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ABSTRACT

Activated carbon (AC) was impregnated with titanium dioxide (TiO,) to synthesize AC/TiO, nano-
composite through the sol-gel method at 400°C. Nanocomposite characterization was conducted by
XRD, SEM and FTIR analyses. The synthesized nanoparticles were phase-pure anatase nanocrys-
tallites with the average size of 10 nm. The AC/TiO, nanocomposites were applied for the first time
to photocatalytic decomposition of Congo red (CR) dye under ultraviolet (UV) irradiation in a pho-
toreactor. The effects of AC/TiO, nanocatalyst dosage (0.3-1 g), CR concentration (20-100 ppm), pH
(3-9) and temperature (30-50°C) were examined for removal of CR solution pigments. Moreover,
the adsorption kinetics and isotherm models were investigated on the AC and synthesized AC/
TiO, nanophotocatalyst. The adsorption mechanism was found to be a pseudo-second-order kinet-
ics with the good agreement for both adsorbents. Also the experimental isotherms were appropri-
ately described by the Langmuir and Temkin models for AC adsorbent and AC/ TiO, nanocomposite,

respectively.
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1. Introduction

Dyes are widely utilized in various industrial activities
such as textiles, coloring, paper, leather, plastics, cosmetics
and food. Their complex (aromatic) molecular structures
lead to an increase in their resistance to heat, oxidizing
agents and biodegradation. Toxicity of most dyes makes
them harmful for some microorganisms and decreases
severely their catalytic activity. However, the toxicity of
dyes on plant, animal and human health is not well-known
[1]. The dyes according to their charge divided to some cat-
egories such as acidic, basic, disperse, azo and diazo [2].
Congo red (CR) is an example of diazo dyes and is prepared
by coupling tetrazotised benzidine with two molecules of
napthionic acid. This is red in the pH range of 5-10, and
its sodium salt dyes cotton full red [3]. Congo red is the

*Corresponding author.

first synthetic dye produced that is capable of dying cotton
directly. It is very sensitive to acids and the color changes
from red to blue in the presence of inorganic acids (below
pH 5). This blue color may be attributed to resonance among
charged canonical structures [3]. CR containing effluents
are generated from textiles, printing and dyeing, paper,
rubber, plastics industries, etc. Due to its structural stability,
it is difficult to biodegrade [4]. These days approximately
a million metric tons of dyes are produced annually in the
world of azo dyes (R1-N=N-R2), which is signify about 72%
of the total dyes [5]. According to the recent survey, about
two third of its market are being used in textile industries
[6]. It has been indicated that 14% of the non natural tex-
tile dyes used every year are disposed off to water streams.
Waste water treatment plants are the major sources of the
addition of these to the environment. Due to the stability
and complexity in structure of dyes, it is very difficult to
decolorize dyes, which make it compulsory to get rid of
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them from industrial sewages before disposing them off
into the main stream [7]. The effluent from a dye industry
usually contains 0.5-0.8 g dye/L [8].

Anionic dyes are highly water soluble and generate seri-
ous problems, namely mutagenic and carcinogenic activi-
ties, therefore it is necessary to remove these dyes [9]. The
treatment of textile waste waters in order to diminish visual
colors and dissolved organic contaminants is an attractive
field of interest for researchers. The non-degradable nature
and the high stability towards light and oxidizing agents are
barriers for the selection of suitable methods for treatment
of textile waste waters. Among the diverse dye treatment
technologies, adsorption is the most versatile and widely
applicable method because of its ability for separation of
a wide range of chemical compounds with simple opera-
tional procedures [10-14].

Nowadays, nanomaterials with special physicochemi-
cal properties (high surface areas) are repeatedly applied for
removal of large amounts of pollutants in a short reasonable
time. The use of nanoparticles in various fields due to their
size and surface structure was increased [15]. Activated car-
bon (AC) is known as the most widely used adsorbent due
to its high adsorption area, low cost and simple regenera-
tion. Its adsorption capacity is strongly affected by many
variables, including its physical nature, functional groups,
ash content and also by the nature of the adsorbate [16].

Titanium dioxide (TiO,) is a chemically and biologically
inert, photoactive and inexpensive material which is fre-
quently used as the photocatalytic support in production
of wastewater purification materials [17]. TiO, has three
crystalline forms of anatase, rutile and brookite. Among
them, anatase possesses the best photocatalytic properties.
TiO, can produce pairs of electrons and holes by absorbing
ultraviolet radiation. The electron of the valence band of
TiO, becomes excited when illuminated by light. The excess
energy of this excited electron promotes the electron to the
conductionband of TiO, therefore creating the negative-elec-
tron (e") and positive-hole (h*) pair. The positive-hole of TiO,
breaks apart the H,O molecule to form “OH and H,. The e
reacts with O, molecule to form super oxide anion and this
cycle continues until light is available [18]. Using a support
can increase the photocatalytic reaction of TiO, through
immobilization of the TiO, photocatalyst, increasing the
illuminated specific catalyst area and increasing the adsorp-
tion capacity and surface area of the photocatalyst. Previous
works has been attempted to use the adsorbent such as sil-
ica [19,20], alumina [21,22], zeolite [23,24] and activated car-
bon [25,26]. In the recent works, TiO, supported activated
carbon (AC/TiO,) has been reported that it exhibits a syn-
ergistic effect of its constituents, TiO, and AC [27-31]. For
example, Song et al. [30] prepared nitrogen-doped TiO,/
magnetic activated carbon (N-TiO,/MAC) photocatalytic
composites. It demonstrated a good photoelectrochemi-
cal absorption in the visible light region when used as the
catalyst in salicylic acid (SA) oxidation. It obeyed a pseu-
do-first-order reaction rate with an optimized photoelectro-
chemical reaction rate constant of 0.0093 min™ (SA, initial
concentration = 50 mg/L), much higher 0.0011 min™ for the
individual use of the composite in photocatalysis. Meng
et al. [27] synthesized TiO, nanoparticles-loaded activated
carbon fibers (TiO,/ ACF) by a hydrothermal method. They
observed improved adsorption and photocatalytic activity

of the composite toward Rhodamine B (RhB) as compared
with that of ACF. In another work, Vishnuganth et al. [31]
applied the TiO, coated granular activated carbon (GAC/
TiO,) for photocatalytic degradation of carbofuran (CBF)
in a batch-mode reaction. They obtained an optimized per-
formance of the photocatalyst at an initial concentration
of 50 mg/L and 100 mg/L at a contact time of 90 and 120
min, respectively. Moreover, adsorption equilibrium data
were fitted by a modified Langmuir-Hinshelwood (L-H)
model while the observed kinetics demonstrated that the
surface reaction was the rate limiting step in the GAC/TiO,
catalyzed photodegradation of CBF, when it modeled by
a pseudo first-order reaction. Zhang et al. [32] developed
nanoTiO,-supported activated carbon (TiO,/AC) for the
microwave (MW) degradation of an azo dye, methyl orange
(MO), selected as a model contaminant in aqueous solution.
The results showed that the supported TiO, on AC could
be excited resulting in the production of hydroxyl radical
(*OH) in aqueous solution under MW irradiation, which
significantly enhanced the performance of AC/MW pro-
cess for the degradation of MO. Also, the supported-TiO, /
AC displayed higher catalytic activity than AC alone under
MW irradiation. By comparison, the supported-TiO,/AC/
MW process exhibited several advantages, including high
degradation rate, short irradiation time, no residual inter-
mediates and no secondary pollution. Nasirian et al. [33]
developed a photocatalyst by doping transition metals,
especially noble metals such as Ag, onto the original TiO, for
the treatment of two azo dyes, Congo Red (CR) and Methyl
Orange (MO) under the UV-vis irradiation. In their study,
first Ag-doped TiO, was prepared and then, a composite of
Fe,O,/TiO, was synthesized in different mass ratios. They
concluded that silver doped TiO, increases the degradation
of MO (12.2%) and CR (14.5%) compared to that of the bare
TiO,. Furthermore, they demonstrated that degradation
efficiency of MO and CR increases by applying composite
photocatalyst of Fe,O,/TiO, in the range of 28.9 and 25.1%,
respectively, compared to that of the bare TiO,.

In the present work, for a first time the removal of CR
dye by TiO, nanoparticles loaded activated carbon (AC/
TiO,) was investigated in a photocatalytic reactor. Nano-
crystalline AC/TiO, was prepared by sol-gel method in
order to achieve in anatase phase having the best photocat-
alytic properties. Comparing the results, removal efficien-
cies of CR by AC, AC/TiO, and the composite under UV
irradiation (AC/TiO,/UV) have been studied. The adsorp-
tion kinetics and isotherm models for CR removal were also
investigated.

2. Experimental
2.1. Materials

The dye, Congo red (CR) (C.I. No. 22120, Direct red28)
is the sodium salt of benzidinediazo-bis-1-naphthyl-
amine-4-sulfonicacid having a chemical formula C,,H, N,
Na,O,S, and molecular mass 696.66 g/mol, used in this study
was supplied by Sigma—Aldrich (Milwaukee, WI, USA). The
molecular structure of Congo red is shown in Fig. 1. HCl and
NaOH were used to adjust pH, and along with all the used
materials in the synthesis process of AC/TiO, were bought
from Merck Company (Darmstadt, Germany).
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Fig. 1. Molecular structure of CR dye.

2.2. Synthesis of AC/TiO, nanocomposite

In this study, AC/TiO, nanophotocatalyst was synthe-
sized from titanium tetra-isopropoxide (C,,H,,O,Ti) by sol-
gel method in the presence of AC and mechanical mill. Before
using the bought carbon, it is necessary that its surface being
activated. So, carbon was washed by menthol (C, H, O) to
clean its surface from dust. Then, in order to activate it, mod-
ifying its surface and finally increasing the adsorbing capac-
ity, it was washed by 0.1 molar nitric acid and distilled water.
After filtration, it was dried in an oven at 80°C to activate
through heating the powders and also to attain the smooth
and uniform activated carbon. The process of nanocomposite
synthesis is shown in Fig. 2. Under constant stirring condi-
tion, 1 g AC was suspended in 2 mL titanium iso-propoxide.
Then, 20 mL isopropyl alcohol (C;H,OH) was added and
was stirred for 1 h. The AC/TiO, was dried by incubation at
120°C for 1 h and then calcined at 400°C for 1 h [29,32].

2.3. Characterization of synthesized AC/TiO, nanocomposites

Scanning electron microscopy (SEM, Philips XL30,
Eindhoven, Netherlands), XRD (Bruker Analytical X-ray
Systems, Berlin, Germany) and FTIR (Thermo Nicolet
Nexus 870 FT-IR, Madison, USA) analyses were done on the
synthesized AC/TiO, nanocomposites. Also, the nanopar-
ticle sizes were calculated by Debye-Scherrer’s equation
through the following equation [34]:

_ K\
BcosO

where D is the crystal size (nm), / is wave length of the used
X ray beams, B is the angle in which the longest peak was
appeared, 0 is the angle between UV radiation and plate,
and K is a constant.

)

2.4. Photocatalytic degradation of CR dye using synthesized
nanocomposites

At first, some samples of waste water with specified
concentration of CR in deionized water were prepared. One
at the time method was used in the experiments. All pre-
pared samples contain 1 L of CR solution. Then, different
amounts of AC/TiO, nanophotocatalyst were added to the
solution. The solutions were mixed in darkness for 5 min-
utes to investigate the adsorption of dye by nanocompos-
ites. Next, in order to investigate the catalytic degradation
of CR dye, an experimental glassy photocatalytic-reactor
was constructed with the capacity of 1 L and a 15 W UV
lamp as a radiation source. The solutions containing syn-
thesized nanocomposites were taken under UV radiation
for 120 min. Afterwards, sampling was done in 5 min inter-
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Fig. 2. Synthesis process of AC/TiO, nanocomposites.

vals to investigate the amount of decomposed dye. At last,
the samples were put in a centrifuge with a speed of 400
rpm to separate nanoparticles from the solutions. The con-
centration of CR in each aqueous solution was measured on
an UV-vis laboratory spectrophotometer (Hach DR 5000,
Loveland, USA). Since maximum wave length (A_ ) is a
key index in qualitative and quantitative measurements, so
adsorption spectrum for the CR dye solution was plotted
in Fig. 3 in the wave length range of 400-700 nm. As can be
seen, A was happened at about 499 nm. So, the concentra-
tion of CR in the solution was measured at A__ =499 nm.

The percentage removal of CR dye can be calculated
from the following equation [35]:

Co _Ct

t

R, (%) = %100 )
where R, is the percentage removal of dye at time t, C, is the
concentration of CR at initial time and C, is the concentra-
tion of CR at time t. The adsorption capacity of dyes was
then calculated using the relation 4 = VDC/m, where V was
the volume of the liquid phase, m was the mass of the adsor-
bent, and DC was the difference between the initial and final
concentration of dye in solution [36]. For the experiments
of adsorption kinetics, the amounts of dye adsorption were
determined by analyzing the solution at appropriate time
intervals at room temperature.

3. Results and discussion
3.1. Characterization results

Fig. 4 shows the XRD pattern of the AC/TiO, nanocom-
posites. By the adaption of this pattern with standard card
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Fig. 3. Adsorption spectrum for the CR dye solution.
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Fig. 4. XRD pattern of AC/TiO, nanocomposites calcined at
400°C.

(JCPDS file No. 21-1272), it became clear that this nano-
composite complies the anatase form of the TiO, crystals.
As stated by other researches [37,38], no anatase phase was
detected by XRD for the AC. The anatase phase of TiO, is
identified at 20 of 25.4°, 38.1°, 48.2°, 53.9°, 55.1° and 62.2
[39,40]. Also, no extra phases can be seen in this pattern.
Therefore, it can be stated that no chemical reaction was
occurred between TiO, and AC. In addition, the highest
crystallite size of TiO, in nanocomposite which is calculated
by Debye-Scherrer’s equation (20 = 25.4°) is about 10 nm.
Some lower crystal values corresponding to the other peaks
of TiO,/ AC nanocomposite can also be calculated that attri-
bute to presence of decomposition products of AC into the
crystalline structure of TiO, [41].

In order to investigate the microstructure and morphol-
ogy of the synthesized nanocomposites, SEM was done.
Figs. 5a—c show the SEM images from the synthesized sam-
ples at different scales. The SEM images of AC/TiO, show
that the activated carbon was homogeneously covered with
TiO, nanoparticles and the AC surface was coated com-
pletely with a TiO, film. A high level of particle agglom-
eration was also observed in the SEM images that can be
related to the very fine and nano sized dimensions of these
nanocomposite particles. Nanosized dimensions of these
particles provide high surface area that cause high sur-
face energy which turns a lower particle instability. So, to
decrease the surface energy level and increase their stability,
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Fig. 5. SEM images of AC/TiO, calcined at 400°C at different
magnification orders: (a) 1500, (b) 10,000 and (c) 50,000.
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Fig. 6. FTIR spectrum of AC/TiO, calcined at 400°C.

the particles adsorb each other and make some agglomera-
tions which lead to decrease the surface energy, and hence,
the more stability [40,42].

In order to investigate the surface properties of AC/
TiO, nanophoto-catalyst, FTIR spectroscopy was done.
Fig. 6 shows the FTIR spectrum of the nanocomposite in the
wavenumber ranging from 400-4000 cm™. An absorption
band occurred in a wavenumber of 691.58 cm™ represents
for Ti-O bonds. TiO, absorption bands overlap with the cor-
responding bands of the activated carbon, leading to be a
decrease in their intensities. The absorption bands related to
H-C groups can be seen in the range of 900-950 cm™. In the
wavenumber of 3431.69 cm™ vibrations of hydroxyl (O-H)
groups appeared [43]. The vibrations correspond to carbon
structure of nanocomposite can be observed in the wave-
number of 800 to 3000 cm™. The band at 1630 cm™ could be
ascribed to the stretching vibration of H-O-H bond from the
adsorbed H,O at the catalyst surface [30]. While the broad
band below 700 cm™ is attributed to the existence of Ti-O-Ti
bonds [44].

3.2. Parametric study on the removal of CR dye

To evaluate the synthesized AC/TiO, nanophoto-com-
posite, the effects of different parameters on the removal of
CR dye were investigated.

3.2.1. Effect of UV irradiation

The effect of UV irradiation on the performance of syn-
thesized nanocomposite in dye removal was investigated.
For a better comparison, the data of pristine AC was also
shown in Fig. 7. The results obviously show that the CR
dye degrades in a shorter time with a more efficiency in the
presence of UV, which is denoted by the AC/TiO,/UV, in
comparison with two other adsorption data. The main rea-
son is quick production of hydroxyl radicals (*OH) through
the UV irradiation on the nanocatalyst. Hydroxyl radicals
are the main agent in decomposition of CR dye. It was con-
sidered that under UV irradiation some “hot spots” may
be generated on the surface of AC due to its non-unifor-
mity. The organic pollutants could be adsorbed and then
degraded by these “hot spots”. The supported TiO, can
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Fig. 7. Effect of UV irradiation on the removal of CR dye at
the condition of C =20 mg/L, T = 30°C, pH = 5 and adsorbent
dosage=1g.

absorb the heat energy of “hot spots” on the surface of AC
under UV irradiation and could be excited to generate elec-
tron-hole pairs to form hydroxyl radicals (*OH) in aqueous
solution, which can non-selectively attack organic contam-
inants [45]. Also, the catalytic activities of the supported
TiO,/AC and AC alone were compared. The results showed
that the supported-TiO, significantly enhanced the AC deg-
radation kinetics and the supported-TiO,/AC displayed
better catalytic activity under UV irradiation.

3.2.2. Effect of pH

In the adsorption processes of waste water, pH value is
one of the key factors in process controlling. So in this study
the effect of pH on degradation of CR dye in the photocat-
alytic-reactor under UV irradiation was examined at pH
values of 3, 5, 7 and 9. As it is shown in Fig. 8, the adsorp-
tion efficiency could increase in acidic conditions (the lower
pH). At lower pH, active sites of AC/TiO, surface which
contain different polar hydroxyl and carboxyl groups are
protonated, and so the surface is positively charged. This
positive charge, and the growth of interaction between dif-
ferent polar agents in pigment and adsorbent, enhances the
adsorption. On the other hand, at higher pH, density of
negative charge on the adsorbent surface is increased. So,
the active sites of the absorbent are in the form of phenoxide
and hydroxide groups that increase electrostatic repulsion
of negative ions of CR pigments.

3.2.3. Effect of aqueous solution concentration

Fig. 9 shows the effect of initial dye concentration on
the removal of CR at different times. The results clearly
show that the discoloration efficiency would decrease with
increasing the initial dye concentration. In high concentra-
tion of CR dye, active sites of the catalyst surface would sur-
round by the negative charges of CR molecules. Moreover,
increasing the CR concentration causes to decrease absorp-
tion of UV light by these molecules and hence decreases the
removal efficiency. It is also possible to produce intermedi-
ate substances compete with the original CR dye molecules
for degradation.
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Fig. 9. Effect of solution concentration on the removal of CR dye
by AC/ TiO, nanocomposite under UV radiation at the condition
of T =30°C, pH = 5 and adsorbent dosage =1 g.

3.2.4. Effect of adsorbent dosage

The amount of catalyst used in the process of dye elim-
ination is an important parameter because it determines
the adsorbent capacity for the preliminarily concentrations
of pigment solutions. Effect of the AC/TiO, photocatalyst
dosage on the optical decomposition of pigment in pH =7
was investigated in the range of 0.3-1 g and the results are
shown in Fig. 10. It is obviously shown that with the incre-
ment in adsorbent dosage from 0.3 to 1 g, pigment elimi-
nation increases from 87.52 to 97.49 %. Due to the increase
in the amounts of active sites of photocatalyst surfaces the
related electron pairs increase. Thus the hydroxyl and super
oxide radicals are increased. It doesn’t mean that more cat-
alysts have more effect on optical decomposition, but the
truth is that when catalyst concentration exceeds from a
specific amount, the rate of decomposition can be reduced
due to the reduction of UV penetration in the solution.

3.2.5. Effect of temperature

In order to investigate the effect of temperature on the
CR dye removal, the experiments were conducted at tem-
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Fig. 10. Effect of adsorbent dosage on the removal of CR dye by
AC/TiO, nanocomposite under UV irradiation at the condition
of C=20mg/L, T=30°C and pH = 5.

peratures of 30, 40 and 50°C. As can be seen in Fig. 11, the
best operating temperature for total pigment removal after
90 min is 50°C. However, in order to better controlling the
reactor performance, the lower temperature of 30°C, with
no more considerable difference in percentage removal as
compared to 50°C, is selected as the best operating condi-
tion in this situation.

It was experienced that kinetic rate of all chemical reac-
tions, either exothermic or endothermic, is increased with
temperature. Rate of some reactions is extremely increased
upon temperature that it becomes out of control and even
it can be exploded. At high temperatures, the reactant mol-
ecules have more collisions because of their more kinetic
energy. Accordingly, they can support more activation
energy and further changes to activated complex.

3.3. Mechanisms of CR degradation on UV/TiO,/AC

Basic principle of TiO, photocatalysis depends on the
creation of an electron-hole pair after the light absorp-
tion with energy equal to or greater than the band gap
energy of TiO, photocatalyst. These photogenerated
charge carriers are responsible for photocatalytic activity
of TiO, to degrade pollutants. However, the major prob-
lem of TiO, is its wide band gap such as 3.2 and 3.0 eV
for anatase and rutile phases respectively. This makes
it active under only UV light irradiation and therefore,
no performance under visible light [46]. Fig. 12 demon-
strates a schematic mechanism of TiO, photocatalysis
on the carbonaceous support. AC particles can strongly
absorb UV energy and then generate many “hot spots”
on their surfaces [47]. The organic pollutants around the
“hot spots” can be decomposed in the presence of dis-
solved oxygen in water. It is considered to be a process
being similar to combustion oxidation. The temperature
of “hot spot” on the surface of AC under UV irradiation
in water medium can achieve 1200°C or more. It results in
significant increase in the number of activated sites and
brings many holes to produce hydroxyl radical (*OH) on
the surface of semiconductor catalyst in the solution. The
supported-TiO, is able to absorb the heat energy of “hot
spots” and can be excited to generate the electron-hole
pairs that would react with O, and H,O to form *OH and



314 A. Azari et al. / Desalination and Water Treatment 124 (2018) 308-318

101 4

%

99 A

97 A o

] ° s
95 A ° 4
X

93 A

®x O

91 A

Dye Removal (%)

89 A ©50¢
1 X40c
87 1 A30c
85 ———————————————
0 10 20 30 40 50 60 70 80 90 100
time (min)

Fig. 11. Effect of temperature on the removal of CR dye by AC/
TiO,nanocomposite under UV irradiation at the condition of C,
=20mg/L, pH =5 and adsorbent dosage =1 g.

Degraded

Carbonaceous
¥ . Products

Support

Fig. 12. A schematic mechanism of TiO, photocatalysis on the
carbonaceous support.

superoxide radical anion O, . Finally, the *OH can also
yield O, through a series of chemical reactions [48].
Thus, the degradation rates can be increased. In brief,
supported-TiO,/AC can be adopted as a catalyst to help
produce more activated sites on the surface of AC and
much *OH radicals in the solution under UV irradiation,
which is expected to increase the rates of degradation of
recalcitrant organic contaminants and reaction interme-
diates formed.

3.4. Kinetic and adsorption isotherm models
3.4.1. Kinetic models

In order to investigate the kinetic behavior of CR dye
removal by AC/TiO, nanophotocatalyst, different kinetic
models are applied to examine the controlling mechanism
of adsorption process. The proposed kinetic models are
selected based on the frequently used ones in the litera-
ture for the range of adsorption capacity of adsorbent. In
this study, the respective experimental data of dye removal
with progress in time were fitted to various kinetic models
namely pseudo-first-order kinetic model [Eq. (3)], pseu-
do-second-order kinetic model [Eq. (4)], Elovich [Eq. (5)]
and intraparticle diffusion models.

k
log(q, —q,) =logg, - 2.3103 t ®)
to1 1
—= +—t )
a ka’ q.
1 1
q, = Eln(aﬁ) + Eln(t) )

where g, and g, refer to the amounts of CR dye adsorbed
(mg g) at equilibrium and at any time,  (min), respec-
tively. Also, k, is the equilibrium rate constant of the pseu-
do-first-order sorption (min™). k, is the equilibrium rate
constant of the pseudo-second-order adsorption (g mg™
min™), a is the primary adsorption rate (mg g min™) and
B is the desorption constant (g mg™). The results of kinetic
investigations are shown in Table 1.

The values of R? and/or the agreement between theoret-
ical and experimental g, indicate the suitability of the model
(Table 1). R? values for pseudo-second-order kinetic model
were found to be closer to 1.0 and the calculated g, values
are also very close to those of experimental data. This indi-
cates that the CR dye adsorption on AC/TiO, nanophoto-
catalyst obeys the pseudo-second-order kinetic model. The
second-order rate constants were used to calculate the ini-
tial sorption rate (h), given by Eq. (6), and the obtained val-
ues are presented in Table 1.

h=ky, (6)

k, and the equilibrium adsorption value (g,) were measured
from the slope and intercept of the plot /g, versus t [49].
The Elovich model constants obtained from the slope and
intercept of an straight line fitted to the experimental data
[50]. The linear relation of initial dye concentration with
removal rate fails when pore diffusion is the predominant
stage and limits the adsorption process. The target com-
pound (pollutant) presents in the bulk transfer to the solid
phase through intraparticle diffusion/transport process.
This stage is generally known as rate-limiting step, espe-
cially in rapidly stirred batch processes [51]. Therefore, the
possibility of this model for interpretation of experimental
data was explored according to its well-known equation:

q; = kdiftl/2 +C @

where C (mg g™) is the intercept and k it (mg g min'/?)
is the intraparticle diffusion rate constant. The values of
g, were found to be linearly correlated with the values of
t'/2 with the rate constant k. The values were directly eval-
uated from the slope of the regression line and presented
in Table 1. The values of intercept C provide information
about the thickness of the boundary layer and the external
mass transfer resistance. The constant C was found to be
higher for AC adsorbent in respect to AC/TiO, nanocom-
posite. This change in the C values belongs to increase in
thickness of the boundary layer and decrease in the chance
of the external mass transfer and subsequently prominent
increase in the amount of internal mass transfer. The high
value of R? for AC in comparison with AC/TiO, confirms
either the suitability of this model for AC and the fact that
the rate-limiting step is the intraparticle diffusion process.
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The kinetic parameters of CR removal by AC and AC/TiO, nanophotocatalyst at conditions of pH =5, T = 30°C, C = 20 mg/L, 400

rpm, AC dosage = 0.1 g and AC/TiO, dosage=1g

Models Parameters, unit Adsorbent
AC AC/TiO,
Pseudo-first order kinetic model: k,, min™ 0.026 0.049
N _ " q,(calc), mg g™ 10.60 4.51
10804, =) =log4.) (2303} R? 0.920 0.957
Pseudo-second order kinetic model: k, g mg? min™ 0.008 0.025
dq, / dt =k,(q,— q,) q,(calc), mg g 4348 20.37
R? 0.998 0.999
h, mg g min™ 14.22 10.36
Intraparticle diffusion model: k 4 M8 g min/? 1.113 0.545
g =kt +C C,mgg’ 32184 15.479
R? 0.9485 0.7309
Elovich model: o, mg g”' min™ 107274.6 9246.9
6, = SIn(ap)+ < n(t) B, g mg’ 0.360 0.645
B B R 0.869 0.869
Experimental data q,(exp), mg g 42.20 19.93

3.4.2. Adsorption isotherm models

The equilibrium isotherm of a specific adsorbent
demonstrates its adsorptive characteristics and is very sig-
nificant for design and optimization of the adsorption pro-
cesses [52]. Here, various isotherm models were used for
the equilibrium sorption of components from their solu-
tions namely Langmuir, Freundlich and Temkin [53]. The
correlation coefficient (R?) for each model was calculated
and presented in Table 2. Another important criterion for
evaluating the applicability of the model can be obtained
from the error analysis, introducing the parameter ¢* The
non-linear chi-square test statistic (c*) for the best-fit iso-
therm is calculated by the following equation [54]:

2
Xz _ z (qe,exp qe,cal) (8)
qc,ml
whereq, andg,  are experimental and calculated adsorp-
tion capacity values, respectively. The lower ¢* will result
in the better agreement between the model and the experi-
mental data.

3.4.2.1. Langmuir isotherm

The Langmuir adsorption isotherm was used to inter-
pret the CR adsorption by AC adsorbent and AC/TiO, nano-
photocatalyst from the solution. The Langmuir adsorption
isotherm is based on the assumption that adsorption takes
place on homogeneous surface [55]. The Langmuir equa-
tion is given by following equation:

Zeo g ©
9. KQ. Q.

where Q (mg/g) is the maximum amount of dye per unit

weight of adsorbent for complete monolayer coverage and

K, is Langmuir adsorption constant in L/mg. Values of Q

and K, are determined from the linear regression plot of C /
g, vs. C, (Table 2). Hence it may be concluded that Lang-
muir isotherm is the best isotherm to predict the adsorption
of CR dye over AC/TiO, nanophotocatalyst. A significant
correlation coefficient (R? = 0.997) indicates a good fit to
the Langmuir equation. The necessary feature of the Lang-
muir adsorption isotherm is a separation factor which is
expressed by R , a dimensionless constant. It can be calcu-
lated by the following equation:
R =1/(1+K,C)) (10)
where C, (mg/L) is the initial adsorbate concentration and
K, (L mg™) is the Langmuir constant. The value of R, (sep-
aration factor) shows the shape of the isotherm to be either
unfavorable (R, > 1), linear (R, = 1), favorable (0 <R, < 1) or
irreversible (R, = 0). R, values between 0 and 1 show favor-
able adsorption of CR onto AC adsorbent and AC/TiO,
nanophotocatalyst (Table 2).

3.4.2.2. Freundlich isotherm

For heterogeneous surface energy systems the well-
known Freundlich isotherm is often used [56]. The heat of
adsorption reduces significantly with increasing the extent
of adsorption. If the decline in the heat of adsorption is
logarithmic, it implies that adsorption sites are distributed
exponentially with respect to an adsorption energy which
differs between groups of adsorption sites. The linearized
Freundlich equation is given as:

Ing, =InK; +(1/n)InC, (11)

where K, (mg'™/"['/"¢™") is the Freundlich adsorption equi-
librium constant which indicates the adsorption capacity
and n is a characteristic coefficient relating to adsorption
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Table 2

Isotherm parameters for CR removal by AC and AC/TiO, nanophotocatalyst at conditions of pH =5, T = 30°C, C = 20 mg/L, 400

rpm, AC dosage = 0.1 g and AC/TiO, dosage =1 g

Isotherm Equation Parameters Adsorbent
AC AC/TiO,

Langmuir C /q=1/KQ,+C, /Q, Q, (mgg™ 97.09 3215

K, (Lmg™ 0.183 2.488

R, 0.098-0.353 0.007-0.038

v 12.02 25.16

R? 0.908 0.997
Freundlich Ing, =InK, +(1/n)InC, 1/n 0.465 0.170

K, (mg=/"L g™ 20.71 20.48

e 12.80 144

R? 0.682 0.906
Temkin g, =B,InK; +B,InC, B, 20.74 3.30

K (L mg™) 2.117 866.233

e 152.22 0.67

R? 0.828 0.989

intensity. K, and 1/n were obtained from the intercept and
slope of the plot In g, vs. In C,. K, shows information about
the bonding energy and the adsorption or distribution coef-
ficient. It represents the quantity of dye adsorbed onto the
adsorbent. As can be seen in Table 2, K, for both AC and AC/
TiO, adsorbents is almost the same. 1/n shows adsorption
intensity of dye onto the adsorbent (surface heterogeneity). It
will be closer to zero as the heterogeneity of surface increases
(I/n < 1 indicates normal Langmuir isotherm while 1/n > 1
indicates bi-mechanism and cooperative adsorption). It was
generally accepted that under a constant temperature, the
n values increased with decreasing adsorption energy, that
the higher n numbers show and support, the strong adsorp-
tion intensity. n > 1 illustrates favorable adsorption and vice
versa. So, the results of Table 2 show that adsorption energy
of AC/TiO, is lower than that of AC adsorbent.

3.4.2.3. Temkin isotherm

The Temkin isotherm contains a factor that explicitly
takes into the account adsorbing species-adsorbent inter-
actions. Temkin isotherm derivation assumes that the fall
in the heat of sorption is linear rather than logarithmic, as
implied in the Freundlich equation [57,58]. The Temkin iso-
therm model was presented in linear form as follows:
g, =B,InK; +B,InC, (12)
where B, =RT /b (the constant B, is related to the heat of
adsorption), T is the absolute temperature (Kelvin) and R is the
universal gas constant (= 8.314 J-(mol K)™). K is the equilib-
rium binding constant (L/mol) correspond to the maximum
binding energy. A plot of g, versus In C, gives the isotherm
constants B, and K, from the slope and intercept, respectively.

The calculated values of Temkin parameters are given
in Table 2. The non-linear correlation coefficient (R?) and ¢?
were obtained and also shown in Table 2. It was found that

the higher R? and smaller ¢? values of the Temkin isotherm
compared to the similar values of other applied models
confirm the high efficiency of the Temkin isotherm to rep-
resent the experimental data for AC/TiO, nanocomposite.
According to ¢? as a significant criterion, the most appli-
cable model is Temkin model for AC/TiO, nanocomposite.
On the other hand, the most applicable model for AC adsor-
bent is Langmuir model.

4. Conclusions

AC/TiO, nanophotocatalyst was prepared at 400°C
using a simple and effective sol-gel method involving a
titanium tetra-isopropoxide precursor and isopropanol.
The nanocomposite was characterized by XRD, SEM and
FTIR. The results showed that the TiO, nanoparticles have
anatase phase with 10 nm particle diameter. Furthermore
parametric studies were conducted at the conditions of C,=
20 mg/L, T = 30°C, pH = 5 and adsorbent dosage =1 g for
synthesized AC/TiO, and the results clearly showed that
the maximum efficiency of CR removal was obtained in the
present of UV irradiation on AC/TiO, nanocomposite at pH
= 3, dye concentration of 20 ppm, adsorbent dosage of 1 g
and temperature of 50°C. The kinetics of CR dye adsorption
on AC and AC/TiO, nanophotocatalyst follows the pseu-
do-second-order model. The adsorption isotherms of CR
dye from the aqueous solution onto the AC and AC/TiO,
were also determined. The experimental isotherms were
appropriately described by the Langmuir and Temkin mod-
els for AC and AC/TiO, adsorbents, respectively.
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