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Abstract

The photocatalytic degradation of three commercial textile dyes with different structure has been
investigated using Ti@(Degussa P25) photocatalyst in aqueous solution under solar irradiation.
Experiments were conducted to optimise various parameters viz. amount of catalyst, concentration
of dye, pH and solar light intensity. Degradation of all the dyes were examined by using chem-
ical oxygen demand (COD) method. The degradation efficiency of the three dyes is as follows:
Reactive Yellow 1{RY17) > Reactive Red 2RR2) > Reactive Blue 4 (RB4), respectively. The
experimental results indicate that TiDegussa P25) is the best catalyst in comparison with other
commercial photocatalysts such as, Ti®lerck), ZnO, ZrQ, WOs and CdS. Though the UV
irradiation can efficiently degrade the dyes, naturally abundant solar irradiation is also very effec-
tive in the mineralisation of dyes. The comparison between thin-film coating and aqueous slurry
method reveals that slurry method is more efficient than coating but the problems of leaching and the
requirement of separation can be avoided by using coating technique. These observations indicate
that all the three dyes could be degraded completely at different time intervals. Hence, it may be a
viable technique for the safe disposal of textile wastewater into the water streams. © 2002 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Textile dyes are an abundant source of coloured organic compounds that present an in-
creasing environmental danger. During dye production and textile manufacturing processes
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a large quantity of wastewater containing dyestuffs with intensive colour and toxicity can
be introduced into the aquatic systems. Due to the large degree of organics present in these
molecules and stability of modern textile dyes, conventional biological treatment meth-
ods are ineffective for their decolourisation and degradation [1-10]. This led to the study
of other effective methods. Recent studies have demonstrated that photocatalysis can be
used to destroy dye compounds using semiconductor photocatalysts under light irradiation
[11-16].

Many catalysts like Ti@ (Degussa P25), TieXMerck), ZnO, ZrQ, WOs, Sr0,, FeOs,

Ce(, CdS and ZnS have been attempted for the photocatalytic degradation of a wide variety
of environmental contaminants. However, only a handful of studies have been attempted
which compare the efficiency of different catalysts for a particular organic compound under
identical experimental conditions. Serpone and Pelizzetti [17] have reported thaado

ZnO are the two most active catalysts in the degradation of pentachlorophenol under the
identical experimental conditions. Hence, attempts have been made to study the activity of
different photocatalysts such as pi(®egussa P25), TigXMerck), ZnO, WQ, ZrO, and

CdS in the photocatalytic degradation of three commercial textile dyes.

Since sunlight is abundantly available natural energy source, its energy can be conve-
niently exploited for the irradiation of semiconducting materials. UV irradiation is yet
another high energy source for degradation of organics present in the effluents. In pho-
tocatalytic process, electron—hole recombination is a major problem to circumvent. In
photocatalysis, UV irradiation source stands up among other sources to avoid this problem.
So it was decided to study the influence of solar light and UV light independently on the
photocatalytic degradation of dyes.

In recent years, vast majority of investigations in the area of photocatalytic degradation
of pollutants have employed suspension of the semiconducting particles. However, from
practical point of view it may not be possible to completely recover the photocatalysts used in
the reactor. The use of catalyst as slurry, after photocatalytic degradation, has been a problem
of leaching and separation of photocatalysts from the degraded reaction mixture. This needs
eitherlong time settlement or centrifugation. Hence, many researchers have decided to study
the feasibility of coating the photocatalyst on inert surfaces like glass, polythene fibres and
cement surface [18—21]. Fixation of the catalyst on a stationary support could circumvent
the need to recover the catalyst from the reaction mixture without any leaching.

The purpose of this study was to investigate the degradation of the three dyes with
photocatalytic system and the effects of different parameters such as catalyst loading, con-
centration of dye, pH, intensity of solar light, coating of catalyst with cement binder and
the role of different commercial catalysts on the degradation efficiencies.

2. Experimental

2.1. Chemicals

The commercial samples of common textile dyes, Reactive Yellow 17 (RY17), Reactive
Blue 4 (RB4) and Reactive Red 2 (RR2) obtained from Vanavil (India) Ltd., were used
as such. The commercially available photocatalysts such ags (@gussa P25 grade,



B. Neppolian et al./Journal of Hazardous Materials B89 (2002) 303-317 305

Germany), TiQ, ZnO (Merck) and other photocatalysts such asZMO3z and CdS (S-d
Fine Chemicals) were used as received.

2.2. Chemical oxygen demand (COD)

The chemical oxygen demand (COD) is used as a measure of the oxygen equivalent of
the organic content in a sample that is susceptible to oxidation by a strong oxidant. The
dichromate reflux method is adapted to estimate COD [22].

2.3. Solar and UV light intensity measurements

The intensity of solar light was measured using Lux meter (Lutron Lx-101, Lux, Taiwan)
atvarious time intervals of 2 h between 8 a.m. and 4 p.m. The intensity of six UV lam8s (6
W low-pressure mercury vapour lamps) was measured using potassium ferrioxalate acti-
nometry [23] and the intensity of incident light was found to Bl #x 10~° Einstein/cn3 s.

2.4. UV source photocatalytic reactor

The cylindrical photochemical reactor was made up of quartz having dimensionsx30 cm
3cm (heightx diameter) and provided with water circulation arrangement in order to
maintain the temperature. The top portion of the reactor has ports for sampling, gas purger
and gas outlet. The irradiation was carried out usisg8N low-pressure mercury arc lamp
built into a lamp housing with polished anodised aluminium reflectors and placed 6.5cm
away from the reactor in order to prevent light radiation. The lamps emit predominantly UV
radiation at a wavelength of 254 nm. During the photolysis experiments, the dye solution
containing the appropriate quantity of the photocatalyst powder was magnetically stirred
before and during illumination. After specific time intervals of irradiation, suitable aliquots
of the sample were withdrawn and analysed after centrifugation.

2.5. Solar photocatalytic reactor

The cylindrical reactor of 200 ml capacity was made up of borosilicate glass having
dimensions 8cmx 4.5cm (heightx diameter) with ports at the top for sampling, gas
purger and gas outlet. The experiments were performed at ambient temperature. Solar light
was used as the energy source for catalyst excitation. The reactor assembly was placed on
a magnetic stirring plate to further enhance the agitation, and at periodic intervals samples
were drawn from the reactor and analysed after centrifugation for degradation.

2.6. Thin-film coated photocatalytic device

The photocatalyst powder was thoroughly mixed with Portland cement in the ratio 1:1 by
grinding. The mixture was then transformed into a semisolid mass with suitable addition of
distilled water. The semisolid mass was applied physically to the inner surface of the Petri
dish as a thin coating. It was then allowed to set for 2 h. The dye solution was taken in the
dish and exposed to direct sunlight. The Petri dish used in this studySsfibx 1.8cm
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(diameteix height). The progress of photocatalytic degradation of the dye was monitored by
withdrawing definite quantity of aliquots at regular intervals and measuring the absorbance
in the UV-VIS spectrophotometer for decolourisation and degradation using COD method.

3. Resultsand discussion
3.1. Batch studies

Experiments were performed with aqueous solution of dyes RY17, RR2 and RB4 in batch
studies. Some of 100 ml of each dye solution of different concentration was taken in the
batch reactor and maintained at the respective natural pH of the dye solution. The natural
pH of RY17, RR2 and RB4 were 3.5, 4.65 and 4.20, respectively. The required amount of
photocatalyst was added and the dye solutions were equilibrated for few minutes with con-
tinuous stirring using a magnetic stirrer. Additional experiments were conducted to verify
that the observed reaction was indeed photocatalysis. The dye samples were first irradiated
with solar/UV light without adding photocatalyst, and then it was slurred with photocatalyst
in the absence of solar/UV light. After 8 hirradiation, direct photolysis contributed less than
3% degradation in solar irradiation, whereas 5% degradation was observed in the case of
UV irradiation within 6 h for the optimised concentration of dyes. There was strong adsorp-
tion of dyes on TiQ (Degussa P25, the extent of adsorption at optimised concentrations
approximately 10-15%). During the reaction, the adsorbed dyes were completely oxidised
from the TiQ surface.

3.2. Effect of Ti@ loading

The effect of TiQ loading on percentage degradation of the dyes has been examined
by varying its amount from 100 to 600 mg/100 ml of the dye solution and the results are
presented in Table 1. The percentage degradation increases rapidly with the increase in the

Table 1
Effect of TiO, loading*?
Amount of Name of the dye
TiOz (mg/100ml)  pyy7 RR2 RB4
Final COD  Degradation Final COD Degradation Final COD  Degradation
(mg/l) (%) (mg/l) (%) (mg/) (%)
100 277 42 142 37 43 60
200 56 88 117 48 31 71
300 9 98 21 91 18 83
400 9 98 18 92 17 85
500 9 98 12 95 13 88
600 28 94 12 95 13 88

2|rradiation time: 8 h.
bnitial concentration: RY17, x 10-3M; RR2, 1.04x 103 M; RB4, 4 x 10~* M. Initial COD (mg/l):

RY17, 476; RR2, 225, RB4, 108.
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amount of TiQ from 100 to 300 mg/100 ml for all the three dyes. The minimum percentage
degradation at lower Tigloading can be attributed to the fact that more light is transmitted
through the reactor and the transmitted light is not utilised in the photocatalytic reaction [24].
Beyond 300mg of TiQ, the percentage degradation increases only slightly in the case of
RR2 and RB4 dyes up to 500 mg. Butin the case of RY17, percentage degradation was found
to be constantwith increase of Ti®ading suggesting that upper level for catalyst effective-
ness exists. Similar trends were reported previously in other photocatalytic reactions over
TiO; catalyst [25,26]. Further increase in the amount ofIi@m 500 to 600 mg in RY17,
the percentage degradation decreases [27]. This can be rationalised in terms of availability
of active sites on Ti@ surface and the light penetration of photoactivating light into the
suspension. The availability of active sites increases with the suspension of catalyst loading,
but the light penetration and, hence, the photoactivated volume of the suspension shrinks.
The trade-off between these two effects is that at low solute concentration, when there are
excess active sites, the balance between the opposing effect is evenly poised and change
in suspension loading makes little difference on the percentage degradation. At high solute
concentration availability of excess active sites outweighs the diminishing photoactivated
volume and significantly greater percentage is achieved at increasedbaiding [28].

Thus, the decreased percentage degradation at higher catalyst loading may be due to
deactivation of activated molecules by collision with ground state molecules. Shielding by
TiO2 may also take place (Eg. (1)).

TiOo* + TiO» — TiO5* + TiO, 1)

where TiQ* is the TiQ, with active species adsorbed onits surface ang*fifie deactivated
form of TiO».

Hence, an optimum catalyst has to be added in order to avoid unnecessary excess
catalyst and also to ensure total absorption of solar light photons [29] for efficient
photomineralisation.

3.3. Effect of concentration of dye

The effect of initial concentration of dyes on the percentage degradation was studied
by varying the initial concentration from 8 10~ to 1.2 x 103 M in the case of RY17
dye, from 416 x 10~ to 1.25 x 10 3M in the case of RR2 dye and fromx 104
to 5x 107*M in the case of RB4 dye with optimum catalyst loading. It can be seen in
Table 2 that percentage degradation decreases with increasing initial concentration of the
dye. The possible explanation for this behaviour is that as the initial concentration of the dye
increases, the path length of photons entering the solution decreases and in low concentration
the reverse effect is observed, thereby increasing the number of photon absorption by the
catalyst in lower concentration [25]. The same effect was observed by Matthews [30] during
the photocatalytic degradation of methylene blue dye withyTi&talyst.

This suggests that as the initial concentration of the dye increases, the requirement of
catalyst surface needed for the degradation also increases. Since illumination time and
amount of catalyst are constant, the OH radical (primary oxidant) formed on the surface of
TiO, is also constant. So the relative number of free radicals attacking the dye molecules
decreases with increasing amount of the catalyst [31]. The major portion of degradation
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Table 2

Effect of concentration of dyes on percentage degradation®?

Name of the dye

RY17 RR2 RB4

Concentration  Initial Final Degrada- Concentration  Initial Final Degrada- ConcentrationInitial Final Degrada-
of dye (M) COD (mg/l)  COD (mg/l)  tion (%) of dye (M) COD (mg/l) COD (mg/l) tion (%) ofdye (M) COD (mg/l) COD (mg/l) tion (%)
8 x 1074 381 0 100 4.16 x 107* 90 0 100 1x107* 27 0 100
9x 1074 428 26 94 6.24 x 107 135 0 100 2x 1074 54 0 100

1.0 x 1073 476 56 88 832 x 1074 180 7 96 3x 1074 81 10 88

1.1 x 1073 524 178 66 1.04 x 1073 225 21 91 4 %1074 108 20 82

1.2 x 1073 572 246 57 1.25 x 1073 270 120 56 5x 1074 135 86 36

2 Irradiation time: 8 h.
b Amount of TiO, (mg/100 ml): RY17, 200; RR2, 300; RB4, 250.
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occurs inthe region (termed as reaction zone) near to the irradiated side, since the irradiation
intensity in this region is much higher than that at the other side [32]. Hence, at higher
concentration, degradation decreases at sufficiently longer distances from the light source
or reaction zone due to the retardation of penetration of light. Thus, the rate of degradation
decreases with increase in concentration of dyes.

3.4. Effect of pH

The wastewater from textile industries usually have a wide range of pH values. Further,
the generation of hydroxyl radicals is also a function of pH. Thus, pH plays an important
role both in the characteristics of textile wastes and generation of hydroxyl radicals. Hence,
attempts have been made to study the influence of pH in the degradation of dyes in the solar
lightirradiation. Photodegradation process was examined at pH values ranging from 3 to 13
for all the three dyes. In all the experiments pH was adjusted by adding appropriate amount
of 0.02N bSO, or 0.02N NaOH solution. The effect of pH on the degradation is shown in
Table 3.

At optimum concentration of dyes in both acidic and alkaline pH, it seems to decrease
the percentage degradation of the dyes. The inhibitory effect seems to be more pronounced
in the alkaline range (pH 11-13). At high pH values the hydroxyl radicals are so rapidly
scavenged that they do not have the opportunity to react with dyes [33,34]. The pH affects
not only the surface properties of TiCbut also the dissociation of dyes and formation of
hydroxyl radicals. The interpretation of pH effects on the efficiency of the photodegradation
process is a very difficult task, because three possible reaction mechanisms can contribute
to dye degradation, namely, hydroxyl radical attack, direct oxidation by the positive hole,
and direct reduction by the electron in the conducting band. The importance of each one

Table 3
Effect of pH on the degradation of dyes

pH Name of the dye

RY17 RR2 RB4

Final COD Degradation  Final COD Degradation  Final COD Degradation
(mg/) (%) (mg/) (%) (mgfl) (%)

3 56 88 21 91 20 80
4 56 88 21 91 20 82
5 56 88 6 97 16 85
6 12 98 6 97 16 85
7 9 99 6 97 16 85
8 5 95 6 97 16 85
9 24 95 6 97 16 85
10 24 95 6 97 16 85
11 38 92 19 92 20 82
12 60 87 19 92 24 78
13 60 87 19 92 30 72

a|nitial concentration: RY17, k 103 M; RR2, 1.04x 10~3M; RB4, 4 x 10~*M. Initial COD (mg/l): RY17,
476; RR2, 225, RB4, 108. Amount of Tgmg/100 ml): RY17, 200; RR2, 300; RB4, 250.
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Table 4
Effect of solar light intensit§®°

Solar lightintensity  Name of the dye

(~ix £+ 10) RY17 RR2 RB4
Final COD Degradation Final COD Degradation Final COD Degradation
(mgfl) (%) (mgll) (%) (mgfl) (%)
83000 398 16 194 14 97 10
95000 380 20 186 17 92 15
112000 352 26 175 22 87 19
116000 332 30 164 27 83 23
120000 318 33 15 31 79 27

2|rradiation time: 2 h.
bnitial concentration: RY17, x 1073M; RR2, 1.04x 103 M; RB4, 4 x 10~* M. Initial COD (mg/l):
RY17, 476; RR2, 225; RB4, 108. Amount of Ti@mg/100 ml): RY17, 200; RR2, 300; RB4, 250.

depends on the substrate nature and pH [35]. In the present case, it can be presumed that the
main reaction is presented by the hydroxyl radical attack, which can be favoured by the high
concentration of the hydroxyl radicals at around neutral pH. An additional explanation for
the pH effects can be related with changes in the specification of the dye. That s, protonation
or deprotonation of the dye can change its adsorption characteristics and redox activity.

3.5. Effect of solar light intensity

The percentage degradation of all the three dyes increased with increasing solar light
intensity (Table 4). Under the higher intensity of light irradiation, the enhancement was
considerably higher because that the electron—hole formation is predominant and, hence,
electron—hole recombination is negligible. However, at lower light intensity, electron—hole
pair separation competes with recombination which in turn decreases the formation of free
radicals, thereby, causing less effect on the percentage degradation of the dyes [36].

3.6. Comparison of photocatalytic degradation of three dyes

The rate of COD removal efficiency of RR17 was found to be higher than the other
two RR2 and RB4 dyes. (Table 2, see initial and final COD values of all three dyes). This
possible explanation for this behaviour is as follows.

The three dyes have well-defined absorption in both UV as well as the visible region of the
spectrum (Table 5). In that respect the dyes are similar. The important structural difference
among the three molecules is that in case of RY17 and RR2 there is diazo greip, (N
which is not present in RB4. The diazo groupMlis susceptible to photodegradation [37].
That makes the first two dyes to degrade easily. Further,—Ci%— linkage in RY17 is also
labile in the reaction environment [38]. In RB4, the presence of the anthraquinone structure
and the absence of ¥ makes it resistant to photodegradation. These basic structural
differences explain the observed order of their degradation, i.e. RYRR2 > RB4.
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Table 5
Commercial dyes used for the experiment with their chemical structure and absorption maxima
Dyes (commercial name) Chemical structure Amax (M)
HO,
T pa e
N=N—__N
Reactive Yellow 17 HyH, 426, 251
K0;S-C-C-S0; H;C
COCH;
Cl
N=—
OH NH N
\N /
Reactive Red 2 ©N=N CO Cl 512,237
SO;Na
(o] NH,

SO 3Na
Cl
Reactive Blue 4 596, 253

3.7. Comparison of photocatalytic activity of commercial catalysts

From Table 6, it is clearly indicated that Ti@Degussa P25) and ZnO are found to be
the more active in the degradation of the three dyes using 8 h solar irradiation. Maximum
88% degradation in RY17 is observed with piegussa P25) and 73% degradation over
ZnO catalyst. TiQ (Merck) and CdS are less active compared tosT{Degussa P25)
and ZnO, but Zr@ and WG have not shown any significant photodegradation of these
dyes. The same trend is observed even with UV irradiation (Table 7). The difference in
the activity of catalysts is explained as follows. This is due to the fact that @@dtase
and rutile form (70:30, anatase:rutile) appears to be the most photoactive catalyst. It is
biologically and chemically inert. It is stable with respect to photocorrosion and chemical
corrosion [39,40]. However, Ti®(Merck, surface area: 4.86 n?/g) has the surface area
10 times less than that of TiODegussa P25 (surface area 50.46 n?/g) and, hence,
its photocatalytic activity is less compared to Degussa P25 grade. ZnO is unstable with
respect to incongruous dissolution [41] to yield Zn(Qldh the ZnO particle surfaces and,
thus, leading to catalyst inactivation. Moreover ZnO and CdS suffers from photocorrosion
induced by self-oxidation. CdS (band gap2.3eV) and ZnO (band gapg- 3.2eV) can
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Table 6
Photocatalytic degradation of three dyes with solar light séifrce
Name of Name of the dye
the catalyst RY17 RR2 RB4
Final COD Degradation Final COD Degradation Final COD Degradation
(mgfl) (%) (mgfl) (%) (mgfl) (%)
TiO, (Degussa P25) 56 88 18 92 15 82
Zn0O 128 73 35 85 47 42
TiO2 (Merck) 319 33 109 52 59 27
Cds 410 14 145 36 52 36
ZrO; 438 8 210 7 72 11
WO3 439 8 225 0 74 9

2|rradiation time: 8 h.
bnitial concentration: RY17, I 10-3M; RR2, 1.04x 10-3M; RB4, 3 x 10~*M. Initial COD (mg/l):
RY17, 476; RR2, 225, RB4, 81. Amount of catalyst (mg/100 ml): RY17, 200; RR2, 400; RB4, 200.

react with the photogenerated holes giving following reactions:

ZnO+ 2h* — zn*t + 10, )
CdS+2ht — Cd?t + S (3)

These competing reactions lead to decrease in photocatalytic activity. The occasional release
of metal ions (C&t) into the aqueous medium [42,43] may cause heavy metal pollution.

In addition CdS is unsuitable as it readily undergoes photoanionic corrosion [12]. Thus,
the use of CdS, though able to degrade organic contaminants in wastewater, it will lead to
heavy metal pollution of water. The band gap in ¥W®and gap= 2.76 eV) is less than

TiO2 and ZnO. Though Zr@is stable and non-photocorrosive photocatalyst, its band gap

is around 4 eV. Hence, it is less active compared to other photocatalysts. From the above

Table 7

Photocatalytic degradation of three dyes with UV light so@ifce

Name of the Name of the dye

catalyst RY17 RR2 RB4

Final COD Degradation Final COD Degradation Final COD Degradation

(mgfl) (%) (mgfl) (%) (mgfl) (%)
TiO, (Degussa P25) 25 20 4.6 90 6 85
ZnO 144 40 23 49 29 29
TiO, (Merck) 182 24 41 9 37 10
Cds 179 25 41 9 37 10
ZrOp 210 125 42 7 39 5
WO3 216 10 38 16 37 10

2|rradiation time (min): RY17, 300; RR2, 60, RB4, 180.
b Initial concentration: RY17, 5 104 M; RR2, 2.08x 10~4M; RB4, 1.5x 10~*M. Initial COD (mg/l):
RY17, 240; RR2, 45, RB4, 41. Amount of catalyst (mg/100 ml): RY17, 100; RR2, 500; RB4, 50.
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studies, itis concluded that TidDegussa P25) is proved to be more a suitable bench mark
catalyst for degradation of textile dyes.

3.8. Effect of solar/UV irradiation on the photocatalytic activity

The photocatalytic degradation of RY 17804 M, 100 mg TiG:/100 ml), RR2 (208x
10~4M, 100 mg TiG®/100 ml) and RB4 (3x 10~4M, 100 mg TiG/100 ml) dyes using
TiO3 as photocatalyst and solar/UV irradiation as light source has been carried out and the
results are presented in Figs. 1-3, respectively. From Fig. 1, it could be seen that complete
degradation is achieved within 6 h UV irradiation whereas complete degradation requires
more than 10 h in solar irradiation of RY17 dye. Similar observations are made in the case
of RR2 and RB4 and the results are shown in Figs. 2 and 3. The difference in the rate of
degradation is attributed to difference in the input energy. The energy of UV irradiation is
large compared to band gap energy of the catalysts. Hence, the problem of electron—hole
recombination is not fully but largely avoided with UV source.

But in sunlight only 5% of the total radiation possess the optimum energy [44] for the
band gap excitation of electrons. Hence, the percentage degradation is found to be less
in solar radiation of textile dyes. Although sunlight has only 5% of optimum energy for
photocatalytic excitation and ultimately degradation of textile dyes, it could be safe and cost
effective source. UV source is not only hazardous but also expensive because of large input of
electric power to generate UV irradiation. In tropical countries intense sunlight is available
throughout the years and, hence, it could be effectively used for photocatalytic degradation
of pollutants in wastewater. In case of large surface demanding photocatalytic degradation,
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Fig. 1. Effect of solar/UV light source on the degradation of RY17.
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Fig. 2. Effect of solar/UV light source on the degradation of RR2.
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Fig. 3. Effect of solar/UV light source on the degradation of RB4.
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Table 8
Photocatalytic degradation of dyes with Fi@s coating methdd
Irradiation Name of the dye
time () RY17 RR2 RB4
Final COD Degradation Final COD Degradation Final COD Degradation
(mgfl) (%) (mgfl) (%) (mgfl) (%)
1 40.0 31 38.0 16 76.0 6
2 29.0 50 32.0 29 72.0 11
4 22.0 62 21.0 53 60.0 26
6 16.6 71 18.0 60 53.0 35
8 9.5 84 15.6 65 48.0 41
10 4.0 93 12.0 73 40.0 51
12 0.0 100 7.5 83 324 60
14 2.6 94 24.0 70
18 0.0 100 14.0 83
20 3.0 96
24 0.0 100

a|nitial concentration: RY17, 1.% 10~*M; RR2, 2.08x 10~*M; RB4, 3 x 10~*M. Initial COD (mg/l):
RY17,57.6; RR2, 45, RB4, 81. Ratio of Ti@ement (mg): RY17, 200; RR2, 200; RB4, 250.

sunlight would be the ultimate source. Moreover there is no material deterioration in case
that sunlight is used as a radiation source. But UV light source may effect the catalyst
decomposition [43].

3.9. Effect of coating method in the degradation of dyes

The experimental results are summarised in Table 8. Itis clear that complete degradation
of RY17 dye of concentration2 x 10-* M has been achieved in 12 h solar irradiation using
TiO,. RR2 and RB4 dyes (@8 x 10~* and 3x 10~4 M) are also completely degraded in 18
and 24 h, respectively. Similarly, experiments were conducted with ZnO coated reactor and
the results are presented in Table 9. Complete degradation of RY17 has occurred within 12 h
(1.3 x 10~4 M) exposure in sunlight whereas RR2 and RBA®3x 10~% and 3x 107* M)
have taken 14 and 18 h of exposure for complete degradation. The optimised concentration
of dyes used (Tables 8 and 9) is less in comparison to slurry studies. The thin-film coating
studies of TiQ and ZnO indicate that this method can be upgraded to large volume of textile
wastes of low concentration. If the concentration is high, dilution to the appropriate level
is a prerequisite.

The reason for the use of low concentration of dye solution is that the particles are only
half-exposed to light when irradiation induces band gap excitation of electrons. They may
not be available for the degradation in the solution side, if they migrate towards the support,
namely, TiQ/cement film. This would largely favour electron—hole recombination rather
than dye degradation. Particles are bound to one another and, hence, free movement of par-
ticles is restricted. Only particles on the surface alone are exposed to light irradiation. Even
though the concentration of dyes employed is low, the problem of leaching and separation
of photocatalyst after the reaction are fairly minimised in this method. The photocatalyst
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Table 9
Photocatalytic degradation of dyes with ZnO as coating méthod
Irradiation Name of the dye
time (h)
RY17 RR2 RB4
Final COD Degradation  Final COD Degradation  Final COD Degradation
(mgf1) (%) (mgfh) (%) (mgfh) (%)
1 43.0 32 52.8 22 74 9
2 40.0 37 43.1 37 68 16
4 30.0 53 33.0 52 56 31
6 18.0 72 20.4 70 48 41
8 5.8 91 10.0 85 39 52
10 3.2 95 5.4 92 32 61
12 0.0 100 3.2 95 25 69
14 0.0 100 20 75
18 0.0 100

a|nitial concentration: RY17, 1.% 1074 M; RR2, 3.12x 1074 M; RB4, 3 x 10~4M. Initial COD (mg/l):
RY17, 63; RR2, 68, RB4, 81. Ratio of ZnO:cement (mg): RY17, 250; RR2, 250; RB4, 350.

can be used for a number of cycles without loss of its photocatalyst activity. Hence, it may
be a viable technique for large volume of textile dye wastes degradation provided strong
binding of the photocatalyst particles on the surface of the reactor is possible.

4. Conclusions

Photocatalytic degradation of all the three textile dyes using {2gussa P25) photo-
catalyst depends on the amount of catalyst, concentration of dye, pH and solar light intensity.
The degradation efficiency of the three dyes follows: R¥1RR2 > RB4, respectively.
Among the catalysts, Tig(Degussa P25) is found to be an effective one because of its mul-
tiphase purity, large band gap and non-corrosive nature. Further the same catalyst can be
used for a number of cycles which will reduce the cost of operation. Though the UV irradi-
ation can bring better efficiency in the degradation of textile dyes, solar energy will emerge
as an alternative cost effective light source because of its abundance and non-hazardous
nature. Thin-film coating of photocatalyst may resolve the problems of leaching and sepa-
ration. Hence, this technique may be a viable one for treatment of large volume of textile
wastewater of low concentration.

Acknowledgements

This work was supported in part by Brain Korea 21 project and by the Korea Science
and Engineering Foundation (KOSEF) through the Advanced Environmental Monitoring
Research centre at Kwnangju Institute of Science and Technology. The Authors are grateful
for their support.



B. Neppolian et al./Journal of Hazardous Materials B89 (2002) 303-317 317
References

[1] R.H. Souther, T.A. Alspaugh, J. Water Pollut. Control Fed. 29 (1957) 804-810.
[2] A. Hamza, M. F. Hamoda, Multiprocess treatment of textile wastewater, in: Proceedings of the 35th Purdue
Industrial Waste Congress, West Lafayette, IN, 1980.
[3] H.L. Sheng, M.L. Chi, Water Res. 27 (1993) 1743-1748.
[4] I. Arslan, I.A. Balcioglu, T. Tuhkanen, D. Bahnemann, J. Environ. Eng. 126 (2000) 903-911.
[5] S.K. Chaudhuri, Babita Sur, J. Environ. Eng. 126 (2000) 583-594.
[6] N. Stock, J. Peller, K. Vinodgopal, P.V. Kamat, Environ. Sci. Technol. 34 (2000) 1747-1750.
[7] S. Das, P.V. Kamat, S. Padmaja, S.A. Madison, J. Chem. Soc., Perkin Trans. 2 (1999) 1219-1223.
[8] Y. Yang, D.T. Wyatt, M. Bahorsky, Textile Chem. Colorist 30 (1998) 27-35.
[9] I.A. Balcioglu, I. Arslan, Environ. Technol. London 18 (1997) 1053-1059.
[10] Y. Daoxin, D. Shugui, X. Huasheng, J. Environ. Sci. 6 (1994) 244-251.
[11] H. Al-Ekabi, A. Safarzadeh, W. Sifton, J. Story, J. Environ. Pollut. 1 (1991) 125-136.
[12] M.R. Hoffmann, S.T. Martin, W. Choi, D.W. Bahnemann, Chem. Rev. 95 (1995) 69-96.
[13] D.M. Blake, Bibliography of Work on the Photocatalytic Removal of Hazardous Compounds from Water
and Air, National Renewable Energy Laboratory, Golden, CO, 1994.
[14] B. Neppolian, S. Sakthivel, M. Palanichamy, B. Arabindoo, V. Murugesan, Stud. Surf. Sci. Catal. 113 (1998)
329-335.
[15] B. Neppolian, S. Sakthivel, M. Palanichamy, B. Arabindoo, V. Murugesan, J. Environ. Sci. Health: Part A
A43 (1999) 1829-1838.
[16] B. Neppolian, S. Sakthivel, M. Palanichamy, B. Arabindoo, V. Murugesan, Bull. Cat. Soc. India 81 (1999)
164-171.
[17] N. Serpone, E. Pelizzetti (Eds.), Photocatalysis: Fundamentals and Applications, Wiley, New York, 1989.
[18] N.J. Peill, M.R. Hoffmann, Environ. Sci. Technol. 29 (1995) 2974-2981.
[19] J. Sabate, M.A. Anderson, H. Kikkawa, M. Edwards, J.C.G. Hill, J. Catal. 127 (1991) 167-177.
[20] A. Fernandz, G. Lasaletta, V.M. Jimenez, A. Justo, A.R. Gonzalez-elipe, J.M. Herrmann, H. Tahiri, Y.
Ait-Ichon, J. Appl. Catal. B: Environ. 7 (1995) 49-63.
[21] K. Tennakone, C.T.K. Tilakaratne, |.R.M. Kotegoda, J. Photochem. Photobiol. A: Chem. 87 (1995) 177-179.
[22] APHA, Standard Methods for the Examination of Water and Wastewater, America Water Works Association,
New York, 1989.
[23] C.G. Hatchard, C.A. Parker, A new sensitive chemical actinometer. Il. Potassium ferrioxalate as a standard
chemical actinometer, in: Proceedings of Royal Soc. London, Ser. A 220 (1956) 518-536.
[24] U. Stafford, K.A. Gary, P.V. Kamat, J. Catal. 167 (1997) 25-32.
[25] R.J. Davis, J.L. Gainer, G.O. Neal, I. Wenwu, Water Environ. Res. 66 (1994) 50-53.
[26] K. Okamoto, Y. Yakamoto, H. Tanaka, A. Itaya, Bull. Chem. Soc. Jpn. 58 (1985) 2023—-2028.
[27] J.M. Tseng, C.P. Huang, Water Sci. Technol. 23 (1991) 377-380.
[28] R.W. Matthews, Water Res. 24 (1990) 653—660.
[29] J.M. Herrmann, Catal. Today 24 (1995) 157-164.
[30] R.W. Matthews, J. Chem. Soc., Faraday Trans. 85 (1989) 1291-1302.
[31] Z. Mengyue, C. Shifu, T. Yaown, J. Chem. Tech. Biotechnol. 64 (1995) 339-344.
[32] L. Zang, C.Y. Liu, X.M. Ren, J. Photochem. Photobiol. A: Chem. 85 (1995) 239-245.
[33] M. Galbraith, M. Minshu, S. Davis, S. Masten, Hazardous Ind. Wastes 24 (1992) 411-420.
[34] A.P. Davis, C.P. Huang, Water Sci. Technol. 21 (1990) 455-464.
[35] W.Z. Tang, Z. Zhang, H. An, M.O. Quintana, D.F. Torres, Environ. Technol. 18 (1997) 1-12.
[36] D. Bahnemann, in: P. Boule (Ed.), Photocatalytic degradation of polluted waters, The Handbook of
Environmental Chemistry. 2. Part L: Environmental Photochemistry, Springer, Berlin, 1999, pp. 285-351.
[37] T. Panswad, W. Luangdilok, Water Res. 34 (2000) 4177-4184.
[38] Y. Wang, Water Res. 34 (2000) 990-994.
[39] M.V. Rao, K. Rajeshwar, V.R. Vernerker, J. Dubow, J. Phys. Chem. 84 (1980) 1987-1991.
[40] S. Nishimoto, B. Ohtani, H. Kajiwara, T. Kagiya, J. Chem. Soc., Faraday Trans. 81 (1985) 61-68.
[41] D.W. Bahnemann, C. Kormann, M.R. Hoffmann, J. Phys. Chem. 91 (1987) 3789-3798.
[42] N. Kakuta, J.M. White, A.J. Bard, A. Campion, M.A. Fox, S.E. Weber, M. Finlayson, J. Phys. Chem. 89
(1985) 48-52.
[43] J. Domenech, A. Prieto, J. Phys. Chem. 90 (1986) 1123-1126.
[44] P. Maruthamuthu, in: V. Murugesan (Ed.), Photocatalytic Decomposition of Pollutants, National Workshop on
Industrial Wastewater Treatment by Semiconductor Photocatalysis, Anna University, Chennai, India, 1995.



	Solar/UV-induced photocatalytic degradation of three commercial textile dyes
	Introduction
	Experimental
	Chemicals
	Chemical oxygen demand (COD)
	Solar and UV light intensity measurements
	UV source photocatalytic reactor
	Solar photocatalytic reactor
	Thin-film coated photocatalytic device

	Results and discussion
	Batch studies
	Effect of TiO2 loading
	Effect of concentration of dye
	Effect of pH
	Effect of solar light intensity
	Comparison of photocatalytic degradation of three dyes
	Comparison of photocatalytic activity of commercial catalysts
	Effect of solar/UV irradiation on the photocatalytic activity
	Effect of coating method in the degradation of dyes

	Conclusions
	Acknowledgements
	References


