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ABSTRACT

Animmobilized composite photocatalyst, titania (TiO, ) nanoparticle/activated carbon (AC), was prepared
and its photocatalytic activity on the degradation of textile dyes was tested. AC was prepared using
Canola hull. Basic Red 18 (BR18) and Basic Red 46 (BR46) were used as model dyes. Fourier transform
infrared (FTIR), wavelength dispersive X-ray spectroscopy (WDX), scanning electron microscopy (SEM),
UV-vis spectrophotometry, chemical oxygen demand (COD) and ion chromatography (IC) analyses were
employed. The effects of reaction parameters such as weight percent (wt.%) of activated carbon, pH, dye
concentration and anions (NOs;~, Cl-, SO42-, HCO3~ and CO3%~) were investigated on dye degradation.
Data showed that dyes were decolorized and degraded using novel immobilized composite photocatalyst.
Formate, acetate and oxalate anions were detected as dominant aliphatic intermediates where, they were
further oxidized slowly to CO,. Nitrate, chloride and sulfate anions were detected as the photocatalytic
mineralization products of dyes. Results show that novel immobilized composite photocatalyst with
2 wt.% of AC is the most effective novel immobilized composite photocatalyst to degrade of textile dyes.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Azo dyes, which contain one or more azo bonds (-N=N-), are
among the most widely used synthetic dyes and usually become
major pollutants in textile wastewaters. About 15% of the total
world production of dyes is lost during textile dyeing which is
released in textile effluents. The discharge of dye-bearing wastew-
ater from textile industries into natural stream and rivers poses
severe problems, because of toxicity of some dyes to the aquatic life
and damaging to the aesthetic nature of the environment [1-10].
Thus, there is an urgent need for textile wastewater to develop
effective methods of treatment.

Titania photocatalysis constitutes one of the emerging tech-
nologies for the degradation of organic pollutants [10-17]. TiO,
nanoparticles can be synthesized by precipitation from solutions
of either titanium salts or titanium alkoxides [13].

Several advantages of this process over competing processes
are: (1) complete mineralization, (2) no waste-solids disposal prob-
lem, and (3) only mild temperature and pressure conditions are
necessary [10-17].
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Titania photodegrades pollutant molecules when is radiated
with UV radiation. Researchers have discovered that during
the photodegradation process, interaction by certain pollutant
molecules or their intermediates could cause the titania to coagu-
late, thereby reducing the amount of UV radiation from reaching the
titania active centers (due to reduction of its surface area) and thus
reducing its catalytic effectiveness. In order to overcome this coag-
ulation problem, some researchers have used different materials as
a support for the titania photocatalyst [17,18]. Various substrates
have been used as a catalyst support for the photocatalytic degra-
dation of polluted water. For example glass materials: glass mesh,
glass fabric, glass wool [19], glass beads [20], glass reactors [21],
microporous cellulosic membranes [22], ceramic membranes [23],
monoliths [14], zeolites [25] and stainless steel [26] were used as a
support for titania.

Activated carbon (AC)is a porous,amorphous solid carbon mate-
rial, which is derived mainly from carbonaceous material or plant
based (lignocellulosic) material [17]. Activated carbons have also
been extensively researched to be used as a support [17-34] for
the TiO, photocatalyst. Besides being used as a catalyst support,
some researchers use a combination of TiO, and activated car-
bon suspensions to treat pollutant [17,35-43]. Activated carbon
increases the photodegradation rate by progressively allowing an
increased quantity of substrate to come in contact with the titania
through means of adsorption. This is important because it has been
established that the oxidizing species (*OH) generated by the pho-
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tocatalyst, does not migrate very far from the active centers of the
titania and therefore degradation takes place on the catalyst sur-
face. The adsorption of pollutant to be then transfer by a common
interface from AC to TiO, it was firstly pointed out by Matos et al.
[40].

Activated carbon will prove to be an invaluable support in pro-
moting the photocatalytic process in providing a synergistic effect
by creating a common interface between both the activated carbon
phase and the titania particle phase. The synergistic effect can be
explained as an enhanced adsorption of the target pollutant onto
the activated carbon phase followed closely by a transfer through an
interphase to the titania phase, giving a complete photodegradation
process [17].

Organic compounds are hydrophobic whereas titania particles,
when exposed to UV radiation, are hydrophilic. Using activated
carbons as a photocatalyst support will help bring the pollu-
tant molecules near to the titania active site (to come in contact
with the hydroxyl radicals) for an efficient and effective pho-
todegradation process (synergistic effect). Activated carbons can
generate new adsorption centers to favor approaching pollu-
tant molecules. In addition, using activated carbon as a support
will enable secondary degradation of intermediates to take place
in situ, further enhancing the effectiveness of the photocatalyst
[17].

However, in the large scale applications, the use of suspen-
sions requires the separation and recycling of the catalyst particles
from the treated wastewater prior to the discharge and can be a
time-consuming expensive process. In addition, the depth of pen-
etration of UV light is limited because of strong absorptions by
both catalyst particles and dissolved dyes [44]. Above problems
can be avoided by immobilization of photocatalyst over a suitable
support.

A literature review showed that the preparation and photo-
catalytic activity of immobilized composite photocatalyst (titania
nanoparticle/Canola hull activated carbon) was not investigated.
In this study, Activated carbon (AC) was prepared from Canola
hull and a novel immobilized composite photocatalyst, titania
nanoparticle-Canola hull activated carbon (AC), was prepared
and its photocatalytic activity on the degradation of textile dye
in aqueous solution was tested. Basic Red 18 (BR18) and Basic
Red 46 (BR46) were used as model dyes. Fourier transform
infrared (FTIR), wavelength dispersive X-ray spectroscopy (WDX),
scanning electron microscopy (SEM), UV-vis spectrophotome-
try, chemical oxygen demand (COD) and ion chromatography
(IC) analyses were employed. The effects of reaction parame-
ters such as activated carbon weight percent (wt.%), pH, dye
concentration and inorganic anions were investigated on dye
degradation.

2. Experimental
2.1. Reagents

Basic Red 18 (BR18) and Basic Red 46 (BR46) were obtained from CIBA. The
chemical structure of dyes was shown in Fig. 1. Titania nanoparticle was utilized
as a photocatalyst and its main physical data are as follows: average particle size
30 nm, purity above 97% and with 80:20 anatase to rutile. Other chemicals were
purchased from Merck and used as received.

2.2. Preparation of Canola hull activated carbon

Canola hull was obtained from a local field in north of Iran. The Canola hull
was firstly washed to remove the adhering dirt, and then was dried (in a drier
for 2h at 105°C until a constant weight was reached) and crushed. After dry-
ing, they were sieved to the required particle size of <0.125 mm. Then Canola
hull was soaked in a nitric acid solution (10 wt.%) for 24 h. The sample is then
decanted, dried in an oven at 105°C then carbonized in a muffle furnace for 1h
at 600°C in the absence of air [7]. The activated carbon treated with HNO3; was
obtained.
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Fig. 1. The chemical structure of dyes.

2.3. Preparation of novel composite photocatalyst (TiO, nanoparticle-Canola hull
activated carbon) and immobilization method

Titania nanoparticle was mixed with different Canola hull activated carbon
weight percent. A simple and effective method was used to immobilization of
novel composite photocatalyst as follows: inner surfaces of reactor walls were
cleaned with acetone and distilled water to remove any organic or inorganic mate-
rial attached to or adsorbed on the surface and dried in the air. A pre-measured
mass of titania nanoparticle-Canola hull activated carbon was attached on the inner
surfaces of reactor walls using a thin layer of a UV resistant polymer. Immediately
after preparation, the inner surface reactor wall - polymer - composite photocata-
lyst system was placed in the laboratory for at least 60 h for complete drying of the
polymer.

2.4. Characterization techniques

Inorder to investigate the surface characteristics of the prepared Canola hull acti-
vated carbon and novel composite photocatalyst, Fourier transform infra-red (FTIR),
wavelength dispersive X-ray spectroscopy (WDX) and scanning electron microscopy
(SEM) were used. Fourier transform infrared (FTIR) spectroscopy is a useful in iden-
tifying functional groups such as hydroxyl, carbonyl and aromatic rings in a variety
of samples. FTIR (Perkin-Elmer Spectrophotometer Spectrum One) in the range
450-4000 cm~! was studied. Wavelength dispersive X-ray spectroscopy (WDX) was
employed to obtain information on the content of atoms for example titanium
and carbon in the samples. WDX spectroscopy (CROSPEC - USA) was employed
to obtain information on the content of titanium and carbon in the composite pho-
tocatalyst samples. Scanning electron microscopy (SEM) has been a primary tool for
characterizing the surface morphology and fundamental physical properties of the
adsorbent surface. SEM observations were obtained using a Philips XL30 microscope
instrument.

2.5. Photocatalytic reactor

Experiments were carried out in a batch mode immersion rectangular immobi-
lized novel composite photocatalyst photocatalytic reactor made of Pyrex glass. The
radiation source was two UV-C lamps (200-280 nm, 15 W Philips). The schematic
representation of the reactor was in previous published paper [4].

2.6. Photocatalytic dye degradation

Photocatalytic degradation processes were performed using a 5L solution con-
taining specified concentration of dye. The initial concentration of dye was 0.128 mM
and 0.120mM for BR18 and BR46, respectively. Samples were withdrawn from
sample point at certain time intervals and analyzed for decolorization and degrada-
tion.
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Fig. 2. Canola hull activated carbon (a) FTIR spectrum (b) SEM.

Decolorization of dye solution was checked and controlled by measuring
the absorbance at maximum wavelength (Amax) of dyes (488 nm for BR18 and
532 nm for BR46) at different time intervals by UV-vis spectrophotometer (CECIL
2021).

The COD tests were carried out according to close reflux, colorimetric method
[45] using a DR/2500 spectrophotometer (Hach, USA) and COD reactor (Hach,
USA).

Ion chromatograph (METROHM 761 Compact IC) was used to assay the appear-
ance and quantity of formate, acetate, oxalate, sulfate and nitrate ions formed during
the degradation and mineralization of AR 14 using an METROSEP anion dual 2, flow
0.8 mL/min, 2mM NaHCO3/1.3 mM Na,COs as eluent, temperature 20°C, pressure
3.4 MPa and conductivity detector.

3. Results and discussions

3.1. Characterization of Canola hull activated carbon (AC) and
novel immobilized composite photocatalyst (titania
nanoparticle-Canola hull activated carbon)

In order to investigate the surface characteristics of Canola
hull activated carbon, Fourier transform infrared in the range
450-4000cm~! and SEM image were studied (Fig. 2). The FTIR
spectrum of AC shows that the peak positions are at 3442.16,
2916.76, 2845.41, 1632.43, 1113.51 and 1022.70cm~!. The band
at 3442.16cm! is due to O-H and N-H stretching. The bands at
2916.76 and 2845.41 cm™! correspond to unsymmetrical and sym-
metrical aliphatic C-H stretchings, respectively. While the band
at 1632.43 cm™! reflects C=C stretching of aromatic rings whose
intensity is enhanced by the presence of oxygen atoms as phenol or
ether groups. Bands at 1300-1000 cm~! correspond to C-O bending
and indicate the presence of phenolic groups [46-50]. SEM image
of Canola hull activated carbon shows that AC has homogenous
surface (Fig. 2b).

Table 1

Parameters (k and R?) for the effect of H,0, concentration on the photocatalytic
decolorization of dyes using immobilized composite photocatalyst (2 wt.% of AC)
(BR18: dye: 0.128 mM, Amax: 488 nm and BR46: dye: 0.120 mM, Amax: 532 nm).

H,0, (mM) BR18 BR46
k (min-1) R? k (min-1) R2

5 0.0413 0.9758 0.1000 0.9950

7.68 (stoichiometry) 0.0850 0.9878 0.1722 0.9764

10 0.0979 0.9898 0.1968 0.9932

SEM images of the immobilized novel composite photocatalyst
show that composite photocatalyst was immobilized on inner sur-
face of reactor (Fig. 3).

WDX images of novel composite photocatalyst showed the con-
tent of titanium and carbon at different samples (Fig. 4). Fig. 4a
and e are the WDX images of immobilized pure titania nanoparti-
cle and pure Canola hull activated carbon, respectively. Fig. 4b-d
are the images of novel composite photocatalysts with 1, 2 and
3 wt.% Canola hull activated carbon. It can be seen that the number
of light spots (C: carbon atom at right images in Fig. 4) increases
with increasing of wt.% of AC. It can be concluded that the AC was
mixed with titania nanoparticles in novel composite photocatalyst.

3.2. Effects of reaction parameters on dye degradation

The effects of reaction parameters such as H, O,, Canola hull acti-
vated carbon wt.%, pH, dye concentration, and anions (NO3—, Cl—,
S042~, HCO3~ and CO32~) were investigated on dye degradation.

3.2.1. Effect of hydrogen peroxide concentration

Hydrogen peroxide has different effects on the photocatalytic
dye decomposition, depending on its concentration and nature of
reluctant.

Fig. 5 shows the dye concentration as a function of the illu-
mination time when different hydrogen peroxide concentrations
were used. It is shown to be exponential to time at each hydro-
gen peroxide concentration. This means that the first order kinetics
relative to dye degradation is operative. The correlation coefficient
(R%)and degradation rate constants (k, min—!) of dye for the various
hydrogen peroxide concentrations were shown in Table 1.

At optimal concentration, H,0, increases the formation rate of
hydroxyl radicals and pollutant degradation. However, at high con-
centration, H,0, can also become a scavenger of valence bond holes
and hydroxyl radicals [51-53].

H,0, +2hVB+—> 0, +2H* (1)
H,0, + OH* — HO»* + H,0 (2)
HO,* + OH* — H,0 + 0, (3)

The overall stoichiometry for photocatalytic mineralization of
dyes by H,0, can be written as:

C19H35CI;N505 + 60H, 0,

— 19C0, 4+ 5NO3~ + 69H,0 + 7H* +2Cl~ (BR18) (4)
C19H24NgO4S + 64H,0,

— 19C0;, 4+ 6NO3~ +504%~ +72H,0 + 8H* (BR46) (5)

On the basis of these equations, 60 and 64 mol of H,0, are the-
oretically needed to completely degrade 1 mol of BR18 and BR46,
respectively. Thus for further studies, 60 and 64 mol of H,0, were
used to degrade 1 mol of BR18 and BR46, respectively.
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Fig. 3. SEM of immobilized composite photocatalyst (titania nanoparticle-Canola hull activated carbon) at different wt.% of Canola hull activated carbon: (a) 0 (b) 1 (c) 2 (d)

3.

3.2.2. Effect of Canola hull activated carbon wt.%

Fig. 6 shows the dye concentration as a function of the illumina-
tion time when different Canola hull activated carbon wt.% on novel
composite photocatalyst were used. Itis shown to be exponential to
time at each Canola hull activated carbon wt.%. This means that the
first order kinetics relative to dye degradation is operative. The cor-
relation coefficient (R?) and degradation rate constants (k, min~!)
of dye for the various Canola hull activated carbon wt.% were shown
inTable 2. The disappearance of the color within first minutes is due
to the fragmentation of the azo band, which is the result of hydroxyl
radical (*OH) attack. This process is the first step in the degradation
of azo dye.

The chemical oxygen demand (COD) gives a measure of degra-
dation of dye and generated intermediates during the irradiation
and a measure of the oxygen equivalent of the organic content in
a sample that is susceptible to oxidation by strong oxidant [54].
The COD removal efficiency of dyes using immobilized pure tita-

Table 2

Parameters (k and R?) for the effect of Canola hull activated carbon wt.% on the photo-
catalytic decolorization of dyes using immobilized composite photocatalyst (H,05:
7.68 mM, BR18: dye: 0.128 mM, Amax: 488 nm, pH: 5.5 and BR46: dye: 0.120 mM,
Amax: 532 nm, pH: 5.6).

AC (Wt.%) BR18 BR46
k (min-1) R? k (min-1) R?
0 0.0588 0.9839 0.1408 0.9775
1 0.0728 0.9935 0.1642 0.9453
2 0.0850 0.9878 0.1722 0.9764
3 0.0996 0.9544 0.1836 0.9756
6 0.1049 0.9522 0.1925 0.9750
12 0.1075 0.9530 0.2029 09718

nia nanoparticle and immobilized novel composite photocatalyst
(titania nanoparticle-Canola hull activated carbon) were shown in
Table 3.

(a) Results show that as Canola hull activated carbon wt.% of
composite photocatalyst increases, the decolorization rate
and COD removal enhance. From the results here pre-
sented it can be concluded that the chemical nature of
the AC is important for the degradation process, which
can be explained in terms of two different mechanisms
[55]:

(b) The dye adsorption on the AC is followed by a transfer of the
compound to the titania where undergoes a photocatalyzed
surface reaction of degradation. The driving force for this trans-
fer is probably the difference in the dye concentration between
AC and titania causing surface diffusion of the dye to tita-
nia.

The AC acts as a photosensitizer which injects an electron in the
conduction band of titania and triggers the photocatalytic forma-
tion of the very reactive HO® radical, which is responsible for the
degradation of the dye.

Data show that immobilized novel composite photocatalyst
with 2 and 3 wt.% AC do not have considerable difference in dye and
COD removals. Thus, immobilized novel composite photocatalyst
with 2 wt.% was used for further studies.

3.2.3. Effect of solution pH

Since dyes to degrade can be at different pH values in colored
effluents, comparative experiments were performed at three pH
values: one reasonably acidic, one reasonably basic and natural pH.
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Fig. 4. WDX of immobilized composite photocatalyst (titania nanoparticle-Canola hull activated carbon) at different wt.% of Canola hull activated carbon: (a)
(d) and 3 (e) pure Canola hull activated carbon.
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Fig. 5. The effect of H,0, concentration on the photocatalytic decolorization of dyes using immobilized composite photocatalyst (2 wt.% of AC) (BR18: dye: 0.128 mM, Amax:
488 nm and BR46: dye: 0.120 mM, Amax: 532 nm).

Table 3

COD removal (%) by the photocatalytic degradation of dyes using immobilized composite photocatalyst at different Canola hull activated carbon wt.% and different times
(H20,: 7.68 mM, BR18: dye: 0.128 mM, pH: 5.5 and BR46: dye: 0.120 mM, pH: 5.6).

AC (Wt.%) BR18 BR46

COD at different t (min) COD removal (%) COD at different t (min) COD removal (%)

0 50 100 150 50 100 150 0 50 100 150 50 100 150
0 255 215 160 91 15.7 372 64.3 248 205 155 105 17.3 375 57.7
1 195 120 65 23.5 52.9 74.5 190 110 83 23.4 55.6 66.5
2 185 105 48 274 58.8 81.2 181 87 59 27.0 64.9 76.2
3 181 98 40 29.0 61.6 84.3 176 80 50 29.0 67.7 79.8
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Fig. 6. The effect of Canola hull activated carbon (AC) wt.% on the photocatalytic
decolorization of dyes using immobilized composite photocatalyst (H,0,: 7.68 mM,
BR18: dye: 0.128 mM, Amax: 488 nm, pH: 5.5, and BR46: dye: 0.120 mM, Amax:
532 nm, pH: 5.6).

The studies in this report were carried out at pH range of 2-8. The
pH of solution is an important parameter in reaction taking place
on semiconductor particle surfaces, since it influences the surface
charge properties of the photocatalyst. The point of zero charge
(pzc) is at pHp,c =6.8 for the TiO, particles [56]. The TiO, surface
is positively charged in acidic media (pH <6.8). Therefore, an elec-
trostatic repulsion exists between the positively charged surface of
the TiO, and cationic dyes. As the pH of the system increases, the
number of negatively charged sites increased. A negatively charged
surface site on the TiO, favors the adsorption of dye cations due to
the electrostatic attraction. In this research, a novel immobilized
composite photocatalyst contained titania nanoparticle and Canola
hull activated carbon (AC) was used. Surface charge of activated car-
bon (AC) was changed by solution pH. However the interpretation
of pH effects on the efficiency of the photocatalytic decolorization
process is a difficult task, because the different reaction mecha-
nisms such as hydroxyl radical attack, direct oxidation by positive
hole and direct reduction by the electron in the conducting band can
contribute to dye degradation. The importance of each one depends
on the substrate nature and pH [57,58].

The effect of pH on the decolorization of dyes is shown in Fig. 7.
The parameters k (rate constant) and R? (correlation coefficient) of
decolorization process are shown in Table 4. As shown in Table 4,
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Fig. 7. The effect of pH on the photocatalytic decolorization of dyes using immobi-
lized composite photocatalyst (2 wt.% of AC) (H,0,: 7.68 mM, BR18: dye: 0.128 mM,
Xmax: 488 nm and BR46: dye: 0.120 mM, Amax: 532 nm).

the order of rate constants was pHpatural > PHaikatine > PHacigic- In this
study, natural pHs were found to be the optimal pH.

3.2.4. Effect of initial dye concentration

To study the effect of dye concentration on the rate of decol-
orization, the dye concentration was varied 0.060-0.256 mM while
the other variables were kept constant. Fig. 8 shows the time
dependence of unconverted fraction of dye (C/Cy: Cy initial dye
concentration and C dye concentration at time t) for the vari-
ous initial dye concentrations. It is shown to be exponential to
time at each concentration of dye. This means that the first order
kinetics relative to dye is operative. The correlation coefficient

Table 4

Parameters (k and R?) for the effect of pH on the photocatalytic decolorization of
dyes using immobilized composite photocatalyst (2 wt.% of AC) (H,0,: 7.68 mM,
BR18: dye: 0.128 mM, Amax: 488 nm and BR46: dye: 0.120 mM, Amax: 532 nm).

pH BR18 BR46

k (min-1) R? k (min—1) R?
2.5 0.0063 0.9603 0.0133 0.9441
5.5 (natural pH) 0.0850 0.9878 - -
5.6 (natural pH) - - 0.1722 0.9764
8 0.0712 0.9814 0.1214 0.9944
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Fig. 8. The effect of dye concentration on the photocatalytic decolorization of dyes
using immobilized composite photocatalyst (2 wt.% of AC) (H,0,: 7.68 mM, BR18:
Amax: 488 nm, pH: 5.5 and BR46: Amax: 532 nm, pH: 5.6).

(R?2) and degradation rate constants (k, min—!) at different dye
concentrations were shown in Table 6. However, the apparent
decolorization rate constant depends on the initial concentration
of dye. As expected by increasing the dye concentration, the decol-
orization rate constant (k) is decreased (Table 5).

With the increase in the dye concentration, the possible cause
is the interference from intermediates formed upon degradation
of the parental dye molecules. Such suppression would be more
pronounced in the presence of an elevated level of degradation
intermediates formed upon an increased initial dye concentration
[59].

Table 5

Parameters (k and R?) for the effect of dye concentration on the photocatalytic decol-
orization of dyes using immobilized composite photocatalyst (2 wt.% of AC) (H,0;:
7.68 mM, BR18: Amax: 488 nm, pH: 5.5 and BR46: Amax: 532 nm, pH: 5.6).

4761

Dye (mM) BR18 BR46

k (min~1) R? k (min~1) R?
0.060 - - 0.0496 0.9904
0.064 0.1713 0.9935 - -
0.120 - - 0.1722 0.9764
0.128 0.0850 0.9878 - -
0.240 - - 0.2574 0.9895
0.256 0.0305 0.9948 - -

1
0.8 1
No anion
06 1 Nitrate
S Chloride
S o Sulfate
0.4 1 > Bicarbonate
Carbonate
0.2 1 °
0 T T T T
0 10 20 30 40 50
Irradiation time (min)
BR18
1
0.8 No anion
Nitrate
- 06 1 Chloride
o
o o N Sulfate
0.4 Bicarbonate
? ° Carbonate
0.2 3 o
L)
0 T T T T y T
0 5 10 15 20 25 30

Irradiation time (min)
BR46

Fig. 9. The effect of anions on the photocatalytic decolorization of dyes using
immobilized composite photocatalyst (2wt.% of AC) (H20,: 7.68 mM, BR18: dye:
0.128 mM, Amax: 488 nm, pH: 5.5 and BR46: dye: 0.120 mM, Apmax: 532 nm, pH: 5.6).

3.2.5. Effect of inorganic anions

The occurrence of dissolved inorganic ions is rather common
in dye-containing industrial wastewater. These substances may
compete for the active sites on the TiO, surface or deactivate the
photocatalyst and, subsequently, decrease the decolorization rate
of the target dyes [10]. A major drawback resulting from the high
reactivity and non-selectivity of *OH is that it also reacts with
non-target compounds present in the background water matrix,
i.e. dye auxiliaries present in the exhausted reactive dye bath. It
results higher *OH demand to accomplish the desired degree of
degradation, or complete inhibition of advanced oxidation rate and
efficiency [60].

To consider how the presence of dissolved inorganic anions on
the photocatalytic decolorization rate of dyes, we have chosen the
NaNOs3, NaCl, Na;S04, NaHCO3 and Na, CO5 salts. The same amount
(2.5 mM) of these salts was used. Fig. 9 shows the effects of anions
on the photocatalytic decolorization rate of dyes. The parameters
k (rate constant) and R? (correlation coefficient) of decoloriza-
tion process are shown in Table 6. Of the anionic species studied
(NaCl,NaNO3, Na,;S0O4, NaHCO3 and Na,COs3), Na, CO3 exhibited the
strongest inhibition effect followed by NaHCOs. Inhibition effects
of anions can be explained as the reaction of positive holes and
hydroxyl radical with anions, that behaved as h* and *OH scav-
engers resulting prolonged color removal [10,60].

3.3. UV-vis spectrum studies

Changes of the dyes absorptions at 250 nm <A <650 nm dur-
ing the photocatalytic degradation using immobilized composite
photocatalyst (titania nanoparticle-Canola hull activated carbon)
atdifferent time intervals of irradiation were shown in Fig. 10. With
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Fig. 10. Changes of the dyes absorptions during the photocatalytic degradation of
dyes using immobilized composite photocatalyst (2wt.% of AC) (H,0,: 7.68 mM,
BR18: dye: 0.128 mM, Amax: 488 nm, pH: 5.5 and BR46: dye: 0.120 mM, Amax: 532 nm,
pH: 5.6).

irradiation time elapse of 50 min, the maximum absorbance in vis-
ible region of UV-vis spectra decreased rapidly, which indicates
that chromophore in both dyes are the most active sites for oxi-
dation attack. Also, absorbance measurements of the samples at
254nm were taken as an indication of the aromatic compounds
content in the solution [61]. The lack of any absorbance in 254 nm
after 80 min and 100 min of photocatalytic degradation of BR46 and
BR18 using composite photocatalyst (titania/AC) was indicative of
the complete aromatic rings destruction (Fig. 11).

3.4. Degradation and mineralization of dyes

During the photocatalytic degradation of dyes, various organic
intermediates were produced. Consequently, destruction of the dye

Table 6

Parameters (k and R?) for the effect of anions on the photocatalytic decolorization
of dyes using immobilized composite photocatalyst (2 wt.% of AC) (H,0,: 7.68 mM,
BR18: dye: 0.128 mM, Amax: 488 nm, pH: 5.5 and BR46: dye: 0.120 mM, Amax: 532 nm,
pH: 5.6).

Anion BR18 BR46
k (min~1) R? k (min~1) R?

No anion 0.0850 0.9878 0.1722 0.9764
Nitrate 0.0763 0.9977 0.1304 0.9861
Chloride 0.0746 0.9976 0.1315 0.9721
Sulfate 0.0770 0.9975 0.1281 0.9590
Bicarbonate 0.0492 0.9915 0.0990 0.9647
Carbonate 0.0241 0.9991 0.0423 0.9952

0.49

0.42
g 0.35 ——DBR18
3 (Titania)
% 0.28 +?’Fi:tlaania/Ac)
2
g 0.21 +?’I[‘{i:a6nia]
;% 0.14 _E_?'ﬁ:si]iamc)

0.07

0

0 20 40 60 80 100
t (min)

Fig. 11. Absorbance of the samples at 254 nm as an indication of the aromatic com-
pound content during the photocatalytic degradation using immobilized titania and
composite (titania/AC) photocatalysts (H,0,: 7.68 mM, BR18: dye: 0.128 mM, Amax:
488 nm, pH: 5.5 and BR46: dye: 0.120 mM, Amax: 532 nm, pH: 5.6).

should be evaluated as an overall degradation process, involving the
degradation of both the parent dye and its intermediates.

Further hydroxylation of aromatic intermediates leads to the
cleavage of the aromatic ring resulting in the formation of oxygen-

1
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Y
g
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g 047 —a— Oxalate
g
g
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0 -

0 40 80 120 160 200
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Fig. 12. Formation and disappearance of aliphatic carboxylic acids during the pho-
tocatalytic degradation of dyes using immobilized composite photocatalyst (2 wt.%
of AC) (H20,: 7.68 mM, BR18: dye: 0.128 mM, Amax: 488 nm, pH: 5.5 andBR46: dye:
0.120 mM, Amax: 532 nm, pH: 5.6).
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Fig. 13. Evolution of inorganic ions during the photocatalytic degradation of dyes
using immobilized composite photocatalyst (2 wt.% of AC) (H,0,: 7.68 mM, BR18:
dye: 0.128 mM, Amax: 488 nm, pH: 5.5 and BR46: dye: 0.120 mM, Amax: 532 nm, pH:
5.6).

containing aliphatic compounds [62]. Formate, acetate and oxalate
were detected as important aliphatic carboxylic acid intermediates
during the degradation of dyes (Fig. 12). The formation of oxalate
initially increased with the illumination time, and then sharply
dropped. Carboxylic acids can react directly with holes generating
CO, according to the “photo-Kolbe” reaction:

R-COO~ +TiOy(hyg*) — TiO3 +R* + CO, (6)

Also, the photocatalytic mineralization of dye implies the
appearance of inorganic products, mainly anions, since hetero-
atoms are generally converted into anions in which they are at their
highest oxidation degree.

The dye degradation leads to the conversion of organic car-
bon into harmless gaseous CO, and that of N and S heteroatoms
into inorganic ions, such as nitrate and sulfate ions, respectively
[63]. Mineralization of dyes is reported for an irradiation period of
200 min. The formation of NO3~, SO42~ and CI~ from dye mineral-
ization was shown in Fig. 13.

The quantity of released nitrate ions (BR18: 0.600 mM and
BR46: 0.705 mM) during the mineralization of dyes is lower than
that expected from stoichiometry (BR18: 0.640 mM and BR46:
0.720 mM) indicating that N-containing species remain adsorbed in
the photocatalyst surface or most probably, that significant quan-
tities of N, and/or NH3 have been produced and transferred to the
gas-phase.In the azo bonds each nitrogen atom s inits+1 oxidation
degree. This oxidation degree favors the evolution of gaseous N, by

the two step reduction process expressed previously. N, evolution
constitutes the ideal case for a decontamination reaction involving
totally innocuous nitrogen-containing final product [10].

The quantity of released chloride ions (0.233 mM) during the
mineralization of BR 18 is lower than that expected from stoichiom-
etry (0.256 mM) indicating that chloride ions remain adsorbed onto
the photocatalyst surface.

Finally, the quantity of released sulfate ions (0.107 mM) dur-
ing the mineralization of BR46 is lower than that expected from
stoichiometry (0.120 mM). This could be first explained by a loss
of sulfur-containing volatile compounds such as H,S and/or SO,.
However, this is not probable since both gases are very soluble
in water and known as readily oxidizable into sulfate by photo-
catalysis. The more probable explanation for the quantity of SO42~
obtained smaller than that expected from stoichiometry is given
by the partially irreversible adsorption of some SO42~ ions at the
surface of titania as already observed. However, this partial adsorp-
tion of SO42~ ions does not inhibit the photocatalytic degradation
of pollutants [10,63].

4. Conclusions

A novel immobilized composite photocatalyst, titania
nanoparticle-Canola hull activated carbon (AC), was prepared
and its photocatalytic activity on the degradation of textile dye
in aqueous solution was tested. The reaction parameters studies
showed that dyes were decolorized and degraded using novel
immobilized composite photocatalyst. Aliphatic carboxylic acids
were detected as dominant aliphatic intermediates where, they
were further oxidized slowly to CO,. Inorganic anions were
detected as the photocatalytic mineralization products of dyes.
Results show that novel immobilized composite photocatalyst
is effective to degrade of textile dye. Thin-film coating of pho-
tocatalyst may resolve the problem of suspension system of
decolorization. Hence, this technique may be a viable one for
treatment of large volume of aqueous colored dye solutions.
Photocatalysis using immobilized composite photocatalyst is able
to decolorize and treat the colored textile wastewater without
using high pressure of oxygen or heating.
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