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ABSTRACT

In this study, Cu-doped TiO,-graphene/ alginate (Cu-TiO,-GR/alginate) nanocomposite with high
adsorption capacity and high photocatalytic activity was successfully prepared and then character-
ized via different analysis methods such as XRD, TEM, SEM, EDX, Raman and DRS. The photocat-
alytic activity and adsorption capacity of prepared nanocomposite were investigated by removal
of methylene blue (MB), as a model organic pollutant, from aqueous solutions under black light
irradiation. Based on results, Cu-TiO,-GR/alginate nanocomposite could effectively remove MB,
and demonstrate an excellent photocatalytic enhancement over Cu-TiO, and Cu- TiO,-graphene
samples. To understand the nature of adsorption process, the equilibrium adsorption isotherms
were studied. The linear correlation coefficients of Langmuir, Freundlich and Temkin isotherms
were obtained. Based on results, Langmuir isotherm model fitted the experimental data better than
the other isotherm models. According to the Langmuir isotherm model, the maximum adsorption
capacity of Cu-TiO,-GR/alginate nanocomposite for sequestering MB was about 85.95 mg. Further-
more, negative AG’ and AH’ values resulted from thermodynamic investigation suggested that the
adsorption of MB onto Cu-TiO,-GR/alginate nanocomposite was simultaneous and exothermic in
nature, respectively.

Keywords: Cu-TiO,-GR/alginate nanocomposite; Photocatalytic activity; Adsorption isotherms;
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1. Introduction

Large volumes of wastewater are produced in man-
ufacturing operations by the textile dyeing industry [1].
The presence of dyes in aqueous environments may cause
serious environmental problems because of the toxicity
of dyes to aquatic organisms and low biodegradability in
such environments [2,3]. Many technologies have been
applied for degradation of synthetic dyes from aqueous
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solutions including membranes, adsorption/precipitation
processes, integrated chemical-biological degradation,
integrated iron (III) photoassisted-biological treatment, and
solar photo-Fenton techniques. However, these procedures
only transfer organic pollutants from liquid to solid phase,
giving rise to new type of pollution and requiring further
treatment [4]. Heterogeneous photocatalysis using a semi-
conductor has been shown to be effective for the removal
of pollutants from aqueous solutions [5]. Among different
semiconducting materials, titanium dioxide (TiO,) is the
most commonly applied photocatalyst in environmental
pollution control due to its long term photostablility, inex-
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pensiveness and safety toward both humans and the envi-
ronment [1-4]. However, photocatalytic activity of TiO, is
low because of fast recombination of photogenerated elec-
tron-hole pairs [6]. Doping of a metal ion in such semicon-
ductor can improve the trapping of electrons and prevent
electron—hole recombination [7]. However, the metal selec-
tive doping is one of the key factors to increase the activity
of the photocatalyst. Cu** with redox potentials of 0.16 V
(Cu**/Cu*) and 0.52 V (Cu**/Cu) versus the normal hydro-
gen electrode is considered as a good candidate for differ-
ent visible-light responsive photocatalysts [8]. The electron
produced from the excitation of photocatalyst is directly
trapped by Cu*, which frees up the oxidative valence hole
of the photocatalyst for the removal of organic compounds.
Therefore, metal ions doping can provide as charge trap-
ping sites and thus decrease electron-hole recombination
rate during photocatalysis.

TiO, nanoparticles can be agglomerated easily, their
aggregation influences are minimized when they are
attached to the surface of various porous materials such as
zeolites, silica, alumina or carbon-based materials [9-12].
More recently, graphene has attracted more interest because
of its larger surface area, unique porous structure, adsorp-
tion capacity and potentially higher photocatalytic efficien-
cies [13]. Highly porous graphene sheets have the ability to
adsorb more quantities of pollutants on their surface, and
prevent selective adsorption for desired pollutants. Some
functional groups such as alcohol and carboxylic acids can
be remained on the graphene surface during preparation
procedures [14], allowing for both adsorption of specific
pollutants and attachment sites for nanoparticles to the
graphene surface. Therefore, various semiconductors can
be stabilized on its surface to generate more efficient photo-
catalysts [15]. Graphene has a conjugated structure and its
combination with TiO, can be an ideal preference to achieve
an increased charge separation in electron-transfer proce-
dures. However, few investigations have been focused on
the interaction of nanoparticles and graphene sheets, and
the mechanism of charge transfer between graphene and
the nanocrystal. Zhang et al. [16] showed a simple method
to obtain a P25-graphene nanocomposite via a one-step
hydrothermal reaction for methyl blue decolorization.
Farhangi et al. [17] prepared Fe-TiO, -graphene nanostruc-
ture by supercritical CO, for photocatalytic degradation of
17b-estradiol (E,). However, the obligation to separate the
nanomaterials from the suspension after treatment restricts
the procedure development. The above problems can be
avoided via immobilization of the nanomaterials over
appropriate supports [18].

The application of immobilized nanomaterials includes
several benefits such as easy separation of the adsorbent,
high adsorbent density and enhancing the retention of
adsorbent in the reactor [19]. Alginate is a natural poly-
mer generated from brown algae, which has been widely
applied in immobilization studies because of simple prepa-
ration, hydrophilicity and high adsorption potential to
remove the pollutants [20-22]. Few researches have been
focused on the graphene oxide incorporated with alginate
matrix for degradation of pollutants, except for an exam-
ple of graphene oxide/alginate fiber by graphene oxide as
strengthening element [23]. Herein from the viewpoint of
environmental friendliness, Cu-TiO,-GR was incorporated

into alginate matrixes to synthesize novel adsorbent, and
we would like to further describe the possibility over the
effectiveness of removal of cationic dye MB from aqueous
solutions. Meanwhile, characterization of materials and rel-
evant studies over the adsorption process and thermody-
namic were also discussed.

2. Materials and methods
2.1. Materials

Titanium n-butoxide (TBOT), ethanol of absolute grade,
copper (II) chloride (CuCl,)), graphite powder (purity
99.999%), nitric acid, sulfuric acid, potassium chlorate and
methylene blue were purchased from Merck Co (Germany).
Sodium alginate from Laminaria hyperborean was pur-
chased from BDH, (England).

2.2. Sample preparation
2.2.1. Preparation of TiO, and Cu~TiO, samples

According to Refs. [24], for the preparation of TiO,
nanoparticles, a mixture of distilled water and ethanol was
added drop by drop into a flask containing TBOT and etha-
nol. The mixture was aged for 3 h under continuous stirring
at room temperature. After standing at room temperature
for 24 h, TiO, nanopowders were obtained via calcining
the TiO, xerogel at 450°C for 3 h and grinding. The molar
ratio of TBOT/EtOH/H,0 was 1:29:19. For the preparation
of 1.5 mol. % Cu-TiO, nanoparticles the same method was
used, except that the water used in this step contained the
required amount of CuClL,

2.2.2. Preparation of graphene oxide sample

Graphene oxide was synthesized by Staudenmaier
method [25]. Graphite (5 g) was reacted with concentrated
nitric acid (45 mL) and sulfuric acid (90 mL) with potas-
sium chlorate (55 g). To prevent any sudden enhancement
in temperature, the potassium chlorate was added slowly
over 15 min and mixture was stirred for more than 72 h at
room temperature. The mixture was added to water after
completing the reaction, washed with a 5% solution of HCl,
and water repeatedly until the pH of the filtrate was neu-
tral. The dried graphite oxide was placed in a quartz boat
and inserted into a tubular furnace preheated to 1050°C and
kept at this temperature for 30 s.

2.2.3. Preparation of Cu-TiO,/GR samples

Cu-TiO,/GR catalysts with various graphene oxide
contents was synthesized by hydrothermal procedure based
on Zhang's work [16]. First, 5 mg of graphene oxide was
dissolved in a solution of 80 mL distilled water and 40 mL
ethanol via ultrasonic treatment for 2 h. Then, 200 mg of Cu-
TiO, was added to the prepared graphene oxide solution
and stirred for further 2 h to obtain a homogeneous suspen-
sion. Furthermore, the suspension was placed in a 200 mL
Teflon-sealed autoclave at 120°C for 3 h to simultaneously
get the reduction of graphene oxide and deposition of Cu-
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TiO, on the graphene sheets. Finally, the obtained sample
was recovered via filtration, rinsed with deionized water 10
times, and dried at 70°C for 12 h in the vacuum furnace. The
prepared sample was designated as Cu-TiO,/GR,. Similar
method was applied to prepare other Cu-TiO,/GR catalysts
by fixing the amount of Cu-TiO, and using 10, 20 and 30 mg
of graphene oxide respectively. The prepared samples were
designated as Cu-TiO,/GR,, Cu-TiO,/GR,, and Cu-TiO,/
GR, respectively. Finally, the best catalyst procured in this
method was designated as Cu-TiO,/GR.

2.2.4. Preparation of Cu-TiO,-GR/alginate sample

First, the prepared Cu-TiO,/GR sample was mixed in
a 2% sodium alginate solution with a volumetric ratio of
1:2 (Cu-TiO,/GR sample: sodium alginate). The obtained
mixture was stirred for 2 h to achieve homogeneity and
kept for 24 h in a stable place to obtain a bubble-free con-
centrated solution. Then, the mixture was added dropwise
by a syringe to a 0.5 mol L™ CaCl, solution with stirring.
Calcium atoms can cross link and form salt bridges between
the a-L-guluronic acids (G) blocks of alginate chains. As a
result, Cu-TiO,/GR sample was incorporated into the algi-
nate matrix. The resulted nanocomposite was stored in cal-
cium chloride solution for 24 h. Finally, the nanocomposite
was filtered and dried at room temperature [26].

2.3. Characterization of prepared samples

The crystal phase composition and the crystallite size
of prepared samples were recorded using X-ray diffraction
(XRD) (Siemens/D5000) with Cu Ka radiation (0.15478 nm)
in the 20 scan range of 10°-70°. The average crystallite size
(D in nm) was calculated using Scherrer’s formula [21]:

_ kA
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where k is a constant equal to 0.89, A, the X-ray wavelength
equal to 0.154056 nm, B, the full width at half maximum
intensity (FWHM) and 6, the half diffraction angle. The
phase content of a sample can be estimated from the inte-
grated intensities of anatase (I,) and rutile (I,) peaks by the
following equation [15]:
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Size of the prepared nanocomposite was obtained
by TEM instrument (Philips CM-10 HT-100 kV). The tex-
ture and morphology of the prepared nanocomposite was
measured via scanning electron microscope (SEM) (Philips
XL-30ESM). The chemical composition of the synthesized
nanocomposite was analyzed by an energy dispersive X-ray
spectroscopy (EDX) system. Raman spectra were recorded
on Takram P50COR10 Raman spectrophotometer. Ultravi-
olet/visible diffuse reflectance spectra (DRS) of catalysts
were performed using Avaspec-2048 TEC spectrometer in
order to determine the band gap energy (Eg) of catalysts
which calculated by the following equation:
£ - he _ 1240
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where, E_is the band gap energy (eV), 1 is Planck’s con-
stant (4.135f x10- eV), c is the light velocity (2.998x 10°
m s™) and A is the wavelength (nm).

2.4. Studies and analysis

Removal of MB under black light irradiation was used
as a model reaction to evaluate the photocatalytic activity
of prepared samples. Photocatalytic activity measurements
carried out at atmospheric pressure in a batch quartz reac-
tor, as previously reported [27]. Artificial irradiation was
provided by 36 W (UV-A) mercury lamp (Philips, Holland)
emitted around 365 nm positioned above the batch photore-
actor. In each run, 40 mg of prepared sample and 20 mg L™
of MB were fed into the quartz tube reactor and allowed to
establish an adsorption-desorption equilibrium for 30 min
in the darkness. The zero time reading was obtained from
blank solution kept in the dark. While vigorous stirring, the
reaction mixture was irradiated by black light. The residual
of MB was detected by UV-vis Perkin-Elmer 550 SE spectro-
photometer at wavelength of 665 nm. Experimental set-up
for the adsorption of MB by Cu-TiO,-GR/alginate nano-
composite was similar to that of the photocatalytic removal
of MB. However, for the batch adsorptive removal of MB
by Cu-TiO,- GR/alginate nanocomposite without light irra-
diation, the set-up was placed inside a fully covered box in
order to prevent any exposure towards light illumination.
The amount of MB adsorbed onto Cu-TiO,-GR/alginate
nanocomposite was calculated via Eq. (4):

_(G -0V
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where g, C_ and C are the amount of adsorbed MB (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 nano-
composite (g) [28].

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

XRD patterns of TiO,, Cu-TiO,, Cu-TiO,/GR and
Cu-TiO,-GR/alginate samples are shown in Fig. 1. Pure
anatase phase can be seen for prepared samples. In Cu-
TiO,, no significant characteristic peaks of doped copper
ions were detected. It may be due to low loading amount
of dopant, appropriate dispersion of dopant into TiO, lat-
tice, and its small particle size [29]. The average size of
crystallites for TiO, and Cu-TiO, determined from the XRD
pattern based on the Scherrer’s formula were about 10 and
9 nm, respectively. Smaller crystal size obtained for Cu-
TiO, nanoparticles implies that doping may decrease the
crystallite growth. This reduction in particle size may be
attributed to the separation of the copper ions at the grain
boundary which suppresses the grain growth via restricting
direct contact of grains [6]. The ionic radii of Cu** (0.73 A®)
is closer to that of Ti** (0.68 A°). So, these ions incorpo-
rated easily into the TiO, matrix causes no crystalline dis-
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Fig. 1. XRD patterns of (a) TiO,, (b) Cu-TiO,, (c) Cu-TiO,/GR
and (d) Cu-TiO,/GR/Alginate.

tortion [30]. The average crystallite size for Cu-TiO,/GR
was about 8 nm which is less than that of Cu-TiO, sample.
From Fig. 1c, the crystallinity of Cu-TiO,/GR is higher
than that of Cu-TiO,. In explanation, when Cu-TiO, nano-
structures are grown on the surface of the graphene sheets,
the functional groups on the graphene sheets act as tem-
plates, increasing crystallization and resulting in smaller
sized TiO, nanocrystals being resulted [24]. Fig. 1d shows
XRD patterns of Cu-TiO,-GR/alginate nanocomposite. The
shape and the location of the peaks of Cu-TiO,-GR/alginate
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Fig. 2. SEM image of Cu- TiO,/GR/Alginate nanocomposite.

nanocomposite and Cu-TiO,/GR sample are the same. The
process of dispersion in alginate seems to have no influence
on the crystal form of Cu-TiO,/GR sample. A small reduc-
tion in average crystallite size from 8 nm (Cu-TiO,-GR) to
about 7 nm (Cu-TiO,-GR/alginate) indicated an interac-
tion between the carboxyl groups of sodium alginate with
hydroxyl groups of graphene oxide [31].

3.1.2. SEM Analysis of Cu-TiO,-GR/alginate
nanocomposite

SEM image of Cu-TiO,-GR/alginate nanocomposite is
shown in Fig. 2. Arough structure on surface for synthesized
sample can be observed from this figure. The roughened
surface is suitable for sequestering pollutant molecules in
aqueous phase. Also, Fig. 2 indicates Cu-TiO,-GR/alginate
nanocomposite has a highly porous structure suggests the
appropriate of the nanocomposite as adsorbent for removal
of MB from aqueous media.

3.1.3. TEM Analysis of Cu-TiO,-GR/alginate
nanocomposite

Fig. 3 shows TEM image of Cu-TiO,-GR/alginate
nanocomposite. The average size of the primary par-
ticles estimated from the TEM image is about 7-10 nm,
which is in good agreement with that calculated from
the XRD pattern using Scherrer equation. It can be seen
that the particles exhibit a relatively uniform particle size
distribution. The graphene sheets can facilitate uniform
dispersion of the nanoparticles on its surface. Cu-TiO,
nanoparticles grown from carboxyl groups on the surface
of the graphene sheets, significantly decrease the degree
of agglomeration [32].

3.1.4. Elemental analysis with EDX spectroscopy

Energy dispersive X-ray spectroscopy analysis was
used to identify elements, which exist in the prepared
Cu-TiO,-GR/alginate nanocomposite. Cu, C, O, Na, Ca, CL,,
and Ti peaks can be clearly seen from Fig. 4. Energy disper-
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Fig. 4. EDX pattern of Cu-TiO,/GR/Alginate nanocomposite.

sive X-ray spectroscopy analysis showed no significant levels
of impurities, which could have originated from the process.

3.1.5. Raman spectroscopy

Fig. 5 shows the Raman spectra of Cu-TiO,, Cu-TiO,/
GR and pure graphene oside (inset). The Raman spec-
trum of Cu-TiO, nanoparticles showed specific vibration
modes located around 142 cm™ (Eg), 392 cm™! (B]g), 514 cm™!
(Alg) and 634 cm™ (Eg), indicating the presence of anatase
phase. No peak assigned to the rutile or brookite phase was
observed, which is consistent with the XRD results. Also,
no Cu peak is detected, which is in good accordance with
the XRD patterns. The high intensity peaks indicate that
Cu-TiO, nanoparticles have good crystalline nature [33].
For Cu-TiO,/GR photocatalyst, two additional prominent
peaks centered at 1366 cm™ (D band) and 1592 cm™ (G
band) are also observed in the Raman spectrum, suggest-
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Fig. 5. Raman spectra of (a) Cu-TiO,, (b) Cu-TiO,/GR, and
pure graphene oxide (inset).

ing that the structure of graphene oxide was maintained in
the Cu-TiO,/GR photocatalyst. The D band is the symmet-
ric A, mode and has been attributed to the edges, defects,
dangﬁng bonds and disordered carbon, while the G band
represents the E, mode and corresponds to ordered sp*-
bonded carbon atoms [34]. Therefore, the intensity ratio
between the D and G bands (I, /) is a measure of the dis-
order, as described via the sp?/sp? carbon ratio [35]. The I,/
I, values of the pure graphene oxide and Cu-TiO,/GR were
calculated to be 0.93 and 0.98, suggesting that after calci-
nation the defects in Cu-TiO,/GR were slightly enhanced
because of a higher quantity of edges caused via the distor-
tion of graphene sheets in Cu-TiO, nanoparticles [33].

3.1.6. DRS analysis

In order to investigate the influence of graphene oxide
on the optical absorption properties of Cu-TiO, catalyst,
DRS analysis has been carried out (Fig. 6). The reflectance
spectra of Cu-TiO,, and Cu-TiO,/GR show absorption
thresholds at 408, and 442 nm, respectively, and E_ values
calculated from the Eq. (3) are 3.03, and 2.8 eV, respec-
tively. Different studies on TiO,/graphene composites
have shown that graphene sheets can narrow the band
gap of TiO, [36]. These phenomenon results not only from
the excellent conductivity of graphene that can facilitate
separation of photogenerated charges [37], but also from
the formation of Ti-O-C bonding between Cu-TiO, and
graphene sheets [38]. Also, this may be attributed to the
charge transfer between conduction band of TiO, catalyst
and graphene sheets. However, the electron transition from
the valence band to the conduction band occurs easier with
the band-gap narrowing in TiO, catalyst [39]. Thus, it can
be concluded that incorporation of graphene is effective for
visible-light response and will play an important role for
increasing the photocatalytic activity of the catalyst.

3.2. Photocatalytic decolorization of MB using prepared samples

Langmuir-Hinshelwood (L-H) kinetic model is widely
used to explain the kinetics of photocatalytic degradation of
organic pollutants in aqueous solution [40]. The L-H kinetic
equation is shown in Eq. (5):
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Fig.6. UV-vis DRS spectra of (a) Cu-TiO, and (b) Cu-TiO,/GR.
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where C (mgL™) and C, (mg L") are the concentration of MB
at 0 and t min, respectively. The apparent rate constant, k,
(min™), can be obtained from the slope of the versus f plot.
The pseudo-first-order reaction rate constant (k, ) is chosen
as the basic kinetic parameter to compare the photocatalytic
activity of prepared samples. The results of decolorization
of MB using synthesized samples under black light irradia-
tion are shown in Fig. 7. It could be seen that the photocat-
alytic activity of Cu/TiO, nanoparticles is higher than that
of the pure TiO,. It is well known that electron—hole recom-
bination rate can be influenced by the particle size. Partial
variations in particle size lead to significant modifications
in the surface/bulk ratio, thus affecting the recombination
rate of volume and surface electrons and holes. So, parti-
cle size can affect photocatalytic activity [27]. Cu/TiO, with
smaller particle size can reduce the electron-hole recombi-
nation rate. Furthermore, a partial amount of copper ions
can act as a photo-generated hole and a photo-generated
electron trap and prevent the electron-hole recombination
[41]. Also, Fig. 7 shows that photocatalytic activity of Cu—
TiO,/GR catalyst is higher than that of Cu-TiO,. It can be
concluded that interactions between graphene and Cu-TiO,
lead to the improvement of the photocatalytic activity. The
high photocatalytic activity of Cu-TiO,/GR samples is due
to the following several factors:

1. Conduction band position of TiO, is about 3 eV
(using vacuum level as a reference), and the work
function of graphene is calculated to be 4.42 eV.
Therefore, graphene can accept conduction band
electrons from TiO,. Under excitation, the con-
duction band electrons of TiO, can be transferred
to graphene. So, the recombination of photo-gen-
erated electron-hole pairs is efficiently prevented
[42]. Therefore, the improvement in photocatalytic
activity of Cu-TiO,/GR catalyst is imaginable.

2. The higher adsorption of MB onto the catalyst sur-
face also can lead to increase the photocatalytic
activity of catalyst [43]. So, when more organic
molecules are adsorbed on the catalyst surface,
there is a greater probability of reaction. The photo
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Fig. 7. Photocatalytic decolorization of MB in the presence of
(a) TiO,, (b) Cu-TiO,, (c) Cu-TiO,/GR,, (d) Cu-TiO,/GR,, (e)
Cu-TiO,/GR, and (f) Cu-TiO,/GR,.

generated electrons that are formed during irra-
diation can readily transfer to the doped copper
through the graphene and then easily reduce diox-
ygen or other electron accepter groups present in
the aqueous medium [44,45]. As a result, electron—
hole recombination is largely inhibited and this
further facilitates the generation of more because
of OH- the valence band of TiO, and the superoxide
radicals anion (Oj) at the surface of catalyst, which
in turn result in a faster

Based on the acquired results, the following mechanism
would be proffered for the photocatalytic reactions [47].

1. As irradiation of TiO, with black light, valence
band electrons can be excited to the conduction
band. So, some holes and additional electrons are
generated in the valance bond and conduction
bond respectively.

TiO, +hd—> h}, +e, (6)

2. These excited electrons are trapped by the copper
ions doped into TiO, lattice. Therefore, the recom-
bination of electron-hole pairs is prevented.

Cu™ +e;, — Cu* ()

3. Molecular oxygen adsorbed on TiO, surface can
scavenge the trapped electrons and generate super-
oxide radicals.

Cu* +0, = Cu* +05 (8)

4. Graphene nanosheets acting as good electron
acceptors [46] can accept the electrons via light
illumination and the electrons exited in CB of
TiO,. Therefore, the lifetime of the excited elec-
trons and holes is prolonged, inducing higher
quantum efficiency.

Graphene + ht? — Graphene™ )
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Graphene+e;, — Graphene™ (10)

Graphene™ + O, — Graphene +O; (11)
5. The positive charged hole may react with H,O to
form OH.-.
ki, +H,O — H"+OH (12)
6. Superoxide radicals can produce other species such
as hydrogen peroxide (H,0,), hydroperoxy (OH-))
and hydroxyl (OH:) radicals.

O; +H* > HO, (13)
HO, +0; +H® — H,0,+0, (14)
H,0,+¢;, - OH +OH- (15)

OH +h, —OH (16)

7. Finally, hydroxyl radicals can react with organic
pollutants and cause the breakdowns and failures,
thus convert them into minerals.
OH +Dye —CO, + H,O 17)
Furthermore, in Cu-TiO,/GR catalysts, the graphene

content is known as an important factor in determining
the photocatalytic activity. The results of decolorization of
MB using Cu-TiO,/GR catalysts with various graphene
contents (Cu-TiO,/GR,, Cu-TiO,/ GRZ, Cu-TiO,/GR, and
Cu-TiO,/GR)) are illustrated in Fig. 7. From Cu-TiO,/GR,
to Cu-TiO,/GR,, the photocatalytic activity was gradually
increased, and Cu-TiO,/GR, demonstrated the maximized
photocatalytic activity. However, when the amount of
graphene is further increased above its optimum value, the
photocatalytic performance deteriorates. This is ascribed to
the following reasons:

1. Graphene oxide absorbs some black light and
causes a light harvesting competition between Cu-
TiO, and graphene. With increasing of graphene
content, the photocatalytic performance is
decreased [48].

2. The excessive graphene can act as a kind of recom-
bination center instead of providing an electron
pathway and promote the recombination of elec-
tron-hole pair [49].

From Fig. 8, photocatalytic activity of Cu-TiO,-GR/
alginate is considerably higher than that of Cu-TiO,/GR.
Cu-TiO,-GR/alginate nanocomposite became all dark
blue in color, that is, MB was strongly attracted. Due to
the dissociation of carboxyl groups, alginate-based pho-
tocatalyst was negatively charged and showed strong
electrostatic interactions to positively charged mole-
cules [50].
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Fig. 8. Photocatalytic decolorization of MB in the presence of
(a) Cu-TiO,/GR and (b) Cu- TiO,/GR/Alginate.
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Fig. 9. Effect of contact time on MB adsorption onto Cu-
TiO,/GR/Alginate nanocomposite.

3.3. Adsorption characteristics of Cu-TiO,- GR/alginate
nanocomposite

The adsorption kinetics of MB onto Cu-TiO,-GR/algi-
nate nanocomposite was investigated for 30 min contact
time and the results are illustrated in Fig. 9. Within exposure
time of 30 min, the adsorbed MB by Cu-TiO,-GR/alginate
nanocomposite reached to 36.1 mg g™. It is obvious from
Fig. 9 that the increment in reaction time up to 15 min led to
a little increase in adsorbed MB. The fast adsorption of MB
onto Cu-TiO,-GR/alginate nanocomposite can be related to
the sufficient exposure of adsorptive sites and the high sur-
face reactivity of Cu-TiO,-GR/alginate nanocomposite for
sequestering MB ions.

The results showed that the removal rate of MB by
Cu-TiO,-GR/alginate nanocomposite under photocatalytic
process was notably higher than the adsorption process,
implying that the synergistic adsorption-photocatalysis had
definitely occurred. This observation clearly revealed that
during the removal of MB by Cu-TiO,-GR/alginate nano-
composite under light irradiation, both adsorption and
photocatalytic processes occurred simultaneously whereby
the photocatalytic process was provided by Cu-TiO,-GR
while the adsorption process was contributed by alginate
adsorbent. During the experiment in the dark, the rate of
removal of MB via the adsorption process was calculated
to be 0.245 min'. However, when Cu-TiO,-GR/alginate
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nanocomposite was exposed to light irradiation, the rate of
removal of MB jumped to 0.575 min™ indicating that both
photocatalytic and adsorption processes manifested simul-
taneously.

3.4. Adsorption isotherm studies

In the next stage, synthesized Cu-TiO,-GR/alginate
nanocomposite with the high photocatalytic activity was
chosen. In order to understand the nature of adsorption
process, the equilibrium adsorption isotherms were investi-
gated. Adsorption isotherms are used to describe the inter-
action of solutes with adsorbent. Equilibrium adsorption
isotherm data were analyzed according to the linear forms
of Langmuir, Freundlich and Temkin adsorption isotherm
equations (18-20), respectively [51,52]:

LI N (18)
qe Klqm Ce qm
1
Ing, =—InC, +InK, (19)
n
q, =B,InC, + B,InK; (20)

where C, (mg L) is the equilibrium concentration of MB,
g, (mg g™) is the amount of MB adsorbed at equilibrium,
g,, (mg g™) is the maximum adsorption at monolayer and
K, (Lmg™) is the Langmuir constant including the affinity
of binding sites. K, [(mg g™) (L mg™)"/"] and n are the Fre-
undlich constants indicating adsorption capacity and inten-
sity, respectively. K, (L g”) and B, are the Temkin constants
(K, is the equilibrium binding constant and B, is related to
the heat of adsorption). The values of Langmuir, Freundlich
and Temkin parameters were calculated from the slope and
intercept of linear plots of 1/q, versus 1/C, In g, versus
In C, and g, versus In C, respectively. Fig. 10 displays the
adsorption isotherms plots. From the slopes and intercepts,
the values of q,, KL, n, K, B, and K, were calculated and
exhibited in Table 1.

It can be seen from Table 1 that the adsorption pro-
cess could be explained by all models from comparing the
results of the correlation coefficient values. However, care-
ful observation may describe Langmuir isotherm better
than others. As can be seen in Table 1, the obtained correla-
tion coefficient for Langmuir isotherm model was higher
than that of other models, which indicates the suitability
of Langmuir isotherm model for describing adsorption of
MB onto Cu-TiO,-GR/alginate nanocomposite. Based on
Langmuir model, the maximum adsorption capacity of
Cu-TiO,-GR/alginate nanocomposite for the adsorption of
MB was found to be 86.95 mg g~'. Essential features of Lang-
muir isotherm model can be expressed in term of separation
factor, R, as below equation:

R = !
1+K,C,

(1)

where C (mg L) is the initial dye concentration [53].
The values of R, arranged as R, =0, 0 <R, <1 and R,
> 1 suggest that adsorption is irreversible, favorable and
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Fig. 10. Plots of linearized Langmuir (a), Freundlich (b) and
Temkin (c) adsorption isotherms for MB adsorption onto Cu-
TiOz/ GR/Alginate nanocomposite.

unfavorable, respectively. Table 1 shows that R, values are
between 0.31 and 0.809, which indicates the adsorption of
MB onto Cu-TiO,-GR /alginate nanocomposite is favorable
[54].

3.5. Thermodynamic study

The thermodynamic study was carried out by changing
the solution temperature between 25 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 MB were calculated
through Egs. (22) and (23):

AG® =—-RTInK, (22)
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Table 1
Isotherm parameters for MB adsorption onto Cu-TiO,/GR/
Alginate nanocomposite

Type of isotherm model Value
Langmuir isotherm
q, (mgg™) 86.95
K, (Lmg™) 0.0283
R, 0.31-0.809
R? 0.9992
Freundlich isotherm
K, (mg g™) 459
n 1.64
R? 0.9667
Temkin model
B, 20.011
K, (Lg" 0.252
R? 0.9868
065
°
0.63
L ]
a 061
o
F-]
0.59
057
L ]
055
0.00318 0.00322 0.00326 0.0033 0.00334 0.00338
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Fig. 11. Thermodynamic profile for MB adsorption onto Cu-
TiO,/GR/Alginate nanocomposite.

Table 2
Obtained parameters from thermodynamic study of MB
adsorption onto Cu-TiO,/GR/alginate nanocomposite

Temperature (AG) (ASY) (AHO)

(K) (kJ mol™) (K mol" K (kJ mol™)
298 -1.58 -0.0086 -4.16

303 -1.55 - -

308 -1.51 - -

313 -147 - -

PEEINED o
R RT

where R, T (K) and K, (q,/C) are the universal gas constant,
temperature and the distribution coefficient, respectively
[55]. To investigate the thermodynamic of MB adsorption
onto Cu-TiO,-GR/alginate nanocomposite, thermodynamic
constants such as AG°, AH® and AS° were calculated using

Egs. (22) and (23). From the slope (-AH°/R) and intercept
(AS°/R) of the plot of In K, versus 1/T, the AH® and AS® of
adsorption were estimated, respectively (Fig. 11). The val-
ues of these parameters are summarized in Table 2. Table 2
shows the negative AG® values, indicating spontaneous
nature of the adsorption of MB pollutant [56]. A negative
AH? indicates an exothermic adsorption process for MB
pollutant. The negative value of AS® reveals the decrease of
degree of freedom of adsorbed MB on the binding sites of
the nanocomposite at the solid—solution interface, implying
a strong binding of pollutant ions onto the active sites [57].

4. Conclusion

The present study was carried out to prepare and eval-
uate the efficiency of Cu-TiO,-GR /alginate nanocomposite
to adsorb and degrade a cationic dye (MB) from aqueous
solution. The results demonstrated that Cu-TiO,-GR/algi-
nate nanocomposite is more effective in the comparison
with TiO,, Cu-TiO,, and Cu-TiO,-GR catalysts. Scanning
electron microscope analysis proved a highly porous struc-
ture for Cu-TiO,-GR/alginate nanocomposite, which is
suitable for sequestering pollutant molecules in aqueous
phase. The average size of the primary particles estimated
from the TEM image was about 7-10 nm. Among different
isotherm models, the Langmuir isotherm indicated the best
fit to experimental data. The obtained value for separation
factor pertaining to Langmuir model indicated favorable
adsorption of MB onto Cu-TiO,-GR/alginate nanocom-
posite. Besides, the results of thermodynamic investigation
showed that the adsorption of MB via Cu-TiO,-GR/alginate
nanocomposite is spontaneous and exothermic.
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