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ABSTRACT

In this work, titanium dioxide (TiO,), TiO,/graphene (TiO,/GO) and polyaniline-TiO,/graphene
(polyaniline-TiO,/GO) catalysts were prepared and characterized by different analysis methods such as
X-ray diffractometer, transmission electron microscope, scanning electron microscope, energy-dispersive
X-ray spectroscopy, Brunauer-Emmett-Teller and diffuse reflectance spectra. The photocatalytic activity
and adsorption capacity of prepared samples were investigated by the removal of methyl orange as an
anionic dye from aqueous solutions. Polyaniline-TiO,/GO nanocomposite presented high photocatalytic
activity, which is partly due to the sensitizing effect of polyaniline and the low recombination rate due to
the graphene oxide electron scavenging property. In order to study the nature of adsorption procedure,
the equilibrium adsorption isotherms were investigated. The linear correlation coefficients of Langmuir
and Freundlich isotherms were obtained. Based on results, Langmuir isotherm model fitted the exper-
imental data better than Freundlich isotherm model. According to the Langmuir isotherm model, the
maximum adsorption capacity of Polyaniline-TiO,/GO nanocomposite for sequestering methyl orange
was about 69.23 mg g'. Furthermore, negative free energy change (AG°) and enthalpy change (AH®)
values resulted from thermodynamic investigation suggested that the adsorption of methyl orange onto
polyaniline-TiO,/GO nanocomposite was spontaneous and exothermic in nature, respectively.

Keywords: Polyaniline-TiO,/GO nanocomposite; Anionic dye; Photocatalytic activity; Adsorption

procedure; Thermodynamic investigation

1. Introduction

Methyl orange is a well-known acidic/anionic dye and has
been widely applied for different applications such as textiles,
papers, plastics, printing, cosmetics and mineral processing
[1]. Because of the synthetic origin and complex aromatic
molecular structure, methyl orange is resistant to biodegrada-
tion and very stable to light and oxidation [2]. Also, this type
of dye is toxic and mutagenic to different forms of life and
can cause a significant impact on human health because of its
mutagenic and carcinogenic influences [3]. So, the removal of
this noxious dye from aqueous environment is necessary. In
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recent years, remarkable efforts such as biological treatment
[4], chemical oxidation [5], membrane separation [6] and
adsorption [7] have been performed to remove dyes from
wastewater. Among all these methods, adsorption technique
is regarded as a highly efficient and economical method to
produce water with high quality. In adsorption procedure,
elimination of contaminant pollutant from wastewater is con-
ducted via binding it to an adsorbent [8]. The binding can be
done by ion exchange, electrostatic, Vander Waals, etc. The
application of nano-adsorbents in adsorption of pollutants
from wastewater, because of their high surface area to vol-
ume ratio, remarkable adsorption and desorption capacity
and high reactivity, has gained impetus in recent years [9].
Various nano-adsorbents, including TiO,/graphene-alginate
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nanocomposite [10], carbon nanotubes-encapsulated barium
cross-linked alginate beads [11], copper oxide nanoparticle
loaded on activated carbon (Cu,0-NP-AC) [12], magnetic
oxidized multi-walled carbon nanotube-k-carrageenan-Fe,O,
nanocomposite [13] and silica/chitosan nanocomposite [14],
have been applied for the removal of pollutants from waste-
water. Adsorption technique is an appropriate and economic
way to produce water with high quality. In adsorption pro-
cess, elimination of pollutant from wastewater is conducted
via binding it to an organic or inorganic adsorbent. The bind-
ing can be done by ion exchange, electrostatic, Van der Waals,
etc. TiO, is one of the most investigated semiconductors
owing to excellent electronic properties, non-toxicity, cheap-
ness, capability of repeated use without substantial loss of
catalytic ability and high reactivity [15]. However, TiO, has
low photo quantum efficiency because of its fast recombina-
tion of photogenerated electron-hole pairs [16]. In order to
solve the above problem and modify the electronic structure
of TiO,, considerable efforts have been directed to enhance
the photocatalytic efficiency and visible-light utilization
of TiO, which include impurity doping, sensitization and
metallization, etc. Among these methods, sensitization with
conducting polymers has been proved to be an effective tech-
nique to improve the photocatalytic efficiency of TiO,-based
photocatalysts [17]. Among different conducting polymers,
polyaniline is unique because of its facile synthesis, environ-
mental and chemical stability and simple doping/dedoping
chemistry [18]. Polyaniline can absorb light and induce a
m—rt* transition and the excited electrons can be transferred
to the m* orbital and the excited electrons are injected readily
into the conduction band (CB) of TiO, which lowers the band
gap of TiO,. Therefore, polyaniline acts as sensitizer of TiO,
via decreasing its band gap [19].

In recent years, graphene has received research
interest because of its thermal and chemical stability, large
surface-to-volume ratio, good electron conductivity and
water solubility [20]. One of the most important character-
istics of graphene is its large theoretical specific surface
area, which makes it an excellent candidate for the use as
an adsorbent material. Therefore, graphene because of its
high conductivity and mobility can act as an electron scav-
enger which can reduce the recombination rate [21]. So, it is
believed that a nanocomposite of graphene/TiO, with poly-
aniline will exhibit enhanced photocatalytic activity because
of the low band gap, low recombination rate and high
absorption under ultraviolet (UV) and visible region, due
to the synergism between the constituents. The aim of the
present study is to prepare polyaniline-TiO,/GO nanocom-
posite and evaluate its photocatalytic activity and adsorption
capacity for the removal of an anionic dye (methyl orange) in
aqueous solutions. To the best of our knowledge, there is no
report on the application of polyaniline-TiO,/GO nanocom-
posite for the removal of anionic dyes such as methyl orange
in aqueous solutions.

2. Materials and methods
2.1. Materials

Titanium n-butoxide, ethanol of absolute grade,
graphite powder (purity 99.999%), nitric acid, sulfuric acid,
potassium chlorate, hydrochloric acid, anisidine, ammonium

persulphate (APS) and methyl orange were purchased from
Merck Co. (Germany). All chemicals were of AR grade and
used as received except aniline which was distilled under
reduced pressure and kept below 4°C before used for
synthesis. Deionized water was used in all synthesis.

2.2. Sample preparation
2.2.1. Preparation of TiO, catalyst

TiO, nanoparticles was prepared by sol-gel method
according to our previous work [16].

2.2.2. Preparation of graphene oxide sample

According to [10], graphene oxide was prepared via
Staudenmaier method. First, 5 g graphite was mixed with
concentrated nitric acid (45 mL) and sulfuric acid (90 mL)
and stirred vigorously for 20 min to get dispersion. Next,
potassium chlorate (55 g) was slowly added over 30 min,
to avoid sudden increases in temperature, and the reaction
mixture was stirred for 72 h at room temperature. The mix-
ture was then added into a copious amount of distilled water
and then filtered. The obtained graphite oxide solid was
rinsed repeatedly and washed with a 5% solution of HCI and
water repeatedly until the pH of the filtrate was neutral. The
graphite oxide thus obtained was placed in a quartz boat and
inserted into a tubular furnace preheated to 1,050°C and kept
at this temperature for 30 s.

2.2.3. Preparation of TiO,/GO sample

In our previous work, we reported preparation of TiO,/
GO catalyst via hydrothermal process [10]. Graphene oxide
(20 mg) was dissolved in a solution of distilled water (80 mL)
and ethanol (40 mL) via ultrasonic treatment for 2 h. TiO,
(200 mg) was added to the synthesized graphene oxide solu-
tion and stirred for further 2 h to obtain a homogeneous
suspension. The suspension was then placed in a 200 mL
Teflon-sealed autoclave and maintained at 120°C for 3 h to
simultaneously achieve the reduction of graphene oxide and
the deposition of TiO, on the graphene sheets. Finally, the
obtained sample was recovered via filtration, rinsed with
high purity deionized water for several times and dried at
70°C for 12 h in the vacuum furnace.

2.2.4. Preparation of polyaniline-TiO,/GO nanocomposite

Polyaniline-TiO,/GO nanocomposites with various
polyaniline contents were synthesized by chemical oxidative
polymerization of aniline in the presence of TiO,/GO parti-
cles. First, 2 mg of nanocrystalline TiO,/GO particles were
dispersed into 80 mL of 1 mol L' HCI aqueous solutions with
ultrasonic vibrations for 10 min to obtain a homogeneous
suspension. Quantitative aniline was added into this mixture
dropwise under vigorously stirring in the ice-water bath, after
which APS was dissolved in 1 mol L' HCI aqueous solutions
with the molar ratio of aniline to APS (1:0.25) was added to
the reaction vessel. Then, the mixture was allowed to polym-
erize under stirring for 2 h. Finally, polyaniline-TiO,/GO
nanocomposites were filtered and washed with large amount
of deionized water, then with 80 mL of ethanol and 40 mL
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of ether, after that the nanoparticles were dried at 80°C till
the constant mass was reached. In the experiment, various
initial weight ratios of aniline to TiO,/GO (3%, 5%, 10%, 15%
and 20%) were used to obtain the optimum content of aniline.
The synthesized samples were designated as 3 polyaniline-
TiO,/GO, 5 polyaniline-TiO,/GO, 10 polyaniline-TiO,/GO, 15
polyaniline-TiO,/GO and 20 polyaniline-TiO,/GO respec-
tively. Finally, the best catalyst procured in this method was
designated as polyaniline-TiO,/GO.

2.3. Characterization of prepared samples

To identify and confirm the crystal phase composition and
the crystallite size of the products, X-ray diffractometer (XRD)
analyses with XRD using Cu Ka radiation (0.15478 nm) in the
20 scan range of 10°-70° were performed. For analysis, the (101)
diffraction peak with 20 = 25.334° of anatase and (1 1 0) peak
with 20 =27.967° of rutile were used. The average crystallite size
of the samples was calculated using Scherrer’s formula [21]:

_ka
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where D is the average crystallite size (A), A the wavelength
of X-ray radiation (Cu Ka), 3 the full width at half maximum
(FWHM) intensity of the peak and O the Bragg diffraction
angle. The texture and morphology of products were observed
on a Philips XL-30ESM scanning electron microscope (SEM)
and a Philips CM-10 HT transmission electron microscope
(TEM) with an accelerating voltage of 100 kV. The chemical
composition of the synthesized nanocomposite was analyzed
by an energy-dispersive X-ray spectroscopy (EDX) system.
Brunauer—-Emmett-Teller (BET) measurement was performed
using Belsorp mini II instrument based on N, adsorption—
desorption isotherms. Ultraviolet/visible diffuse reflectance
spectra (DRS) of samples were performed by Avaspec-2048
TEC spectrometer in order to detect the band gap energy (E,)
of products which estimated via the following formula:

hxc 1,240
E = =2 2
T @)
where E_is the band gap energy (eV), h is Planck’s constant
(4.1357 x {10715 eV), cis the light velocity (2.998 x 108 m s™) and
A is the wavelength (nm).

2.4. Studies and analysis

The photocatalytic activity of prepared samples was eval-
uated in the removal of model compound methyl orange.
The photocatalytic removal of methyl orange was measured
at ambient pressure and room temperature in a batch quartz
reactor, as previously reported [22]. Artificial illumina-
tion was provided by 36 W (UV-A) mercury lamp (Philips,
Holland) with a wavelength peak at 365 nm positioned above
the photoreactor. In each run, 400 mg L™ prepared sample
and 20 mg L™ methyl orange were fed into the batch quartz
reactor and placed in the dark condition for 30 min with
continuous stirring for adsorption-desorption equilibrium
and then exposed to black-light irradiation. The zero time

reading was obtained from blank solution kept in the dark.
The photocatalytic reaction was then started via irradiating
the suspension with black light. Every 4 min as interval time,
5 mL of the dye suspension was withdrawn and centrifuged
to remove catalyst particles. The concentration of remaining
methyl orange was determined by UV-Vis Perkin-Elmer
550 SE spectrophotometer at the wavelength of 465 nm.
Experimental setup for the adsorption of methyl orange via
polyaniline-TiO,/GO nanocomposite was similar to that of
the photocatalytic removal of methyl orange. However, for
the batch adsorptive removal of methyl orange via polyani-
line-TiO,/GO nanocomposite without light illumination, the
setup was placed inside a fully covered box in order to prevent
any exposure toward light irradiation. The amount of methyl
orange adsorbed onto polyaniline-TiO,/GO nanocomposite
was estimated by Eq. (3):

:(co—c)v
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where g, C, and C are the amount of adsorbed methyl orange
(mg g™), the initial concentration and the final concentration
of dye in the solution (mg L), respectively. In addition, V is
the volume of the solution (L) and M is the weight of the
nanocomposite (g) [23].

3. Results and discussion
3.1. Characterization of synthesized samples
3.1.1. X-ray diffraction

XRD patterns of TiO,, TiO,/GO and Polyaniline-TiO,/GO
samples are illustrated in Fig. 1. As shown in Fig. 1, the dif-
fraction peaks of all samples were observed at 20 = 25.43°,
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Fig. 1. XRD patterns of (a) TiO,, (b) TiO,/GO and (c) polyani-
line—TiOZ/GO.
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30.76°, 37.82°,48.0°, 54.5° and 63.04° correspond to reflections
(101), (121), (004), (200), (105)/(211), (204). The diffraction
peaks can be assigned to mainly a mixture of anatase (TiO,,
JCPDS card #84-1286) and brookite phases (TiO,, JCPDS card
#72-0100). Pure anatase phase can be observed for synthe-
sized samples. The crystallite size of samples is estimated
via the Scherrer’s formula based on the FWHM intensity of
anatase (1 0 1) phase. The average size of crystallites for TiO,
and TiO,/GO determined from the XRD pattern based on the
Scherrer’s equation were about 14 and 12 nm, respectively.
As can be seen in Fig. 1(b), the crystallinity of TiO,/GO is
higher than that of TiO,. In explanation, when TiO, nanopar-
ticles are grown on the surface of the GO sheets, the func-
tional groups on the GO sheets act as templates, enhancing
crystallization and resulting in smaller sized TiO, nanoparti-
cles being resulted [15]. Fig. 1(c) shows XRD patterns of poly-
aniline-TiO,/GO nanocomposite. It can be seen that there is
no difference between XRD pattern of polyaniline-TiO,/GO
nanocomposite and XRD pattern of other samples, which
reveals deposition of polyaniline on the surface of TiO,/GO
has no influence on the crystallinity of TiO,/GO. The average
size of crystallites for polyaniline-TiO,/GO nanocomposite
determined from the XRD pattern based on the Scherrer’s for-
mula was 10 nm. Therefore, the mean size of TiO,/GO is not
affected via the polyaniline modification [24]. However, no
typical diffraction peaks of GO or polyaniline are observed in
the prepared samples. This can be explained via the fact that
only small amounts of GO and polyaniline are contained in
the synthesized samples [25].

3.1.2. SEM analysis of polyaniline-TiO,/GO nanocomposite

SEM image was recorded to investigate the morphology
and aggregation level of materials. Fig. 2 demonstrates SEM
micrograph of polyaniline-TiO,/GO nanocomposite. The mor-
phology of prepared nanocomposite seems to be sphere.
Interestingly, the pure polyaniline agglomerates were not
detected in SEM micrograph, which agrees with conclusions
that polyaniline in polyaniline-TiO,/GO nanocomposite
mainly covers the TiO,/GO surface. As can be seen that, SEM
image exhibits particles with good homogeneity, granular
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Fig. 2. SEM image of polyaniline-TiO,/GO nanocomposite.

structure and slight agglomeration. Slight agglomeration
may be due to the formation of polyaniline on the surface of
TiO,/GOnanoparticles which causes repulsion forces between
nanoparticles and prevents their agglomeration. Since less
particle agglomeration occurred for polyaniline-TiO,/GO
nanocomposite, the large surface area conveys high adsorp-
tion abilities of this sample. There are short slit-pores, which
is in good agreement with the N, sorption isotherms results.

3.1.3. Elemental analysis with EDX spectroscopy

The elemental composition of the prepared nanocomposite
was determined using EDX analysis. C, O, N and Ti peaks can
be clearly seen from Fig. 3. EDX analysis showed no significant
levels of impurities, which could have originated from the
procedure.

3.1.4. TEM Analysis of Polyaniline-TiO,/GO nanocomposite

TEM image of polyaniline-TiO,/GO nanocomposite is
shown in Fig. 4. The average size of the primary particles esti-
mated from the TEM image is about 8-10 nm, which is in good
agreement with that calculated from the XRD pattern using
Scherrer equation. It can be observed that the particles show
a relatively uniform particle size distribution. The degree of
agglomeration can be avoided through the growth of TiO,
nanoparticles from carboxyl groups on the surface of GO
nanosheets [26]. Therefore, GO nanosheets can facilitate an uni-
form dispersion of the nanoparticles on its surface. As shown
in TEM image, polyaniline layers on the TiO, surface attached
together and generated the porous structure. This is a result
of polymer growth on the surface of nanoparticles. Since com-
posites made from metal oxide nanomaterials show consider-
able stability (owing to metal oxide nanomaterial structures),
this approach is used for applied purposes [27]. The porous
structure of polyaniline on the TiO, surface and elsewhere is
an important characteristic that allows specific interactions of
polyaniline-TiO,/GO nanocomposite with methyl orange mol-
ecules, making it an important feature for the photocatalytic
and adsorption performances [28].
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Fig. 3. EDX pattern of polyaniline-TiO,/GO nanocomposite.
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20 nm

Fig. 4. TEM image of polyaniline-TiO,/GO nanocomposite.

3.1.5. DRS analysis

In order to study the effect of graphene oxide and polyani-
line on the optical absorption properties of TiO,, DRS analysis
has been carried out (Fig. 5). The reflectance spectra of TiO,,
and TiO,/GO, show absorption thresholds at 390 and 410 nm,
respectively, and E_ values estimated from the Eq. 3 are 3.17
and 3.02 eV, respectively. It can be concluded that graphene
sheets narrow the band gap of TiO, [22]. These phenomenon
results not only from the high conductivity of graphene that
can facilitate separation of photogenerated e”/Ii* pairs [21] but
also from the formation of Ti-O-C bonding between TiO,
and graphene sheets [13]. Furthermore, this may be related
to the charge transfer between CB of TiO, and graphene
sheets. However, the electron transition from the valence
band to the CB can occur easier with the band-gap narrow-
ing in TiO, nanoparticles [10]. The band gap energy (E)
of polyaniline-TiO,/GO is 2.81 eV. It can be concluded that
polyaniline induces band-gap narrowing in TiO,/GO cata-
lyst. This may be attributed to the coordination of TiO, with
the nitrogen atom, and a possible -7 interaction between
GO and polyaniline via the pi-conjugated system. So,
polyaniline-TiO,/GO can be excited by absorbing both UV

Absorbance (a.u.)

300 350 400 450 500
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Fig. 5. UV-Vis DRS spectra of (a) TiO,, (b) TiO,/GO and
(c) polyaniline-TiO,/GO.

and visible lights to produce more electron-hole pairs and
give a maximum visible light harvesting. As a consequence,
polyaniline-TiO,/GO composite is a promising material for
the efficient use of light in photocatalytic procedures.

3.1.6. BET analysis

Fig. 6 shows the nitrogen adsorption—desorption isotherms
of polyaniline-TiO,/GO nanocomposite, which provide infor-
mation about the structural properties and pore geometries of
the synthesized sample. From this figure, polyaniline-TiO,/GO
nanocomposite exhibits a type IV adsorption isotherm accord-
ing to the International Union of Pure and Applied Chemistry
(IUPAC) classification related to mesoporous size (2-50 nm).
Also, mesoporosity may be concluded from the sharp decline
in the desorption branch and the hysteresis loop at high relative
pressure [29]. At high relative pressures from 0.55 to 0.85, the
shape of hysteresis loop is of type H,, indicating the existence of
an ink bottle-type pores structure with narrow necks and wide
bodies, implying that the crystallites contain mesopores due to
the aggregation of particles. The porous structure significantly
facilitates the transporting of reactant materials and prod-
ucts via the interior space due to the interconnected porous
networks and favors the harvesting of light due to enlarged
surface area and multiple scattering within the porous net-
work [30]. The specific surface areas of polyaniline-TiO,/GO
and pure TiO, are 198.4 and 52.03 m* g, respectively. It can be
concluded that the hybridization of TiO, with polyaniline may
significantly enhance its surface area. Polyaniline prevents
particle growth during drying step because of mixed bond
Ti\O\C, which can prevent the interaction among Ti particles.
Beside the effect on the surface area of the nanocomposite,
BET characterization implies that hybridization of TiO, with
polyaniline enhances its pore volume. Particularly, it reaches
0.291 cm® g for polyaniline-TiO,/GO composite, which is
higher than 0.291 cm® g™ of pure TiO, (it is not shown for
TiO,). It is accepted in heterogeneous photocatalysis process,
higher surface area and pore volume are helpful in the forma-
tion of photogenerated e~ — Ii* pairs. Therefore, heterogeneous
photocatalysis is affected greatly via the surface area and
pore structure [31].
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Fig. 6. N, adsorption—desorption isotherms of polyaniline-TiO,/GO
nanocomposite.
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3.2. Photocatalytic removal of methyl orange using
synthesized samples

Langmuir-Hinshelwood (L-H) kinetic model is the most
commonly used kinetic expression to describe the photocata-
lytic removal of organic pollutants from aqueous solutions [32].
The L-H kinetic equation is represented via Eq. 4:

ap

m%:k ¢ @)

t

where C; (mg L) and C, (mg L) are the concentration of
methyl orange at 0 and f min, respectively. The apparent
rate constant, kap (min™), can be resulted from the slope of

C . . .
the In—2vs. time plot. The pseudo-first-order reaction rate

constant (k,.) is selected as the basic kinetic factor to com-
pare the pE})*lotocatalytlc activity of synthesized samples.
The results of removal of methyl orange using prepared sam-
ples under black light illumination are presented in Fig. 7. It
could be seen that photocatalytic activity of TiO,/GO catalyst
is higher than that of TiO,. Therefore, interactions between
graphene and TiO, lead to the improvement of the photo-
catalytic activity. The high photocatalytic activity of TiO,/GO
catalyst is because of the following several parameters:

¢ (B position of TiO, is calculated to be 3 eV, and the work
function of graphene is about 4.42 eV. So, graphene can
act as acceptor positions for photo-generated electrons
from TiO,. Under excitation, the CB electrons of TiO, are
transferred to graphene. Therefore, the recombination
of photo-generated electron-hole pairs can be inhibited
[33]. So, the improvement in photocatalytic activity of
TiO,/GO is imaginable.

® The electrons on the graphene can be trapped via oxygen
and water on the surface of TiO,/GO catalyst and gen-
erate the hydroxyl and superoxide radicals. As a result,
electron-hole recombination is largely prevented and
this further facilitates the formation of more OH* because
of the valence band of TiO, and the superoxide radicals
anion (O;") at the surface of catalyst, which in turn results
in a faster removal of methyl orange [34].

From Fig. 7, photocatalytic activity of polyaniline-
TiO,/GO is considerably higher than that of TiO,/GO.

b c d e f g

Fig. 7. Photocatalytic removal of methyl orange in the
presence of (a) TiO, (b) TiO,/GO, (c) 3 polyaniline-TiO,/
GO, (d) 5 polyaniline-TiO,/GO, (e) 10 polyaniline-TiO,/GO,
(f) 15 polyaniline-TiO,/GO and (g) 20 polyaniline-TiO,/GO.
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The photocatalytic removal of methyl orange can take
place through a series of reactions on the surface of the
samples, such as (i) interaction of methyl orange with
polyaniline-TiO,/GO nanocomposite, (ii) intermediate
products (photocatalysis), (iii) colorless degradation prod-
uct and (iv) saturation of polyaniline-TiO,/GO nanocom-
posite surface [34]. Polyaniline acts as a photosensitizer
in polyaniline-TiO,/GO to sensitize the TiO, surface.
The conduction position of TiO, was lower than the low-
est unoccupied molecular orbital (LUMO) of polyani-
line. The CB of TiO, can act as a sink for photogenerated
electrons in the hybrid photocatalyst. Under black-light
illumination, m-m transition occurred in polyaniline
and electrons with highest occupied molecular orbital
(HOMO) become excited and transfer to the LUMO of
polyaniline. These electrons from the LUMO level are
injected into the CB of TiO,, which react with molecular
oxygen and produce O, and HOj;" in the aqueous solution
[19,35]. Graphene nanosheets are well-known electron
acceptor materials which applied widely for decreasing
the band gap of TiO, to make it active in visible region
via the energetically favored hybridization of C, and O,
atoms of graphene and TiO, [36,37]. So, the electrons from
the CB of TiO, and the LUMO of polyaniline may also be
transferred to graphene. The electrons on the graphene can
be trapped via oxygen and water on the surface of polyani-
line-TiO,/GO and generate the hydroxyl and superoxide
radicals [38,39]. Furthermore, photogenerated holes in the
HOMO level of polyaniline also produce hydroxyl radicals
upon light excitation [40,41].

Polyaniline + hv — Polyaniline(h+ + e’) (5)
Polyaniline(h* ) +H,0 — Polyaniline + H" + OH" (6)
Polyaniline(h+) + OH™ — Polyaniline + OH" (7)

Polyaniline (e’) + Graphene — Polyaniline + Graphene (e’) (8)

Polyaniline(e’ ) +TiO, — Polyaniline + TiO, (e’) )
Graphene (e’) +0, — Graphene + O} (10)
TiO, (¢”)+0, > TiO, + O} (11)
Oy +H,0 - OH" (12)
OH’ + Dye — CO, +H,0 (13)

Furthermore, in polyaniline-TiO,/GO catalysts, the

polyaniline content can play a significant role in affecting
photocatalytic activity of photocatalysts. The results of
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removal of methyl orange using polyaniline-TiO,/GO cata-
lysts with different polyaniline contents (3 polyaniline-TiO,/
GO, 5 polyaniline-TiO,/GO, 10 polyaniline-TiO,/GO, 15 poly-
aniline-TiO,/GO and 20 polyaniline-TiO,/GO) are illustrated
in Fig. 7. From 3 polyaniline-TiO,/GO to 10 polyaniline-TiO,/
GO, the photocatalytic activity was gradually increased, and
10 polyaniline-TiO,/GO showed the maximized photoactivity.
However, when the content of polyaniline is further enhanced
above its optimum value, the photocatalytic performance
deteriorates. The high photoactivity of 10 polyaniline-TiO,/GO
can be described as following reasons:

e The presence of imperfections may omit the polyani-
line chain stretching procedure [35], which decreases
polyaniline conductivity.

® Because of high aniline concentrations, oxidation
products with amino groups in the ortho-position
(i.e., imperfections) can be produced, which may alert
the polyaniline chain structure and consequently
polymer-pollutant interactions [36].

3.3. Adsorptive removal of methyl orange using
synthesized samples

Fig. 8 shows the adsorptive removal of methyl orange
from aqueous solution using polyaniline-TiO,/GO and TiO,/
GO samples. Results showed that efficiency of methyl orange
removal in the presence of polyaniline-TiO,/GO is higher.
Accumulation of a substance between the liquid—solid inter-
face or gas—solid interface because of physical or chemical
associations is termed an adsorption procedure. Adsorption
process can be controlled via physical parameters on most of
the adsorbents such as polarity, Van der Waals forces, hydro-
gen bonding, dipole-dipole interaction, m—7t interaction,
etc. [37]. So, the design of an adsorbent generally depends
on the type of substance to be adsorbed or removed. Methyl
orange is an anionic dye that can be removed by an adsorbent
showing strong affinity toward negatively-charged species.
Polyaniline in its conductive emeraldine salt state possesses
a large number of amine (-N<) and imine (-N=) functional
groups and substantial amounts of positive charges local-
ized over its backbone, making it an efficient candidate for
the adsorption of negatively polarized materials. This elec-
trostatic force of attraction could be the essential driving
force leading to the increased adsorption of methyl orange.
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Fig. 8. Adsorptive removal of methyl orange from aqueous
solution in the presence of (a) TiO2/GO and (b) polyaniline-TiO,/
GO samples.

So, the presence of polyaniline in synthesized nanocomposite
plays a crucial role in the removal of anionic dye from aqouse
solutions [38].

3.4. Effect of contact time

The adsorption kinetics of methyl orange onto
polyaniline-TiO,/GO nanocomposite was studied for 60 min
contact time and the results are illustrated in Fig. 9. Within
exposure time of 60 min, the adsorbed methyl orange via
polyaniline-TiO,/GO nanocomposite reached to 44.3 mg g™
The removal of methyl orange by adsorption onto polyani-
line-TiO,/GO nanocomposite was very fast during the initial
contact time and then slowed down. This behavior could
be related to the availability of a large number of vacant
surface sites during the initial stage of adsorption procedure.
However, with passage of time, the remaining vacant surface
sites are difficult to be occupied because of repulsive forces
between the solute molecules on the solid phase and in the
bulk liquid phase [39].

The results indicated that the removal rate of methyl
orange via polyaniline-TiO,/GO nanocomposite under pho-
tocatalytic procedure was considerably higher than the
adsorption procedure, implying that the synergistic adsorp-
tion-photocatalysis had definitely occurred. This observation
clearly showed that during the removal of methyl orange
via polyaniline-TiO,/GO nanocomposite under light illu-
mination, both adsorption and photocatalytic procedures
occurred simultaneously. During the experiment in the dark,
the rate of removal of methyl orange by the adsorption pro-
cedure was calculated to be 0.116 min'. However, when
polyaniline-TiO,/GO nanocomposite was exposed to light
illumination, the rate of removal of methyl orange jumped to
0.253 min™ implying that both photocatalytic and adsorption
procedures manifested simultaneously.

3.5. Adsorption isotherm studies

The isotherm study was performed to investigate the effi-
ciency of the adsorbent for full-scale applications and design
purposes. Langmuir and Freundlich models as the most
widely used isotherm models were investigated. The linear
form of the Langmuir model is shown via Eq. 14:

1:[1J1+1 a4
qe qum Cc qm
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Fig. 9. Effect of contact time on methyl orange adsorption onto
polyaniline-TiO,/GO nanocomposite.
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where C, (mg L7), g, (mg g7), g, (mg g') and K, (L mg™)
are the equilibrium concentration of methyl orange, the
amount of methyl orange adsorbed at equilibrium, the max-
imum amount of adsorbed pollutant per unit weight of the
adsorbent, and the affinity of the binding sites (Langmuir
constant), respectively. The linear form of the Freundlich
isotherm model is shown via Eq. 15:

Ing, = llnCt, +InkK, (15)
n

where n and K, [(mg g™') (L mg™)""] are the constants related
to the adsorption intensity and adsorption capacity, respec-
tively. The values of Langmuir and Freundlich parameters
can be estimated from the slope and intercept of linear plots
of 1/q, vs. 1/C, and In g, vs. In C, respectively. Fig. 10 illus-
trates the adsorption isotherms plots. From the slopes and
intercepts, the values of g, K, n and K, were calculated and
represented in Table 1. It can be observed from Table 1, the
obtained correlation coefficient for Langmuir model was
higher than that of Freundlich model, which implies the suit-
ability of Langmuir isotherm model for describing adsorption
of methyl orange onto polyaniline-TiO,/GO nanocomposite.
Based on Langmuir model, the maximum adsorption capac-
ity of polyaniline-TiO,/GO nanocomposite for the adsorption
of methyl orange was found to be 69.23 mg g'. Essential fea-
tures of Langmuir isotherm model can be expressed in term
of separation factor, R,, as represented through Eq. 16:

R=— b (16)
1+K,C,

where C (mg L) is the initial pollutant concentration [40]. The
values of R, arranged as R, =0,0<R, <land R, >1 indicate that
adsorption process is irreversible, favorable and unfavorable,
respectively. Table 1 demonstrates that R, values are between
0.282 and 0.86, which implies the adsorption of methyl orange
onto polyaniline-TiO,/GO nanocomposite is favorable [41].

3.6. Thermodynamic study

The thermodynamic study was performed to reach a better
understanding of the adsorptive behavior of methyl orange
toward polyaniline-TiO,/GO nanocomposite. This part of
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Fig. 10. Thermodynamic profile for methyl orange adsorption
onto polyaniline-TiO,/GO nanocomposite.

0.00332 000336

Table 1
Isotherm parameters for methyl orange adsorption onto
polyaniline-TiO,/GO nanocomposite

Type of isotherm model Value
Langmuir isotherm

q, (mgg™) 69.23

K, (L mg) 0.127

R, 0.282-0.86
R? 0.9925
Freundlich isotherm

K, (mg g™) 4.055

N 1.43

R? 0.9823

experiments was carried outby varying the temperature between
25°C and 40°C (298-313 K). The free energy change or Gibbs
free energy (AG°®) (k] mol™), enthalpy change (AH®) (k] mol™)
and entropy change (AS°) (k] mol™? K™) for the adsorption of
methyl orange were calculated through Eqgs. 17 and 18:

AG® =-RTInK,

Ik, :[AS }_[AH ]

R RT
where R, T (K) and K, (7,/C,) are the universal gas constant,
temperature and the distribution coefficient, respectively
[55]. To study the thermodynamic of methyl orange adsorp-
tion onto polyaniline-TiO,/GO nanocomposite, thermody-
namic constants such as AG°, AH® and AS° were calculated
using Egs. 17 and 18. From the slope (-AH°/R) and inter-
cept (AS°/R) of the plot of In K, versus 1/T, the AH® and AS°
of adsorption were estimated, respectively (Fig. 10). The
values of these parameters are summarized in Table 2. As
exhibited, the negative AH® and AG® values demonstrated
that the adsorption of methyl orange onto polyaniline-TiO,/
GO nanocomposite was exothermic and spontaneous in
nature, respectively. The negative value of AS° indicates
the decrease of degree of freedom of adsorbed pollutant on
the binding sites of the nanocomposite at the solid—solution
interface, implying a strong binding of dye ions onto the
active sites [42].

17)

(18)

Table 2
Obtained parameters from thermodynamic study of methyl
orange adsorption onto polyaniline-TiO,/GO nanocomposite

Temperature (K) AG° AS° AH°

(kJ mol™) (kJ mol™ K1) (kJ mol™)
298 -2.85 -0.0027 —2.97
303 -2.82 - -
308 -2.74 - -
313 -2.77 - -
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4, Conclusions

The present work was carried out to synthesize and
investigate the efficiency of polyaniline-TiO,/GO nanocom-
posite to adsorb and degrade an anionic dye (methyl orange)
from aqueous solution. SEM analysis proved a highly porous
structure for polyaniline-TiO,/GO nanocomposite, which is
suitable for sequestering dye molecules in aqueous phase.
The average size of the primary particles estimated from
the TEM image was about 8-10 nm. DRS study showed
that polyaniline-TiO,/GO nanocomposite possessed a much
lower recombination rate of charge carriers and higher
black light activity. Among various isotherm models, the
Langmuir isotherm showed the best fit to experimental data.
The separation factor, R, was obtained less than 1, indicat-
ing the favorable nature of methyl orange adsorption on
polyaniline-TiO,/GO nanocomposite. Besides, the results of
thermodynamic investigation showed that the adsorption
of methyl orange via polyaniline-TiO,/GO nanocomposite is
spontaneous and exothermic.
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