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ABSTRACT: Since phenol is toxic and yet its biologic reduction and removal is so difficult, strict
limits are applied for the discharge of phenol-containing substances in the environment. Discharge
of phenol-containing industries, sewages into natural waters is a serious threat to human health.
In this study, the main objective is to consider the possibility of removing phenol with high initial
concentration using a Heterogeneous Photocatalytic process. First, the absorbent SBA-15 and
Graphene oxide(GO), which are the most efficient absorbents among others for phenol removal, and
then, nanocomposites Titanium dioxide(TiO2)/SBA-15 and TiO,/GO were synthesized. Then, the structural
and physical properties of nanocomposites were identified through X-Ray Diffraction (XRD),
Brunauer—-Emmett-Teller (BET), Field Emission Scanning Electron Microscopy (FESEM)
and Transmission Electron Microscopy (TEM) analysis. Considering the results of the Response Surface
Method (RSM) for phenol removal in the initial study, nanocomposites TiO, / SBA-15 and TiO, / GO
were used to remove the same amount of phenol from aqueous solutions.

KEYWORDS: Phenol; Heterogeneous Photocatalytic process; TiO2/SBA-15 Nanocomposite;
TiO2/GO Nanocomposite; Response Surface Methodology.

INTRODUCTION
Among the Advanced Oxidation Processes (AOP), destroying a wide range of organic contaminants to COp,
Heterogeneous Photocatalyst has proven its efficiency water and biodegradable mineral acids. In addition,
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Heterogeneous Photocatalysis is not limited to water
purification, but also used in air purification and treatment,
amongst other processes. This process, operating
in conditions of temperature and environment pressure,
has the ability to remove several species of contaminants
in aquatic and gas environments and therefore has the relative
superiority over other methods [2].

TiO,-based photocatalysts with a large special surface
area and porosity that lead to surface absorption of aquatic
contaminants should be built in line with promotion of AOP
in practical applications. One of the common strategies
is applying TiOz in periodic mesoporous supporting materials
such as Silicon dioxide (SiO,). These materials have a wide
surface area, adjustable pore size and a high volume of pores
that facilitate release of TiO, and absorption of pollutant
molecules. In recent years, TiO; is associated with high-grade
mesoporous silica materials such as SBA-15, MCM-41 and
MCM-48. These periodic mesoporous silica supporters
encompass a wide surface area and a high-level range
of mesoporous with holes that are designed in a way
to permanently support the TiO, species being resided in.
In addition, the large surface area of mesoporous SiO- has led
to the entire release of the TiO, species. GO can also be a good
supporter for Nano-composite materials due to its sheeted
structure and highly specific surface. Due to these advantages,
periodic mesoporous materials containing TiO, are more
efficient in photocatalytic degradation of waste water
in comparison to unsupported TiO2[1].

In this study, Nano-composites TiO2/SBA-15 and
TiO/GO were prepared as the most efficient Nano-
composites amongst the other absorbents for the removal
of phenol out of water. Nano-composite TiO./SBA-15
was prepared by sol-gel method with a two-dimensional
hexagonal structure in an acidic environment using
mesoporous silica. TiO2/GO was synthesized by thermal
hydrolysis. Synthesized samples were analyzed by various
methods, such as Xrd, FESEM, TEM and BET. Experimental
design of RSM was applied to achieve optimal amount of
parameters affecting photocatalytic process of phenol
removal. Comparison of phenol adsorption was done
by Nano-composites TiO./SBA-15 and TiO2/GO .

EXPERIMENTAL SECTION
Specifications of applied materials:

TiO, (Degussa P25): {Specifications: white, size
21nm, surface area 65m?/gr}
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P123, Tetraisopropyl orthotitanate (98%), Tetraethyl
orthosilicate (99%), Ethylene glycol (99%), Hydrogen
peroxide (33%), Kaliumdihydrogenphosphate (Merck),
Nitric acid (65% Merck), 1-phenyl-2,3-dimethyl-4-
aminopyrazolon-(5)(Merck), Kaliumhexacyanoferrat (I111)
(Merck), Dikaliumhydrogenphosphat (Merck), Phenol
(99% Merck).

Synthesis of SBA-15

The copolymer P123 was firstly stirred into deionized
water for 3 hours, and then 2 M Hydrochloric acid
was added to that. The mixture was stirred for 2 hours
at a temperature of 40°c, then Tetraethyl orthosilicate (TEOS)
was added. In the end, the product was stirred for 24 hours
at 40 °C and then transferred to the reactor temperature
at 150 °C and remained there for 48 hours. The filtered product
and the white residue was washed 2 to 3 times with
deionized water and then the product was calcined
for 24 hours at a temperature of 540 °C [18].

Synthesis of Tio2/SBA-15 Nanocomposite

First, Titanium Isopropoxide (TTIP) was added
to the 1 Molar of Nitric acid solution with a (weight ratio
of Sio,/Tio,= 2) and stirred for 2.5 hours. Then, colloidal
solution was diluted with deionized water and the pH
was reached 3 with 1 M NaOH. With this pH, Electrostatic
reaction occurs between positively charged Tio, and
negatively charged Sio. particles. Then mesoporous silica
was added and the mixture was stirred for 2 hours.
The materials obtained by filtering, washing and drying
were isolated at the temperature of 550 °C for 3 hours
with a heating rate 5% [8].

Synthesis of GO

In order to make Graphene out of Graphite oxide using
the Hummers method, Graphite powder was added
to a solution of concentrated Sulfuric acid, Potassium
persulfate (K2S;0s) and Phosphorus pentoxide and then
the reaction mixture was rest in the Ultrasonic bath for 4.30 h
at 80 °C. After completion of the above mentioned time,
the reaction mixture was cooled at room temperature, and
diluted with distilled water. The product obtained
was filtered and washed with distilled water. The obtained solid
substance was the pre-oxidized Graphite sample. In order
for further oxidation, the Graphite sample was added
to concentrated Sulfuric acid, at a temperature of O-c. Then
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Potassium permanganate was gradually added to the
reaction mixture and stirred; the reaction mixture
temperature was kept constant below 20 °C. After this
process, the reaction mixture was stirred for 2 hours at 35 °C
and then diluted with distilled water. Adding distilled
water to concentrated sulfuric acid generated some heat
and in order to maintain the temperature, the reaction
mixture was kept in an ice bath to prevent its temperature
increasing beyond 20-c. After that, the reaction mixture
was stirred for 2 hours and then distilled water was added.
Finally 30% Hydrogen peroxide was added which changes
the color of the mixture to light yellow. The reaction
mixture was filtered and rinsed with distilled water and
Sulfuric acid to remove extra ions and the resulting solid
was dried at ambient temperature [9].

Synthesis of Tio2/GO

GO was added to distilled water and the solution was
kept in Sonicator for 1 hour to obtain GO sheets. 1N Nitric
acid was mixed with Ethylene glycol. Then Titanium
Isopropoxide (TTIP) was added and stirred to be well
mixed resulting an orange solution. reaction mixture and
GO were put in an ice bath at 5 °C and Tetraisopropyl
orthotitanate (TTIP) was added drop by drop to the
solution of GO and finally put in the oven at 180-c for 8 h.
The gray-black residue was put in a centrifuge machine
for 30 minutes with 5000 rpm and washed several times
by Ethanol to remove the extra Ethylene glycol, non-reacted
chemical substances and additional irregular TiO- particles.
The product was finally dried in an oven at 60°c [15].

Adsorption studies

GO and SBA-15 are used in this study, which are more
efficient in the removal of phenol compared to absorbents
Carbon NanoTube (CNT) and Graphene, according
to surveys and experiments conducted. The mentioned
absorbents are put into Titanium oxide and used
in photocatalytic process to optimize the results and increase
the levels of TiO,. It should be noted that, the amount
of nanocomposites are made equivalent according to
the proportion of absorbents used in the synthesis of
nanocomposites based on the optimal amount of 0/1 g/L
and given that in nanocomposite TiO, / SBA-15, SiO, = 2TiO,
and in nanocomposite TiO./GO, GO/ TiO, = 3/7.
The amount of nanocomposites are calculated as: TiO, /
SBA-15 = 0/3 and TiO, / GO= 0/14.
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As you can see in the Fig. 7, during 2 phases of RSM,
determining the optimal amount of parameters affecting
photocatalytic removal of phenol out of aqueous solution,
these results are determined: pH = 6/6, TiO, = 0/1g/L.
Regarding these results, nanocomposites TiO./SBA-15
and TiO; / GO are used for removal of phenol out
of aqueous solutions with concentration 100mg/L, within
420 minutes, UV radiation 250 watts, in a reactor
with Pyrex glass cover and slurry bed. The results
were analyzed by TOC (Dohrmann DC-190) and the kinetic
investigation of absorption reactions were done by the standard
photometry methods using UV-Vis spectrophotometer
at a wavelength 500nm.

Characterization

In order to determine the crystal structure of the
absorbent and synthesized nanocomposite, Xrd analysis is
prepared by machine Philips pwl729 x-ray generator.
Shape and morphology of absorbents are studied using
FESEM, Sigma model, manufacturer Zeiss Germany
and TEM, KV100C-10EM, manufacturer Zeiss Germany.
The pore size, pore volume and surface area of the absorbents
are studied through analysis of specific surface BET based
on the gas absorbed on the absorbent surface holes,
by device Tri-Star 11 3020 V1/03, Micromeritic Company
of America.

RESULTS AND DISCUSSION
Characterization of SBA-15 and its nanocomposites
Photocatalytic compounds with nano metric scale,
due to the high surface-to-volume ratio, act more efficiently
and can break apart colorful substances and organic
pollutants in water by generating electron-holes.
Researches have shown that regular nano-structured solids
like mesoporous silica structures such as the SBA, MCM
and HMS, are of special importance in photocatalytic
processes compared to amorphous solids and this could be
due to reasons such as regular and uniform distribution of
holes in surface of the substrate or controllable monotonic
density of Catalytically active centers on the surface and
the SBAs are significantly superior to MCMs due to easy
formation and high stability of these compounds. SBA-15
is an important mesoporous, which is applied as Structural
control agent using tri-Copolymer; and because of
the relatively large pore size (>6nm) and thick walls of
the pores, is used as a guard for the distribution of TiO.. Fig.1
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Figure 7: Surface Response diagrams of TiOz, pH and H202 parameters affecting efficiency of phenol removal and
determining the optimum parameters volume.
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Fig. 1: Low angle Xrd diagram of SBA-15 absorbent used
in this work.

shows an image of absorbent low Xrd angle SBA-15.
The strongest peak, at 26=1/01, is seen on Xrd from crystal
display 100, indicating the mesoporous structure.
The presence of two other low-intensity peak at 20=1/65 and
20=1/85 is related to crystal Xrd of crystal displays (110)
and (200) respectively. These three peaks represent the
two-dimensional hexagonal mesoporous structure of SBA-
15. After preparation of nanocomposite TiO2 / SBA-15,
the crystal structure was kept and only the peaks intensity
decreased due to the partial filling of cavities. Fig. 2C
shows the Xrd image of nanocomposite TiO2/SBA-15.
In the range of 26=29/7 to 26=51/92, 3 distinct Peaks
can be seen, which are related to diffraction (100), (110)
and (200) indicating the hexagonal structure of mesoporous
materials SBA-15 (P6mm). The preparation of
nanocomposite Tioo/SBA-15 was therefore successfully
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done and also the crystal structure of mesoporous
was preserved [12]. The Fig. 2,d shows Xrd of commercial
TiO, P25. 3 peaks identified in 26=29/11 and 26=33/26
and 20=43/93 are related to phases of anatase and rutile
[7]. Also, as shown in Table 1, pore size and pore volume
of nanocomposite TiO2/SBA-15 is high due to its
mesoporous structure. The TiO2 crystal size in
nanocomposite TiO2/SBA-15 is also decreased as a result
of synthesis process.

Characterization of GO and its nanocomposites

GO would easily get layered and distributed in water;
the publication is mainly in the form of single-layer plates.
Using GO as a practical matter at the nanoscale to create
nanocomposites along with metal oxides has been
extensively studied. The reason is to achieve a kind
of hybrid that has met features of both GO, namely its paper
mode, and also features of metal oxide nanoparticles.

GO function in Nanocomposites is as bellow:

a)GO sheets provide good conditions for the deposition
of TiO; nanoparticles

b) These sheets can upgrade absorption ability of
Ti02/GO nanocomposites

¢)GO acts as electron receiver and photo sensitizer and
effectively increases photo analysis of Butane [14].

Fig. 2,b is related to Xrd of the nanocomposite
TiO2/GO. TiO; crystals in the middle of the image contain
a mixture of anatase and rutile. Peaks (101), (004), (200),
specified with a circle, indicate anatase phase and other
peaks (110), (101), (111), (211), specified with a diamond,
indicate rutile phase. Further, in Fig. 2,a there is a very
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Table 1: Studying the specific surface area, pore size, pore volume and the size of crystalline TiO2 nanocomposites
in nanocomposites TiO2/GO and TiO2/SBA-15.

4 Sample Pore volume (cm®/g) Pore size(nm) TiO, crystal size(nm) BET (m?%qg) )
TiO, P25 0/122003 0/0021 28/2 50/6045
TiO./GO 0/246156 4/65 6/6 211/3995
\_ TiO,/SBA-15 0/606071 11/93 713 203/0484 )
800 - )
o o * Graphene oxide

700 A GO-Tio2

e SBA-Tio2

600 A
e Ti02-P25

500

Intensity(a.u.)

O Anatase

[ Rutile
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Fig. 2: Wide-angle Xrd diagram of adsorbents and nanocomposites used in this work.

narrow peak specified with a star in the 26=14/62 (002),
which is related to GO crystal. The peak 20=14/62
in Nanocomposite TiO2/GO has extremely decreased
compared to the peak (002) GO on the Figure a, and XRD
peak GO (100) on 26=49/75 has completely disappeared.
Results show that the GO has more widely got laminated
to form GO, [Tio] 2* groups in the solution are absorbed
on the surface of GO, and then growing crystals of TiO»
on the layered structure of GO is formed and finally
Nanocomposite TiO»/GO has formed [11].

TiO, P25 BET is 50/6045 m?/g, which is higher than
other types of commercial TiO, [7]. According to
the classification International Union of Pure and Applied
Chemistry (IUPAC), Micro and Macro pore materials
have respectively diameters less than 2nm and more than
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50nm, and therefore mesopore materials are placed
between them. Therefore, the pore size of all samples is
in accordance with the classification of (IUPAC), type IV,
and related to the porous structures with pore sizes
between 2 to 30 nm.

In nanocomposite TiO2/GO, GO sheets are coated by
TiO, particles. Therefore, when the surface area of
nanocomposite TiO,/GO is measured, mainly it is done
according to properties of anatase nanoparticles. For this
reason, a relatively low specific surface area of
nanocomposite TiO/GO (211/3995 m?g) is observed
compared to the theoretical value of Graphene and GO.
The total surface area of nanocomposite TiO,/GO (211/3995m?/g)
is higher than the nanocomposite TiO, / SBA-15 that could
be caused by the layered morphology of GO.
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Fig. 3: FESEM images of nanocomposite TiO2 / SBA-15.

Fig. 4: TEM image of nanocomposite TiO2 / SBA-15.

Morphology

Information about materials appearance can be achieved
through analysis of FESEM and TEM. To determine
the order of pores in the oxide materials mixture,
the difference between their sizes and appearances,
the best image analysis is FESEM, which is even better
than TEM analysis [12].

TiO2/SBA-15

FESEM image of nanocomposite TiO,/SBA-15 in
the Fig. 3, shows the string-shaped morphology of
the nanocomposite that contains a number of threads size
1-2um that are so dense to become like a mass. These images
show that after combination of TiO, with SBA-15, SBA-15

126

keeps its primary string-shaped morphology indicating
its high stability and good protection for TiO; particles.
The appearance of nanocomposites prepared is totally
in accordance with the results of previous authentic studies [19].
TEM image of nanocomposite TiO, / SBA-15 in the
Fig. 4, indicates quite regular hexagonal array of two-
dimensional mesoporous channels that proves the
nanocomposite has a hexagonal structure P6mm, which is
specification of SBA-15. Pipe-like channels of the holes
of nanocomposite TiO, / SBA-15, is one of the most
important structural features of this nanocomposite for
optimal photocatalytic activity. This is due to the branched
channeled frame which facilitates access to activate
reaction sites on the frame of the wall [8].

SBA-15 absorbent has also some optimal surface and
physicochemical characteristics such as low toxicity,
biocompatibility, biodegradability and synthesis using
cheap resources, and therefore, its use in this study adds
to its importance in addition to its high efficiency
in the removal of phenol.

TiO2/GO

Fig. 5, shows the FESEM image of TiO»/GO. In this
image we can see a lot of TiO2 nanoparticles well located
among GO sheets in an area of about 200 nm which
represent a good synthesis of nanocomposite TiO2/GO.
Fig.6 shows the TEM image of TiO»/GO. Diffraction spots
in nanocomposite TiO,/GO, relate to the various crystal
displays of the tetrahedral structure of the crystal TiO;
cells like (101), (004) crystals of anatase, and rutile
crystals (301). However, the diffraction spots of the crystal
displays (100) are for hexagonal structure of crystal cells
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Fig. 5: FESEM images of nanocomposite TiO2 / GO.
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Fig. 6: TEM image of nanocomposite TiO2 / GO.

of GO, and diffraction spots scattered below the hexagonal
lattice relate to the crystal (101) of crystalline cells of TiO,
tetragonal structure. The results show the presence of TiO»
particles below GO sheets, although the number of TiO,
particles is relatively low. TEM analysis confirms
accumulation and growth of TiO, particles among and
out of GO sheets, which is in accordance with FESEM
analysis [11].

COMPARATIVE STUDIES ON AOPs

To reduce the problem of water scarcity, water needs
to be purified and reused. Contaminated water purification
process is based on mechanical, biological, physical
and chemical firms. After filtration and removal of suspended
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is appropriate (Secondary treatment). Unfortunately,
there are such products as non-biodegradable for which, more
effective methods than non-reactive systems are required
such as volatility, absorption on granular activated carbon,
burning, ozone and oxidation (Advanced treatment).
The aim of these processes is water treatment, and thus improves
water quality but some of these technologies, (such as
filtration and absorption) just concentrate contaminants
transferring them from one phase to another [2]. Various
methods are applied for water treatment and sewages
containing organic materials such as phenol. Methods such
as using TiO, coated on activated carbon, in which,
the combination of TiO2/AC would be consumed over time
by photocatalytic reaction and its efficiency would be gradually
reduced. Also using Homogeneous Fenton Processes after
which, large amounts of ferric salt (containing iron
compounds) should be collected. In addition, the technical
tools needed to optimize or monitoring the efficiency
of the Fenton reaction, are complex and expensive, so their use
is not common. using carbon nanotubes to remove phenols
from water that requires too much energy and carbon
nanotubes quickly spread in the environment and are toxic
to humans and the environment, as well as the removal of
phenol out of water by TiO2 coating on the tube glass that
has lower efficiency compared to nanocomposites used
in the present study. Therefore, considering the problems
of mentioned methods, efficiency of heterogeneous
photocatalytic process and nanocomposites used in
this study is more visible.

Based on the results, as can be seen in Table 2, both
nanocomposites which have been used in this work, have
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Table 2: Comparing the Photocatalytic processes carried out in different researches

iti N\
Reference | Phenol degradation rate(%) | Contact time(min) Photocatalyst Content(g/L) Conlcr:alrt:ti!iggﬁr(]r%lg ) Photo-catalysts type
[6] 76 720 0/00816 100 TiO,
[10] 40 1140 1/5 94 P25
[13] 65 180 3/03 18/8 TiO,(Anatase)
[4] 100 Solar irradiation=20 0/4 19/74 N-TiO,
100=(Fe-PET-TiOy) FEECT'T%
17 100=(Fe-C-TiO, 180 0/2 19/74 -2
[17] ( )
5—(Fe-TiOy) Fe-PET-TiO,
)Wlth H,04(
45=Ti0, )
16 7 Fe-TiO, 300 012 19/74 Fe-TiO,
[ Fe-C-TiO
25=Fe-C-Tio, :
[5] 61=(W-Tioz/Vis) 60 5 94 W-TiO,
[20] 98/26 600 0/5 150 Fe-TiO-H,0,
98 AgBr/BiOBr/Gr
[21] 71 Solar light=120 0/5 65 AgBr/BiOBr
33 Gr
[22] 87 150 0/02 20 C/N doped TiO,
Current ) (TiO./SBA-15=0/3) TiO,/SBA-15,
_ research 95-96 420 (Ti0,/GO=0/14) 100 Ti0/GO )

high potential in the removal of phenol out of aqueous
solutions. The results were analyzed using the
spectrophotometer UV-Vis at a wavelength of 500nm.
Therefore, The photocatalytic process is very effective
in the removal of phenol from aqueous solutions. However,
the effectiveness of the process seriously depends on test
conditions. The catalyst, The time of UV radiation, pH,
and Light intensity were important parameters in the
destruction process. Studies also show that TiO, (Degussa
P25) is very active in the destruction of phenol and phenol
degradation is very effective at a neutral pH.

CONCLUSIONS

This research was conducted to evaluate different
absorbents and determining nanocomposites suitable for the
removal of phenol out of aqueous solutions with high
efficiency. The reader of this article will get a good image of
different ways to remove phenol out of water and the main
goal of each procedure. The heterogeneous photocatalytic
procedure was used in the removal of organic contaminants
due to its high efficiency. In this study, the nanocomposites
TiO2/GO and TiO./SBA-15 were used for the removal of
phenol out of aqueous solutions. Furthermore, this study
briefly highlights the procedure for nanocomposite synthesis.
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e The experimental results indicate that, the
synthesized nanocomposites show more efficiency
compared to the net TiO2. In recent years, semiconductor
photocatalytic process has shown a great potential
as a low-cost, environmental friendly and sustainable
treatment technology to align with the “zero” waste scheme
in the water/wastewater industry. The ability of this Advanced
Oxidation Technology has been widely demonstrated
to remove persistent organic compounds and
microorganisms in water [2].

o It is generally believed that the efficacy of AOPs
to treat a certain waste stream is a strong function of (i)
the composition and concentration load of the stream
in question and (ii) the treatment aim itself. In fact,
the higher the polluting load and the extent of pollution
removal needed, the more harsh the treatment conditions
to be applied are. So, treatment performance
can be enhanced through coupling various processes for
example,(a) Simultaneous application of different AOPs
to promote the rate of organics oxidation,(b) Sequential
application of various AOPs to enhance selectivity,(c)
Application of a separation treatment prior to AOP
treatment to transfer pollutants from the liquid to
another phase so that they can be treated more easily and
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do not intervene with advanced oxidation,(d) Application of
AOPs as a pre-treatment stage to enhance biodegradability
and reduce toxicity, followed by biological post-
treatment,(e) Complex treatments comprising various
physical, advanced oxidation and biological processes.
Optimal treatment schemes will eventually be decided
upon achieving discharge limits set by national or
international environmental regulations at a reasonable
cost. This, in turn, will be dictated by the type of waste
stream to be treated, i.e. its composition, concentration,
biodegradability and toxicity [3].

Acknowledgments

High gratitude and appreciation to Mrs. Tasharrofi and
all the people in the Oil Industry Research Institute, whose
valuable advice | have always benefited from during this
research.

Received : Feb. 18, 2019 ; Accepted :Jun. 10. 10, 2019

REFERENCES

[1] Busca Guido, Berardinelli Silvia, Resini Carlo,
Arrighi Laura, Technologies for the Removal of Phenol
from Fluid Streams: A Short Review of Recent
Developments, Journal of Hazardous Materials
(2008).

[2] Chong Meng Nan, Jin Bo, Chow Christopher W.K.,
Saint Chris, Recent Developments In Photocatalytic
Water Treatment Technology, A Review, Water
Research, 44: 2997-3027 (2010).

[3] Comninellis Christos., Kapalka Agnieszka, Malato
Sixto, Parsons Simon A., Poulios loannis
Mantzavinos  Dionissios Advanced Oxidation
Processes for Water Treatment: Advances and Trends
for R&D, Journal of Chemical Technology and
Biotechnology, J. Chem. Technol. Biotechnol., 83:
769-776 (2008).

[4] Devi L.G., Rajashekhar K.E., akinetic Model Based on Nonlinear
Regression Analysis is Proposed for the Degradation of Phenol Under UV/Solar
Light Using Nitrogen-Doped TiO2, Journal of Molecular
Catalysis A: Chemical, 334: 65e76 (2011).

[5] Grabowska Ewelina, Reszczynska Joanna, Zaleska
Adriana Mechanism of Phenol Photodegradation
in The Presence of Pure and Modified-TiO,
A Review, Water Research, 46: 5453-5471 (2012).

Research Article

Comparing Nanocomposites of TiO2/SBA-15 and TiO,/GO...

Vol. 39, No. 5, 2020

[6] Guo, Z., Ma, R., Li, G. “Degradation of Phenol
by Nanomaterials TiO, in Wastewater, Chemical
Engineering Journal 119: 55e59 (2006).

[7] Hussain M., Ceccarelli R., Marchisio D.L., Fino D.,
Russo N., Geobaldo F Synthesis, Characterization,
and Photocatalytic Application of Novel TiO;
Nanoparticles, Chemical Engineering Journal, 157:
45-51(2010).

[8] Mazinani B., Beitollahi A., Masrom A., Yahya N.,
Choong Thomas S.Y., Mohd I.S., Javadpour J.,
Characterization and Evaluation of the Photocatalytic
Properties of Wormhole-Like Mesoporous Silica
Incorporating Tio,, Prepared Using Different
Hydrothermal and Calcination Temperatures,
Research on Chemical Intermediates, 38(8):1733-
1742 (2012).

[9] Mohamed R.M., UV-Assisted Photocatalytic Synthesis
of Tio,-Reduced GO with Enhanced Photocatalytic
Activity in Decomposition of Sarin in Gas Phase,
Desalination and Water Treatment, 1944-3994/1944-
3986 (2012).

[10] Peiro” A.M., Ayllo” N.A., Peral J., Dome Nech X.,
Tio,-Photocatalyzed Degradation of Phenol and
Ortho-Substituted Phenolic Compounds, Applied
Catalysis B: Environmental, 30: 359e373 (2001).

[11] Qiong Z., Yungiu H., Xiaogang C., Donghu H.,
Linjiang L., Ting Y., Lingli J., Structure and
Photocatalytic Properties of TiO,-GO Intercalated
Composite, Materials Science, 56(3): 331-339
(2011).

[12] Rasalingam Shivatharsiny, Peng Rui, Koodali Ranjit T,
Removal of Hazardous Pollutants from Wastewaters:
Applications of Tioz-Sio, Mixed Oxide Materials,
Journal of Nanomaterials, Article ID 617405, 42
Pages (2014).

[13] Sobczy Nski, A., Duczmal, L., Zmudzi_Nski, W.
“Phenol Destruction by Photocatalysis on TiO,”:
An Attempt to Solve The Reaction Mechanism. Journal
of Molecular Catalysis A: Chemical, 213: 225-230
(2004).

[14] Stengl Vaclav, Bakardjieva Snejana , Matys Grygar
Tomas, Bludskd Jana, Kormunda Martin., TiO,-GO
Nanocomposite as Advanced Photocatalytic
Materials”, Chemistry Central Journal (2013).

129


https://www.sciencedirect.com/science/article/pii/S0304389408004172
https://www.sciencedirect.com/science/article/pii/S0304389408004172
https://www.sciencedirect.com/science/article/pii/S0043135410001739
https://www.sciencedirect.com/science/article/pii/S0043135410001739
https://onlinelibrary.wiley.com/doi/abs/10.1002/jctb.1873
https://onlinelibrary.wiley.com/doi/abs/10.1002/jctb.1873
https://onlinelibrary.wiley.com/doi/abs/10.1002/jctb.1873
https://core.ac.uk/download/pdf/72804204.pdf
https://core.ac.uk/download/pdf/72804204.pdf
https://core.ac.uk/download/pdf/72804204.pdf
https://www.sciencedirect.com/science/article/pii/S0043135412005428
https://www.sciencedirect.com/science/article/pii/S0043135412005428
https://www.sciencedirect.com/science/article/pii/S138589470600088X
https://www.sciencedirect.com/science/article/pii/S138589470600088X
https://www.sciencedirect.com/science/article/pii/S1385894709007359
https://www.sciencedirect.com/science/article/pii/S1385894709007359
https://www.sciencedirect.com/science/article/pii/S1385894709007359
https://link.springer.com/article/10.1007/s11164-012-0498-9
https://link.springer.com/article/10.1007/s11164-012-0498-9
https://link.springer.com/article/10.1007/s11164-012-0498-9
https://link.springer.com/article/10.1007/s11164-012-0498-9
http://link.springer.com/journal/11164
http://www.kau.edu.sa/Files/188/Researches/63719_34887.pdf
http://www.kau.edu.sa/Files/188/Researches/63719_34887.pdf
http://www.kau.edu.sa/Files/188/Researches/63719_34887.pdf
http://www.kau.edu.sa/Files/188/Researches/63719_34887.pdf
https://www.sciencedirect.com/science/article/pii/S0926337300002484
https://www.sciencedirect.com/science/article/pii/S0926337300002484
https://link.springer.com/article/10.1007/s11434-010-3111-x
https://link.springer.com/article/10.1007/s11434-010-3111-x
https://link.springer.com/article/10.1007/s11434-010-3111-x
https://www.hindawi.com/journals/jnm/2014/617405/
https://www.sciencedirect.com/science/article/pii/S1381116903008239
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3598647/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3598647/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3598647/

Iran. J. Chem. Chem. Eng. Khodabakhsh S. et al.

[15] Tan Lling Lling, Ong Wee-Jun, Chai Siang-Piao,
Abdul Rahman Mohamed “Reduced Graphene
Oxide-TiO, Nanocomposite as a Promising Visible-
Light-Active Photocatalyst for the Conversion of
Carbon Dioxide”, Nanoscale Research Letters,
8:465 , Licensee Springer (2013).

[16] Tryba, B., Morawski, A.W., Inagaki, M., Toyoda, M.
The Kinetics of Phenol Decomposition under
UV Irradiation with and Without H,O, on TiOs,,
Fe-TiO, and Fe-C-TiO; Photocatalysts, Applied
Catalysis B: Environmental, 63: 215e221 (2006a).

[17] Tryba, B., Morawski, A.W., Inagaki, M., Toyoda, M.
Mechanism of Phenol Decomposition on Fe-C-TiO;
and Fetio, Photocatalysts via Photo-Fenton Process,
Journal of Photochemistry and Photobiology A:
Chemistry, 179: 224228 (2006b).

[18] Van Grieken R., Iglesias J., Morales V., Garcia R.A.,
Synthesis and Characterization of SBA-15 Materials
Functionalized with Olefinic Groups and Subsequent
Modification  Through  Oxidation  Procedures,
Microporous And Mesoporous Materials, 131: 321-
330 (2010).

[19] Yu C. B.,, Wei C., Lv J, Liu H. X., Meng L.T.,
Preparation and Thermal Properties of Mesoporous
Silica/Phenolic Resin Nanocomposites via in Situ
Polymerization, Express Polymer Letters, 6(10):
783-793 (2012).

[20] Sohrabi S., Akhlaghian F., The Effect of Fe-Loading
and Calcination Temperature on the Activity of
Fe/TiO in Phenol Degradation, Iranian Journal of
Chemistry and Chemical Engineering (IJCCE),
35(2): 43-50 (2016).

[21] Pardeep Singh, Sonu, Pankaj Raizada, Anita Sudhaik,
Pooja Shandilya, Pankaj Thakur, Shilpi Agarwal,
Vinod Kumar Gupta, Enhanced Photocatalytic
Activity and Stability of Agbr/Biobr/Graphene
Heterojunction for Phenol Degradation under Visible
Light, Journal of Saudi Chemical Society, 23(5):
586-599 (2019).

[22] Aboubakr M. Abdullah, Noora J. Al-Thani,
Khouloud Tawbi, H. Al-Kandari, Carbon/Nitrogen-
Doped TiO2: New Synthesis Route, Characterization
and Application for Phenol Degradation, Arabian
Journal of Chemistry, 9(2): 229-237 (2016).

130

Vol. 39, No. 5, 2020

Research Article


https://nanoscalereslett.springeropen.com/articles/10.1186/1556-276X-8-465
https://nanoscalereslett.springeropen.com/articles/10.1186/1556-276X-8-465
https://nanoscalereslett.springeropen.com/articles/10.1186/1556-276X-8-465
https://nanoscalereslett.springeropen.com/articles/10.1186/1556-276X-8-465
https://www.sciencedirect.com/science/article/pii/S0926337305003450
https://www.sciencedirect.com/science/article/pii/S0926337305003450
https://www.sciencedirect.com/science/article/pii/S1010603005004119
https://www.sciencedirect.com/science/article/pii/S1010603005004119
https://www.sciencedirect.com/science/article/pii/S1387181110000119
https://www.sciencedirect.com/science/article/pii/S1387181110000119
https://www.sciencedirect.com/science/article/pii/S1387181110000119
file:///C:/Users/SONY/Desktop/New%20folder%20(9)/or.nsfc.gov.cn/bitstream/00001903-5/271272/1/1000003164734.pdf
file:///C:/Users/SONY/Desktop/New%20folder%20(9)/or.nsfc.gov.cn/bitstream/00001903-5/271272/1/1000003164734.pdf
file:///C:/Users/SONY/Desktop/New%20folder%20(9)/or.nsfc.gov.cn/bitstream/00001903-5/271272/1/1000003164734.pdf
http://www.ijcce.ac.ir/article_19373.html
http://www.ijcce.ac.ir/article_19373.html
http://www.ijcce.ac.ir/article_19373.html
https://www.sciencedirect.com/science/article/pii/S1319610318301248
https://www.sciencedirect.com/science/article/pii/S1319610318301248
https://www.sciencedirect.com/science/article/pii/S1319610318301248
https://www.sciencedirect.com/science/article/pii/S1319610318301248
https://www.sciencedirect.com/science/article/pii/S187853521500129X
https://www.sciencedirect.com/science/article/pii/S187853521500129X
https://www.sciencedirect.com/science/article/pii/S187853521500129X

