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Abstract

The decolorization and degradation of triazinic ring-containing azo dye by using TiO,-immobilized photoreactor is reported. A simple and easy
method was used for the immobilization of photocatalyst. Reactive Red 198 (RR 198) was used as model compound. Photocatalytic degradation
processes were performed using a 5L (bench scale) solution containing dye. Batch mode immersion type method was used for the treatment
of dye solution. UV-vis, ion chromatography (IC) and chemical oxygen demand (COD) analyses were employed to evaluate the results of the
photocatalytic degradation of RR 198. Dye solution was completely decolorized in relatively short time (35 min) after UV irradiation in combination
with hydrogen peroxide. The results verified that all of the dye molecules were destructed. Kinetics analysis indicates that the dye photocatalytic
decolorization rates followed first order model (R?>=0.99). Ion chromatography analysis was used to investigate the formation and destruction
of aliphatic carboxylic acids and formation of inorganic anions during the process. Formate and oxalate anions were detected as main aliphatic
carboxylic intermediates, which were further oxidized slowly to CO,. UV/TiO,/H,0, process proved to be capable of successful decolorization

and degradation of the RR 198.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The presence of the synthetic and non-biodegradable com-
pounds such as triazine-containing azo dyes in textile efflu-
ents are of environmental concern. This is because of their
widespread use, their potential producing of toxic aromatic
amines and low removal rate during various waste treatment
methods. It is reported that, 700,000 tons of dyes are produced
in the world and about 50% among them are azo dyes [1]. Large
amounts of these dyes are discharged in the watercourses, due
to the hydrolysis, low fixation rate, etc. in developing countries.
Thus there is an urgent need for textile wastewater to develop
effective methods of treatment.

The photocatalytic degradation process is an emerging tech-
nology aimed at the degradation of air, water and wastewater
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pollutants, especially refractory organic substances [2—10]. The
advantages of photocatalytic process over competing processes
are: (1) complete mineralization, (2) no waste disposal prob-
lem, (3) low cost and (4) only mild temperature and pressure
conditions are necessary [5]. The mechanism of heterogeneous
photocatalytic degradation of dyes was investigated in detail
[11-14].

Irradiation of semiconductors like titanium dioxide (TiO,) in
suspended or fixed to various supports, in aqueous solutions con-
taining organic pollutants, creates a redox environment, which
is able to destroy these pollutants.

The use of suspended TiO, powder is efficient due to the
large surface area of catalyst available for reaction. However,
in the large-scale applications, the use of suspended powder
requires the separation and recycling of the ultrafine catalyst
from the treated wastewater prior to the discharge and can be a
time-consuming and expensive process. In addition, the depth of
penetration of UV light is limited because of strong absorptions
by catalyst particles [15]. Above problems can be avoided by



114 N.M. Mahmoodi et al. / Journal of Hazardous Materials B133 (2006) 113118

Cl

PN

N

NaO,S ’@ N

NaO,S

J\ SO,CH,CH,0SO,Na
N NH OH @
H I I N=N

SO,Na

Fig. 1. The chemical structure of Reactive Red 198.

immobilization of photocatalyst over suitable supports. Thus,
the use of immobilized photocatalysts is gaining importance in
the elimination of pollutants from wastewaters.

Triazine-containing azo dyes are one of the most important
classes of dyes, which are widely used in textile industries and
the well-known resistance of the s-triazine to light induced
fading. In the present article, it was attempted to determine
the feasibility of the total decolorization and mineralization of
bench scale (5L) dye solution by a photocatalytic treatment
of Reactive Red 198 (RR 198) using immobilized-TiO,
photoreactor.

2. Experimental
2.1. Reagents

Reactive Red 198 (98% <purity) was obtained from
(Hoechst) and used without further purification. Reactive Red
198 is one of the most representative and commonly used dyes
to dyeing the textile goods. This dye has several functional
groups such as vinylsulfone (—SO,—CH;—CH;—0—-S03Na) and
monochlorotriazine. The chemical structure of RR 198 was
shown in Fig. 1. HCOONa, Nay;C>04, NaySO4 and NaNO3,
NaCl, NaHCOj3, Nay;CO3 and H»O, were purchased from
Merck. Titanium dioxide (Degussa P25) was utilized as a photo-
catalyst. Its main physical data are as follows: average primary

particle size around 30 nm, purity above 97% and with 80:20
anatase to rutile.

2.2. Immobilized TiO» photoreactor

Experiments were carried out in a batch mode immersion
rectangular immobilized photoreactor made of Pyrex glass,
which is shown in Fig. 2. The radiation source was two UV-C
lamps (15 W, Philips). The apparatus employed in the photo-
catalytic experiments has been described in detail elsewhere
[16,17].

The photocatalyst (TiO;) powder was immobilized by a UV
resistant polymer in the inner surface of the reactor. The formu-
lation of this polymer was unknown. Inner surfaces of reactor
walls were cleaned with acetone and distilled water to remove
any organic or inorganic material attached to or adsorbed on the
surface and was dried in the air. A pre-measured mass of TiO;
powder was attached over the inner surfaces of reactor walls
using a thin layer of a UV resistant polymer. Immediately after
preparation, the inner surface reactor wall-polymer—TiO; sys-
tem was placed in the room temperature (25 °C) for at least 60 h
for complete drying of the polymer.

In order to verify the activity of used catalyst and to check
out its lifetime, two more experiments of decolorization process
were conducted. Results did not show significant changes in
decolorization time.
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it |
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Fig. 2. Scheme of the immobilized TiO, photoreactor for photocatalytic dye degradation.
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Fig. 3. Decolorization of RR 198 (50 mg/L) in the presence of different concen-
tration of HyO; at 525 nm.

2.3. Methods and analyses

RR 198 is a strongly absorbing dye in the UV-vis region.
The chromophore containing azo linkage had absorption in the
visible region while benzene and naphthalene rings in the UV
region, and naphthalene ring absorption wavelength is higher
than that of benzene ring.

Different groups in the dye molecule have different
absorbance peaks. The absorbance peaks at 286.5, 371.5 and
520nm are, respectively, attributed to benzene, naphthalene
rings and azo linkage [18,19].

Photocatalytic decolorization processes performed using
a 5L solution containing dye with different concentration
of hydrogen peroxide was shown in Fig. 3. The degrada-
tions were carried out at 298 K and at natural pH value
(5.8). The initial concentration of dye solution was 50 mg/L.
Samples were withdrawn from sample point at certain
time intervals and their concentration was analyzed for
decolorization of colored solutions by UV-vis CECIL2021
spectrophotometer.

Also, absorbance measurements of the samples at 254 nm
were taken as an indication of the aromatic compounds content
in the solution [20] (Fig. 4).

Ion chromatograph (METROHM 761 Compact IC) was
used to determine formate, oxalate, SO42’, NOs;—, Cl™ ions

H,0, (mg/L)

——50
——150
—— 300
—— 450
——600
——1200

cre,

0 10 20 30 40 50 60 70 80 90
Irradiation time (min)

Fig. 4. The aromatic ring destruction of RR 198 by UV/H,0,/TiO; at 254 nm
(dye 50 mg/L and H,O, 450 mg/L).

formed during the degradation and mineralization of RR 198
using an METROSEP Anion Dual 2, flow 0.8 mL/min, 2 mM
NaHCO3/1.3 mM Na;CO3 as eluent, temperature 20 °C, pres-
sure 3.4 MPa and conductivity detector.

The COD tests were carried out according to close reflux,
colorimetric method [21] using a DR/2500 spectrophotometer
(Hach, USA) and COD reactor (Hach, USA).

3. Results and discussion
3.1. Decolorization and aromatic ring destruction

The results from the radiation tests of the RR 198 solution
(50 mg/L) using HyO7 (450 mg/L) in the immobilized TiO, pho-
toreactor are shown in Fig. 5. The disappearance of the visible
band 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
color destruction of dye solutions was completed after 35 min of
irradiation. The results of decolorization tests of dye solutions
with different concentration of hydrogen peroxide were shown
in Fig. 3.

After 130min of irradiation, all absorbance peaks
(250 <A <700nm) have been disappeared and there is no
absorbance peaks in UV-vis spectrum of solutions. So it may be
claimed that RR 198 was degraded photocatalytically into aro-
matic intermediates. Finally these intermediates can be further
oxidized and mineralized to produce CO», H,O, SO42’, NOs3—,
etc.

3.2. Decolorization kinetics

The results of decolorization process were fitted by first-order
kinetics (R?>0.99). The kinetics of disappearance of RR 198
was followed by first-order kinetic model. This kinetic model
is shown as —In C/Cy=kt, where Cy, C, t and k are initial
dye concentration, dye concentration at ¢ (min), decolorization
time (min) and rate constant (1/min), respectively. The linear fit
between the —In C/Cy and irradiation time and different con-
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Fig. 5. Changes in the absorption spectrums of RR 198 (50 mg/L) with H,O»
(450 mg/L)/TiO/UV at different time intervals of irradiation.
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Table 1
The parameters k (rate constant, 1/min) and R? (correlation coefficient) of decol-
orization process at different HyO, concentrations

H,0; (mg/L) k R

50 0.0283 0.999
150 0.0668 0.990
300 0.0849 0.993
450 0.1351 0.990
600 0.1324 0.996
1200 0.1486 0.991

centrations of HyO» can be approximated as first-order kinetics.
The parameters k (rate constant, 1/min) and R2 (correlation coef-
ficient) of decolorization process were shown in Table 1. These
results are in good agreement with previous works [14].

3.3. H>0; effect

Hydrogen peroxide has different effects on the photocatalytic
dye decomposition, depending on its concentration and nature
of reductants [12]. At optimal concentration, HyO» increases
the formation rate of hydroxyl radicals in two ways. Firstly,
the reduction of H,O, at the conduction band would produce
hydroxyl radicals. Secondly, the self-decomposition by illumi-
nation would also produce hydroxyl radicals [12,19]. As seen
in Fig. 4, the decolorization rate increased when H,O» concen-
tration changed from O to optimal concentration (450 mg/L).
There were not appreciable changes at decolorization rate when
the concentration of H,O, further increased. However, at high
concentration, HyO; can also become a scavenger of valence
bond holes and hydroxyl radicals [8,12,22].

H,0;, +2htyg — 0,4+ 2HT (D
H,0, + OH®* - HO,* + H,0 2)
HO,* + OH®* - H,0 + O, 3)

3.4. Initial dye concentration effect

The time dependencies of RR 198 during the photocatalytic
degradation were investigated at the various initial concentra-
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Fig. 6. The effect of initial concentration of dye on the time dependence of
unconverted fraction of dye (H,O, 450 mg/L).

tions of dye. Fig. 6 shows the time dependence of unconverted
fraction of RR 198 (C/Cy) for the various initial concentrations
(50, 75 and 100 mg/L). Clearly, Fig. 6 shows that the first-order
kinetic relative to dye is operative. However, the apparent
first-order rate constant depends on the initial concentration of
dye. As expected by increasing the dye concentration, the rate
constant (k) (1/min) is decreased (0.1344 (R?>0.994), 0.0691
(R?>>0.992) and 0.0432 (R*>>0.993) for 50, 75 and 100 mg/L
respectively).

With the increase in the dye concentration, less photon
reaches the photocatalyst surface, resulting in slower production
of hydroxyl radicals (OH®). In combination with this, the fewer
OH?* available are required to oxidize more dye molecules [23].

Another possible cause is the interference from intermedi-
ates 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 [12].

3.5. Degradation of RR 198

During the photocatalytic degradation of RR 198, various
organic intermediates were produced. Consequently, destruc-
tion of the dye should be evaluated as an overall degradation
process, involving the degradation of both the parent dye and its
intermediates.

The chemical oxygen demand (COD) gives a measure of
degradation of dye and generated intermediates during the irra-
diation [24] and also a measure of the oxygen equivalent of the
organic content in a sample that is susceptible to oxidation by
strong oxidant. The rate of COD removal efficiency of RR 198
was shown in Fig. 7. This figure shows that after 3 h irradiation,
80% reduction in the COD of the sample was achieved. Also,
the S-shape of the COD removal curve denotes the formation of
by-products.

Further hydroxylation of aromatic intermediates products
leads to the cleavage of the aromatic ring resulting in the for-
mation of oxygen-containing aliphatic compounds [1,25]. The
intermediates (organic carboxylic acids) generated during the
degradation process were analyzed by IC and identified by com-
parison with commercial standards. Formate and oxalate were
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Fig. 7. COD removal of the solution during photocatalytic degradation of RR
198 (dye 50 mg/L and H,0; 450 mg/L).
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Fig. 8. Changes of formate and oxalate concentrations during photocatalytic
degradation of RR 198 (dye 50 mg/L and H,O, 450 mg/L).

detected as important aliphatic intermediates during degradation
of RR 198 (Fig. 8). 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™ +TiOs(hyg ™) — TiO, +R® +CO, 4)

Also, in order to investigate the photocatalytic mineralization of
RR 198, some inorganic ions arising from the dye degradation
were followed with irradiation time. The degradation leads to
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Fig. 9. Formation of C1~ from the photocatalytic degradation of RR 198 (dye
50 mg/L and H,O; 450 mg/L).
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Fig. 10. Formation of NO3~ from the photocatalytic degradation of RR 198
(dye 50 mg/L and H,O, 450 mg/L).
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Fig. 11. Formation of SO42~ from the photocatalytic degradation of RR 198
(dye 50 mg/L and HoO, 450 mg/L).

the conversion of organic carbon into harmless gaseous CO»
and that of nitrogen and sulfur heteroatoms into inorganic ions,
such as nitrate and sulfate ions, respectively [13]. The formation
of inorganic ions including CI™, NO3~ and SO4%~ from dye
mineralization is reported for an irradiation period of 240 min in
Figs. 9-11, respectively. The overall photocatalytic degradation
process of RR 198 can be shown as follows:

Dye molecule (RR 198) — aromatic intermediates
— organic carboxylic acids + inorganic anions

— final products (SO42_, NO;~, CI™, HyOand CO»)

4. Conclusions

The photocatalytic degradation of RR 198 having differ-
ent chemical groups was successfully performed. The decol-
orization of RR 198 was followed by first-order kinetic model
(R*=0.99) at optimal H>O; concentration (450 mg/L). Decol-
orization and degradation of dye were tested by UV—vis, IC and
COD analyses. In the photocatalytic degradation of azo dye, azo
linkage was broken and substituted aromatic intermediates were
produced, they can be further oxidized and finally mineralized
to produce CO,, H;O, etc. Knowledge of the decolorization
kinetics and formation and degradation of reaction intermedi-
ates is important from practical point of view. Immobilization
of TiO; is an easy method to resolve the problems of suspended
photocatalyst powder such as filtration and recovery of fine par-
ticles. Hence, this technique may be valuable for the treatment
of large-scale textile wastewater and reuse of treated water.
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