilibrium. Kz
(min~?) and k2 (g/mg/min) are constants of pseudo-
first and pseudo-second-order. Kinetic parameters
were listed in Table 3 for the adsorption of sun set

dye over the synthesized silicon oxide adsorbent.
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According to the correlation coefficients, pseudo
second order was acceptable compared to the
pseudo first order kinetic models. Depending on
the extracted data, the adsorption capacity value
(3.15 mg/g) calculated from pseudo-second-order

kinetic model was close to the experimental value

70
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Fig(9) Pseudo first order model (a), Pseudo second order model (b), for removal the sunset dye using silicon

oxide sample

Kinetic model

adsorption data.

(b)

<>

could describe the obtained

(2.87 mg/g) for the removal of sunset dye over
silicon oxide adsorbent. These results suggested

that the pseudo second-order can be applied.
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Table(3)Kinetic parameters for adsorption of sun set dye over the synthesized silicon oxide adsorbent

Kinetic model Parameter SiO»
Pseudo first order Ki(min?) 0.071854
Qm (cal) (mg/g) 2.054471
R? 0.9287
dm (exp) (MA/Q) 2.87
Pseudo second order K2 (g/mg.min) 0. 021849
Om (can (Ma/a) 3.147624
R? 0.9849
Om (exp) (MQ/Q) 2.87

7. Thermodynamic studies

Thermodynamic  parameters  (entropy
change (AS°), enthalpy change (AH°), and free
energy change (AG°) were estimated for the
adsorption data using the following:

AS°  AH°

R RT

InK, = 5)

AG® = AH® — TAS® (6)

Kq = q./Ce (7)

Where Kjy is the Equilibrium constant, ge is
the adsorbent equilibrium concentration (mg/L), T
in Kelvin and R is the observed gas constant.
Plotting In Kgq 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 removal of sun set dye using silicon
oxide nanoparticles were exothermic process.
Since the value of AH® was lower than 40 KJ/mol,
the adsorption of sun set dye using silicon oxide is
the physisorptive process. AS° has negative charge
which means decreasing in degree of freedom of
solution for removal sun set dye using silicon
oxide. The positive values of AG® revealed that
the separation process was a nhonspontaneous
process. Additionally, the increasing of AG°
values with the raising of temperature shows that
the adsorption of sun set dye using silicon oxide is

unfavorable at high temperatures.
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Fig(10) Vant Hoff plot for the adsorption of sun set dye on silicon oxide nanoparticles
Table(4) Thermodynamic data for adsorption of sun set dye over the synthesized silicon oxide adsorbent

Sample T, (°K) In Kc AG® AH° AS°
(KJ/mol) (KJ/mol) (KJ/mol)
303 -1.88433 4.753 789 0.04174
S8 313 -1.99165 13.06
323 -2.07819 13.48

q, mg'g

a -
0

S18 528 S38

Sample names

Fig(11) The adsorption capacities of the synthesized adsorbents (S18, S28 and S38) after applied the
optimum conditions
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8. Effect of the used fuel on the adsorption
capacities of the synthesized adsorbents

The adsorption capacities of the as-
prepared adsorbents using via the sol-gel auto
combustion method using (oxalic, citric acid and

mixed of them) fuels. The obtained samples (S18,

5. Conclusions

SiO2 nanoparticles were synthesized by sol-
gel auto-combustion method using sodium
metasilicate and fuels. The obtained samples were
characterized by using various tools. XRD patterns
of the synthesized samples showed the
characteristic peaks of silicon oxide. The specific
absorption peaks at at 450, 800 and 1090 cm! are
associated to the stretching and bending vibration
mode of Si-O inside SiO2. The FE-SEM
photograph displayed the calcined SiO2 has
spherical shape and the average size of particles in

Acknowledgements

S28 and S38) were studied at pH=2, 25 mg/L of
sun set dye, 0.025 g dose adsorbents and
equilibrium time 140 min. The adsorption
capacities of SiO2 nanoparticles are determined as

displayed in Figure 11.

range of 1um. The TEM photographs displayed
that the calculated average particle size was about
16.16 nm. It was found that the rate of adsorption
of sun set dye obeyed the pseudo-second-order
kinetic model. The adsorption process of sun set
dye over SiOz nanoparticles fitted Langmuir
isotherm model. The calculated thermodynamic
factors (AG®°, AH° and AS) exhibited that the
adsorption process of sun set dye on silicon oxide
was exothermic, physisorptive, nonspontaneous

and unfavorable at high temperatures.
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