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Abstract- Activated carbon (AC) - SiO2 nanocomposite was synthesized using microwave assisted sol-gel method
and utilized for the photocatalytic degradation of Methylene blue dye in aqueous solution. Surface morphology and
bulk composition of the composite was obtained using electron microscopy with energy dispersive X-ray analysis.
The SEM and TEM image of AC- SiO2 shows the presence of spherical particles with an average size around 40
nm. The data of X-ray diffraction shows the incorporation of carbon into the SiO, matrix. The crystal structure and
elemental composition was analyzed by Fourier transform spectroscopy. The photocatalytic experiments were
performed with aqueous solution of Methylene blue for 2 h irradiation. Direct photolysis of AC-SiO, contributed

84.5% decomposition in solar radiation for the optimized concentration of Methylene blue.
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1. INTRODUCTION

Nowadays, Dyes and pigments are the most
significant pollutants that are extremely dangerous on
water resources .During production and usage many
contaminations enter into the environment. The
degradation of these chemicals into harmless
compounds is challenging The wastewater that enters
the environment without purification affects the water
ecosystem Therefore, purification of wastewater is
necessary before it is discharged. Many physical and
chemical methods are being used for this purpose,
which  include  reverse  osmosis,  adsorption,
precipitation, ion exchange and coagulation [1]. These
methods only transfer pollution from one phase to
another and concentrate them. Recently, photochemistry
of nano semiconductor particles has been one of the
fastest growing research areas in wastewater treatment.
The interest in these small semiconductor particles is
due to their unique photo physical and photocatalytic
properties.  Heterogeneous photocatalysis is an
interesting technique for environmental remediation,
where semiconductor metal oxides are used as photo
catalysts. When organic dyes are decomposed by
heterogeneous catalytic reactions, the dye containing
wastewater is adsorbed on the surface of the photo
catalysts. The chemical bonds are broken down and
formed and finally small organic molecules are released
as decomposed products [2, 3].Silica is suitable in many
areas such as ceramics, glass industries, photovoltaic
cells and it is also used as catalytic support [4, 5].

However, SiO, exhibits good catalytic and
photocatalytic activities [6, 7]. Recently, bi-metal and
tri-metal doped SiO, has become of interest in
promoting photocatalytic reactions under UV- light
irradiation [8, 9]. Activated carbon is an excellent
adsorbent of countless pollutants, due to its ability to
adsorb the dye molecules and then release them onto the
surface of the catalysts. The intermediates produced
during degradation can be also adsorbed by AC and
then further oxidized [10, 11]. The sol-gel technique is
most commonly employed for the synthesis of silica as
well as metal and carbon doped SiO, core-shell matrices
and composites [12]. Various supported materials have
been proposed for degradation of several dye molecules
[13, 14].

In this work microwave, assisted sol-gel route has
been utilized for synthesis of AC-SiO, nanocomposite.
The synthesized samples were characterized by UV-Vis,
SEM with EDX, XRD, FT-IR. The composite was
utilized to explore the photocatalytic properties of the
synthesized AC-SiO, nanocomposites using Methylene
blue dye under solar radiation.

2. EXPERIMENTAL DETAILS
2.1. Biomass preparation

Coccinia indica bark was washed with tap
water, then rinsed with double-de-ionized water and
dried first in the sun light for 7 days. Resulting dried
bark was cut into small pieces and used for further
studies.
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2.2. Impregnation using sulfuric acid (H,SOy)

In a 5L trough 500 g of Coccinia indica
bark was contacted 500 ml sulphuric acid during a
fixed period of impregnation time, temp [15].The
impregnated samples were recovered by filtration and
dried at room temperature for 2 days. They were
calcined in a muffle furnace for 3 h. Later the activated
carbon was rinsed with double-ionized water until pH 6,
dried in hot air oven for 4 h, and used for further
studies.

2.3. Preparation of AC-SiO, nanopatrticles

SiO, sol was prepared by using Silicic acid
with Tetrahydrofuran in the ratio of 1:2. Isopropanol
solution was added to the above mixture with
continuous stirring of the suspension for 2h and
irradiated in microwave oven for 30 min. The prepared
gel was mixed with weighed amount of activated carbon
(AC) with continuous stirring for 1h. The reaction
products were filtered, washed with copius amount
deionized water and dried in hot air oven at 80°C.

The cationic dye, Methylene blue Methylene
blue was purchased from Sigma-Aldrich. All the above
reagents were analytical grade without any additional
purification. Deionized water was used throughout the
reactions and synthesis process. Besides, all the
experimental tests were performed at room temperature.

[+

Fig.1. Structure of Methylene blue Mol.F
C16H15CIN3S

2.4. Characterization

The prepared AC-SiO, nanocomposites was
characterized for the crystalline structure using D8
Advance X-ray diffraction meter (Bruker AXS,
Germany) at room temperature, operating at 30 kV and
30 mA, using Cu Ka radiation (4 = 0.15406 nm). The
crystal size was calculated by Scherer’s formula.
Surface morphology was studied by using SEM-EDS
(Model JSM 6390LV, JOEL, USA), UV-Vis diffuse
reflectance spectra was recorded with a Carry 5000 UV-
Vis-NIR spectrophotometer (Varian, USA) and FT-IR
spectra were measured on an AVATAR 370-IR
spectrometer (Thermo Nicolet, USA) with a wave
number range of 4000 to 400 cm ™.

2.5. Photocatalytic activity

The photocatalytic activity of the AC-SiO, was
studied under solar radiations. In a typical experiment,
aqueous suspensions of Methylene blue dye solutions
(20, 40, 60, 80 mg/L) and 0.1 g of the AC - photo
catalysts were placed in reaction bottles. Prior to
irradiation, the suspension was stirred magnetically to
ensure an adsorption/desorption equilibrium. At regular
intervals of given irradiation time the suspension were
withdrawn, filtered and measured
spectrophotometrically (615 nm). The effect of catalyst
load was studied using (0.5 to 1.0g) of the adsorbent and
pH study was carried out from 2 -12 for all the four
concentrations of the dye.

3. RESULTS AND DISCUSSION

3.1. Characterization of the photocatalyst

The ultraviolet-visible spectrum of Methylene blue dye
shows strong absorption bands in the visible spectral
region with a maximum at 662 nm. The SEM images of
AC- SiO, show that the nanoparticles possess an almost
spherical shape with homogenous distribution of Si
particles throughout the amorphous carbon. AC- SiO,
shows an average particle size of 35 - 40 nm [2a].
Additionally, the AC- SiO, agglomerates possess a
rough and porous surface, resulting in an increased
surface area. which suggests that these nanocomposite
could be chemically reactive, therefore suitable for
photocatalytic applications. EDX analysis confirms the
presence of Si, C and O in Ac-SiO, with peaks for the
elements Si, O and C appearing at 1.7 keV, 0.5 keV and
0.3 keVs,. TEM image of the sample [2b] demonstrates
that the sample is entirely amorphous Furthermore, the
mesoporous  SiO, has a three dimensionally
interconnected and disordered globular-like mesopore
structure and the size of mesopore is almost
homogeneous. The FTIR spectrum [2 c] reports
absorption peak near 1100 cm *, which corresponds to
the Si-O-Si stretching vibrations. The broad band
around 3403 cm* is attributed to O—H stretching and
the peak near 1630 cm ' to O-H bending which is
related to physically absorbed moisture. It is considered
that the dopant Si enhanced the water absorption and the
more OH were formed. Thereby, the photo-catalytic
activity of Ac - SiO,was increased [16]. The XRD
results show broad peak at 26 = 48.0, 54.0 and 62.0
corresponding to the (200), (211) and (204) crystal
planes reflection of anatase. [17, 18], The XRD of the
modified sample shows hump at 2 theta range (40-50)
deg., this means that the composite is highly disordered
and amorphous in nature.
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Fig. 2. (a) SEM (b) TEM (C)FTIR (d) XRD image of AC- SiO, carbon

3.2. Photocatalytic studies
3.2.1. Initial dye concentration

100

Fig. 3a shows the effect of initial dye concentration on photo degradation by the Ac-SiO, hanocomposite..
The results show that the decomposition of MB decreased with increasing initial dye concentrations of the dye from
20 to 80 mg/L. The visible light enters more easily through the solution to irradiate the Ac-SiO, when the initial dye

concentration is lower.
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Fig.3. Adsorption and photocatalytic oxidation effects of (a) concentration, (b) contact time (c) dose (d) pH for

MB adsorption onto AC-SiO, nhanocomposite
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The photonic efficiency increased with
decreasing initial dye concentration, which may be
possibly attributed to the increase of collision frequency
between dye molecules and photons. With increase in
the concentration, large amount of dyes are adsorbed on
the composite, which prevented from dye molecule
reaction with free radical and electron holes. Hence, at
higher dye concentrations, photonic efficiency is
decreased [19, 20].However, at high concentration of
MB, lower adsorption efficiency was reported due to
saturation of active sites on the adsorbent’s surface [21,
22]. This suggests that as the initial concentration of the
dye increases, the requirement of catalyst surface
needed for the decomposition also increases. Since
irradiation time and amount of catalyst are constant, the
—OH radical formed on the surface of AC-SiO, is also
constant and hence the relative number of free radicals
attacking the dye molecules decreases with increasing
amount of the catalyst [23].

3.2.2. Effect of contact time

The photocatalytic percent degradation of
Methylene blue against irradiation time is shown in Fig.
3b. Results show that a linear relationship of dye
removal with increase of time. In case of Methylene
blue, a maximum of 84.5% degradation was observed
(20mg/L).When time increases more and lighter energy
falls on the catalyst surfaces, which increases the
formation of photo-excited species and enhances the
photocatalytic activity [24]. Moreover, the higher
surface area and small particle size of the modified
catalyst also contribute to the higher activity and hence
increased absorption and decomposition of the dye
molecules.

3.2.3. Effect of catalyst amount

Fig. 3c. shows the effect of nanocomposite on
Methylene blue dye removal. The results show that the
percent degradation of the dye increases with increase in
the amount of the catalyst (50- 300 mg/50ml). This
indicated that the active sites provided for the
adsorption of substrate on the catalyst surface is limited
to catalyst amount. The minimum percentage
decomposition at lower AC-SiO, loading can be
attributed to the fact that more light is transmitted
through the suspension, which is not utilized in the
photocatalytic reaction. The increase in the degradation
efficiency of the dye with an increase in the catalyst
load may be attributed to an increase in the active sites
available on the catalyst surface for the reaction, which
in turn increases the rate of radical formation [25-27].

3.2.4. Effect of pH

The pH is the important factor which controls
the adsorption process especially for cationic dyes. The
effect of pH of the dye solution on the removal of MB
was determined at fixed concentration 20-80 mg/L of
dyes over a pH range of (2.0 to 12) as shown in Fig.3d.
The maximum adsorption of the dyes was observed
above pH 4.0. Lower adsorption of dyes at low pH is
probably due to the presence of H* ions competing with
the cationic groups on the dye for adsorption sites varies
potential of catalyst reactions. As surface charge density
decrease with an increase in the solution pH, the
electrostatic repulsion between the positively charged
MB and nanocomposite is lowered, this may result in an
increase in the rate of adsorption molecules [28]. An
increased diffusion process facilitates dye attachment at
the active sites of the adsorbents. The figure clearly
reveal that with further increase in pH from 8 to 12, the
adsorption  process attains equilibrium.  Simple
conditions favour adsorption of dyes and pH 8 was
found optimum for the nanocomposite.

3.3. Adsorption Kinetics study

Many attempts have been made to formulate a
general expression describing the kinetics of sorption on
solid surfaces for liquid— solid phase sorption systems.
Lagergren first represented the pseudo-first order
equation for the adsorption of oxalic acid and malonic
acid onto charcoal. The Lagergren kinetic model has
been used to investigate the mechanism of sorption and
potential rate controlling steps such as mass transport
and chemical reaction processes

3.3.1. Pseudo-first order equation

The pseudo-first order equation of Lagergren is

generally expressed as follows:

log(de — @) = (log de —

(Kae/2.303) x t
1)

where ¢, is the amount of dye adsorbed (mg/g) at
equilibrium; g, is the amount of dye adsorbed (mg/g) at
time, (t), Kyq is the rate constant of adsorption, (1/min)
and t is agitation time (min.)

Linear plots of log (ge-qt) Vs t show the
applicability of the above model [Fig.4a]. The K
values have been calculated from the slope of the linear
plots and are represented in Table 1 for different
concentrations of the dyes studied. The rate constants
observed are comparable with the values reported
earlier [30].Diffusive transport through the internal
pores of the nanocomposites and/or along the pore—wall
surface  (intraparticle  diffusion) adsorption or
attachment of the solute particle at a suitable site on the
nanoparticle surface one or more of the above steps may
be the rate controlling factor.
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Fig.4. Adsorption isotherm models (a) Pseudo first order (b) Pseudo 2" order,(c ) Langmuir (d)
Freundlich isotherm

3.3.2. Pseudo-second-order model
The pseudo-second-order model is represented by the
following differential equation:
daydt = k; (Qe-q)° )
where g, = Amount of dye adsorbed (mg/g at
equilibrium),q, = amount of dye adsorbed (mg/g at time
t) k? is the equilibrium rate constant of pseudo-second
order (g/mg/min) adsorption. Integrating the above
equation for the boundary conditiont=0totand g, =0
to g, gives:
t/q = 1/k,0e% +1/q, . t (3)
The slope and intercept of plot of t/q versus t were used
to calculate the second-order rate constant k® (Fig.4b,
Table 1). The correlation coefficients of all examined
data were found very high which showed that the model
can be applied for the entire adsorption process. From
the figure it can be concluded that pseudo-second-order
model was the best fit for the experimental data at
different initial methylene blue concentrations. This
suggested that the adsorption of RB may be due to
electrostatic attraction between the charged surface and
charged dyes molecules and may be inclined
physisorption to a lesser extent and more towards
chemisorption with increase in irradiation time [31].

3.3.3. Adsorption isotherm studies

The adsorption isotherms demonstrate the
specific relation between the adsorption capacity of an
adsorbent and the concentration of adsorbate at a
constant temperature. The Langmuir and Freundlich
isotherm models were used to study adsorption behavior
of Methylene blue dye onto AC-SiO, nanocomposite.
3.3.3.1. Langmuir and Freundlich isotherms

Langmuir isotherm can be expressed as

(4)

where Q, is the maximum adsorption capacity
per adsorbent mass (mg g-') and b is a constant related
to the adsorption energy (L mg-'). The Freundlich
adsorption equation model is expressed by

Je = {(QoxbxCe) /(1 +(bxCe)}

de = K¢Ce " )

where K; and 1/n are the Freundlich constants, and Ks
represents the relative adsorption capacity of the
adsorbent and n represents the adsorption dependence
on equilibrium concentration of methylene blue. The
slopes of the linear form of Langmuir and Freundlich
plots [Fig.4c & 4d] were used to determine the
adsorption constants tabulated in Table 1. In the
present investigation, the value of R was less than one
which showed that the adsorption process was favorable
[29]. The regression coefficients show that the
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coverage of the dye on the AC-SiO, nanocomposite.
Table 1. Pseudo first order, second order, Langmuir and Freundlich constants for Rhodamine B onto

AC-SiO, nanocomposite
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However, as the process is multistage process the data
fit well into both the isotherm models.

Pseudo first . .
Conc order Pseudo second order Freundlich Langmuir
(Ppm) Kad 2 2 2
(min™) K, h R R Ks n Qo b R
20 3.40844 298.94 | 4.022526 | 0.9998 | 0.9018 | 0.3025 | 0.9880
40 3.84601 2126.11 | 7.782101 | 0.9999 | 0.9053 | 0.4998 | 1.1003
60 2.41815 3557.58 | 6.097561 | 0.9995 | 0.9177 | 1.2615 | 1.4357 1298 | 166.2 | 0.9992
80 2.5333 6395.68 6.6313 0.999 0.9588 | 3.1067 | 1.8839

The Freundlich model describes a reversible adsorption on heterogeneous surfaces of the adsorbent and it is
consistent with a multilayer adsorption of methylene blue on the Ac-SiO, structure.

3.3.3.2. Elovich equation.

The simple Elovich model equation is generally expressed by the following equation

gt = a+[3|nt

(6)

The slope and intercept of plot of gt Vs. In t were used to calculate the values of the constants ‘a’ and ‘b’ as shown

in

[Fig. 5a] and the constants are tabulated in Table 2.
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Fig. 5. Adsorption isotherm models (a) Elovich (b) fractional power model (c) Harkins Jura (d) Tempkin
isotherm

3.3.3.4. Fractional power model
The fractional power model is a modified form
of the Freundlich equation and can be expressed as:

Ing; =Ina+bint

where g, the amount of the dyes sorbed by the adsorbent
at time‘t” and ‘a’ and ‘b’ are constants with b < 1. The
function ‘a’ ‘b’ is also a constant, being the specific
sorption rate at unit time, i.e., whent = 1. The plot of In

t vs In g; showed the linear relationship and the

()

slopes of the plots are presented in Fig. 5b. Table 2.

computed constants ‘a’ and ‘b’ from the intercepts and
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3.3.3.5. Harkin’s—Jura adsorption isotherm.
This can be expressed as

1/g¢2 = (BIA) - (1/A) log C, (8)

where B and A are the isotherm constants. The Harkins—
Jura adsorption isotherm accounts to multilayer
adsorption and can be explained with the existence of a
heterogeneous pore distribution. 1/g.2 was plotted Vs.
log Ce [Fig.5c, Table 2].

Table.2. Elovich, Fractional power model, Harkins Jura plot and Tempkin model constants for Methylene
blue adsorption onto AC-SiO, nanocomposite

Model Constants
Conc (ppm) a B R?
20 6.7784 0.3641 0.9384
Elovich 40 12.922 | 0.7165 | 0.9652
60 16.134 1.5354 0.9758
80 20.207 2.0313 0.954
Conc (ppm) a b R?
20 6.881248 0.0447 0.9396
Fractional
Power 40 13.12869 0.046 0.964
60 16.82389 0.0699 0.9798
80 21.18514 0.0724 0.9613
R? A B
Harkin's Jura 0905 111111 384444
Tempkin a b P
0.14489 14.458 | 172.5135

3.3.3.6. Tempkin model

The Tempkin isotherm equation is given as

ge =RT/b In (KTC,) 9)

or

0:=BInKT+BInC, (10)
Where A = KT; B = RT/b, T is the absolute temperature
in K, R is Universal gas constant, 8.314 J/mol/ K, KT
the equilibrium binding constant (I/mg) and B is related
to the heat of adsorption [32]. A plot of g, versus In C,
at studied temperature is given in Fig.5d. The constants
obtained for Tempkin isotherm are shown in Table 2.
The Tempkin constant B shows that the heat of
adsorption decreases with the increase in temperature,
indicating exothermic adsorption [33]. A uniform
distribution of binding sites on the nanocomposite
surface was also confirmed by the Tempkin isotherm.

4. CONCLUSION
AC/SiO, composites were synthesized using
microwave assisted sol-gel method and we have studied

the possibility of using the nanocomposite for
degradation of the cationic dye, Methylene blue and was
found to be feasible under adequate and proper
experimental conditions. The studies showed that 90%
of the dye could be removed. The kinetics better fitted
to pseudo second-order and the Freundlich model best
described equilibrium data. The process is endothermic.
It could improve the photo catalyst reaction efficiency
to 90% within two hours .1t has been considered that the
large specific surface area, increase of *OH radicals,
decreasing band gap energy and electron hole pair
recombination have strong influence on the
improvement of photocatalytic activity. The enhanced
dye removal method brings photocatalysis a step closer
to sustainable wastewater remediation methods. The
combination of carbon and SiO,, the formation of high
surface area and mesoporous surfaces favor the
methylene blue adsorption. The interaction between
SiO, and carbon, as well as the carbon amount, is
fundamental for preparing nanocomposites with
appropriate characteristics for the wastewater treatment.
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