
A

d
c
t
f
d
k
h
©

K

1

r
t
e
r
t
u
A
o
s
d
i
i
g
T
c
c
c

0
d

Available online at www.sciencedirect.com

Journal of Hazardous Materials 149 (2007) 725–734

Photocatalytic degradation of Azure and Sudan dyes using nano TiO2

T. Aarthi, Prashanthi Narahari, Giridhar Madras ∗
Department of Chemical Engineering, Indian Institute of Science, Bangalore 560012, India

Received 14 October 2006; received in revised form 11 December 2006; accepted 15 April 2007
Available online 20 April 2007

bstract

The present study investigates the dependence of photocatalytic rate on molecular structure of the substrate that is degraded. The photocatalytic
egradation of Azure (A and B) and Sudan (III and IV) dyes, having similar structure, but different functional groups, were investigated with two
atalysts. The photocatalytic activity of solution combustion synthesized TiO2 (CS TiO2) was compared with that of Degussa P-25 for degrading
hese dyes. The effect of solvents and mixed-solvent system on photodegradation of Sudan III was investigated. The photodegradation rate was
ound to be higher in solvents with higher polarity. The effect of pH and the presence of metal ions in the form of chloride and nitrate salt, on

egradation rate of Azure A was also investigated. The metal ions significantly reduced the photocatalysis rates. A detailed Langmuir–Hinshelwood
inetic model has been developed to explain the effect of metal ions on degradation rate of the substrate. This model elucidates the contribution of
oles and electrons towards degradation of the dye.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Photocatalysis is a process by which a semiconducting mate-
ial absorbs light of energy more than or equal to its band gap,
hereby generating holes and electrons, which can further gen-
rate free-radicals in the system to oxidize the substrate. The
esulting free-radicals are very efficient oxidizers of organic mat-
er. The degradation of organic compounds is the most widely
sed photocatalytic application of nanocrystalline TiO2 [1–3].
detailed analysis of electronic and charge–transfer processes

ccurring during heterogeneous photocatalysis on TiO2 has been
ummarized in reviews [4,5]. The photocatalytic degradation of
yes by TiO2 has been extensively and prominently explored
n many previous studies [6,7]. The mode of synthesis of TiO2
nfluences the photocatalytic activity of the catalyst (i.e., band
ap, bounded hydroxyl species, crystallinity and particle size).
he anatase phase nano titania (TiO2) prepared by the solution
ombustion method has been reported to have better photo-

atalytic activity compared to the commercial Degussa P-25
atalyst [8,9].

∗ Corresponding author. Tel.: +91 80 309 2321; fax: +91 80 309 2321.
E-mail address: giridhar@chemeng.iisc.ernet.in (G. Madras).
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The effect of molecular structure and functional groups on
he photodegradation rate on substituted phenols [10], nitro-
romatics [11], multi-substituted phenols [12], nitrogen moieties
n surfactants [13] and number of azo groups in dyes [14]
as been illustrated. The present study aims at determining
he dependence of photocatalysis of dye substrates with simi-
ar structures but different functional groups. Hence, a pair of
zure dyes and a pair of Sudan dyes was chosen for this study.
ig. 1 shows the structure of the dyes Azure A, Azure B, Sudan
II and Sudan IV. The replacement of H by methyl group in
zure A gives the dye Azure B. The addition of two methyl
roups, one to each benzene ring of Sudan III gives the dye
udan IV. Azure dyes are soluble completely in water and spar-

ngly in ethanol. Sudan dyes are insoluble in water but soluble
n aromatic hydrocarbons (like toluene, xylene and high boiling
romatic blend) and ethanol. The effect of solvents on pho-
odegradation has been investigated in earlier studies [15]. The
ffect of organic solvents on photodegradation of a dye soluble
n organic solvents, but insoluble in water, could be interesting
o investigate. Hence, the effect of solvents and mixed-solvent
ystem on the photodegradation of Sudan III has been investi-

ated in this work. Dye containing polluted water also contains
etal ions. Several studies report the retardation effect of inor-

anic salts on the photodegradation of pollutants, like NaCl on
henol degradation [16], NaCl, Na2SO4, etc., on azo dyes [17],

mailto:giridhar@chemeng.iisc.ernet.in
dx.doi.org/10.1016/j.jhazmat.2007.04.038
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Fig. 1. Structure of (a) Azure A; (b)

ransition metal ions such as Cu2+ and Fe3+ on several dyes
18]. Therefore, the effect of metal ions like Cu2+, Zn2+, Al3+,
o2+ on the degradation rate of Azure A has been investigated.
o study the effect of anion, the presence of chloride and nitrate
alts were investigated. To model the retardation kinetics, exper-
ments were conducted at different concentration of copper salt
nd a detailed Langmuir–Hinshelwood kinetics was developed.
he effect of pH on photocatalysis has been extensively stud-

ed and a review on this aspect can be found elsewhere [3]. In
his study, the effect of pH on photocatalysis by combustion
ynthesized TiO2 has also been investigated.

The objective of the work is to determine the effect of func-
ional groups on the degradation rates of water-soluble and water
nsoluble dyes in the presence of the combustion synthesized
atalyst for the first time. The effect of metal ions and solvents

n the degradation of the dyes has also been investigated and
new detailed Langmuir–Hinshelwood kinetic model has been
eveloped for the first time to explain the effect of metal ions
n degradation rate of the substrate and clearly differentiate the
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e B; (c) Sudan III and (d) Sudan IV.

ontribution of holes and electrons towards degradation of the
ye.

. Experimental

.1. Materials

The dyes, Azure A (AA, C14H14ClN3S, CAS: 531-53-3) and
zure B (AB, C15H16ClN3S, CAS: 531-55-5) were purchased

rom S.D. Fine Chemicals (India). Sudan III (S3, C27H16N4O,
AS: 85–86-9) and Sudan IV (S4, C24H20N4O, CAS: 85–83-6)
ere purchased from Rolex Industries (India). Titanium iso-
ropoxide (Lancaster Chemicals, UK), and glycine (Merck,
ndia) were used in the preparation of catalyst. The salts, cupric
itrate, cobalt nitrate, aluminium nitrate, zinc nitrate, ferric

hloride, cobalt chloride, copper chloride and nitric acid were
urchased from S.D. Fine Chemicals (India). Double-distilled
ater was filtered through a Millipore membrane filter before
se.
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.2. Catalyst preparation

The solution combustion method [9,10] was used to pre-
are nano-sized anatase TiO2. The precusor titanyl nitrate
TiO(NO3)2] and the fuel glycine (H2N–CH2–COOH) were
sed in this method. Titanyl hydroxide [TiO(OH)2] was obtained
y the hydrolysis of titanium isopropoxide [Ti(i-OPr)4] and
eacted with nitric acid to yield Titanyl nitrate. In a typical
ombustion synthesis, a Pyrex dish (with a volume of 300 cm3)
ontaining an aqueous redox mixture of stoichiometric amounts
f titanyl nitrate and glycine in 30 mL water was introduced into
muffle furnace that was preheated at 350 ◦C. The solution ini-

ially undergoes dehydration and a spark appears at one corner,
hich spreads throughout the mass, finally yielding anatase tita-
ia. Thus, TiO2 was formed by the complete combustion of the
itanyl-glycine redox mixture. The liberation of the large vol-
mes of the gases leads to the high porosity and high surface
rea of the material.

.3. Catalyst characterization

The catalyst has been characterized by various techniques
uch as XRD, TEM, BET, TG-DTA, XPS, IR, UV spectroscopy
8,9]. The X-ray diffraction (XRD) patterns of catalysts were
ecorded on a Siemens D-5005 diffractometer using Cu K�
adiation with a scan rate of 2◦ min−1. The XRD pattern of
ombustion synthesized TiO2 was recorded in 2θ range from
to 100◦. The pattern can be indexed to pure anatase phase

f TiO2 with the space group of I41/amd. The data were then
efined using Fullprof-98 program. There was a good agreement
etween calculated and observed pattern. The lattice parameter
or TiO2 is a = 3.7865 (5) Å and c = 9.5091 (1) Å. The crys-
allite size was determined from XRD pattern using Sherrer
ormula and based on the full width half maxima (FWHM) of
-ray diffraction pattern, the mean crystallite size is estimated

o be 10 ± 2 nm. Transmission electron microscopy (TEM) of
owders was carried out using a JEOL JEM-200CX transmis-
ion electron microscopy operated at 200 kV. TEM studies also
howed the crystallites of TiO2 are homogeneous with the mean
ize of 8 ± 2 nm, which agrees well with the XRD measure-
ents. The surface area of the catalyst was determined with

tandard BET apparatus (NOVA-1000, Quantachrome) and was
40 m2 g−1 and is higher than the surface area of commer-
ial catalysts like Degussa P-25 (50 m2 g−1). Fourier transform
nfrared (FTIR) studies were carried out in the 400–4000 cm−1

requency range in the transmission mode (Perkin–Elmer, FTIR-
pectrum-1000) and showed higher surface hydroxyl content
or the combustion synthesized TiO2. The synthesized TiO2
as subjected to thermogravimetric-differential thermal analy-

is (TG-DTA) (Perkin–Elmer, Pyris Diamond), which showed a
1% weight loss indicating more surface hydroxyl groups. X-ray
hotoelectron spectra (XPS) of these materials were recorded
ith ESCA-3 Mark II spectrometer (VG Scientific Ltd. Eng-
and) using Al K� radiation (1486.6 eV). UV–vis absorption
pectra of TiO2 powders were obtained for the dry pressed
isk samples using UV–vis spectrophotometer (GBC Cintra 40,
ustralia) between 270 and 800 nm range. The combustion syn-
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hesized TiO2 shows two optical absorption thresholds at 570
nd 467 nm that corresponds to the band gap energy of 2.18 and
.65 eV, respectively. Further details on catalyst preparation and
haracterization are provided elsewhere [8,9].

.4. Photochemical reactor

The photochemical reactor employed in this study was com-
rised of a jacketed quartz tube of 3.4 cm I.D., 4 cm O.D., and
1 cm length and an outer Pyrex glass reactor of 5.7 cm I.D. and
6 cm length. The UV light was provided by a 125 W high pres-
ure mercury vapor lamp (Philips, India) was used after removal
f the outer shell and placed inside the jacketed quartz tube. The
allast and capacitor were connected in series with the lamp
o avoid fluctuations in the input supply. Water was circulated
hrough the annulus of the quartz tube to avoid heating of the
olution due to dissipative loss of UV energy. The solution was
aken in the outer reactor and continuously stirred using a mag-
etic stirrer to ensure that the suspension of the catalyst was
niform during the course of the reaction. Further details of the
xperimental set-up can be found elsewhere [8].

.5. Degradation experiments

During the degradation of each of the dyes, a known mass
f the dye was dissolved in Millipore-filtered double-distilled
ater and subjected to UV irradiation in the photochemical

eactor described above with a catalyst loading of 1 g L−1. The
eactions were carried out at 40 ◦C, which was maintained by
irculating water in the annulus of the jacketed quartz reactor.
amples were collected at regular intervals, filtered through Mil-

ipore membrane filters, and centrifuged to remove the catalyst
articles prior to analysis.

.6. Sample analysis

The molar absorptivity of dyes employed is measurably high
or even dilute solutions. Therefore, photometric studies were
arried out for the dyes used. The UV–vis spectrophotometer
Shimazdu, UV 2100) with quartz cuvettes was used for the
etermination of color intensity in the range of 190–700 nm.
he λmax values of Azure A, Azure B, Sudan III and Sudan

V are 625, 650, 512 and 357 nm, respectively. The UV spec-
rum before and after degradation showed a decrease of peak
orresponding to the dye but did not show any new peaks, indi-
ating that no detectable intermediates were formed during the
eaction. Calibration based on Beer–Lambert law was used to
uantify the dye concentration.

. Results and discussion

All the experiments were conducted at the natural pH of
he dye with a catalyst concentration of 1 g L−1. This catalyst

oncentration was determined by conducting the experiments
t various catalyst concentrations. The reaction rate did not
ncrease significantly after the catalyst concentration of 1 g L−1,
onsistent with the results obtained for the degradation of other
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ig. 2. Concentration profiles of (a) Sudan III; (b) Sudan IV; (c) Azure A and (
enote the initial concentration of the dyes in mg L−1.

yes with the same catalyst [8]. After the addition of the cata-
yst, the dye solution was stirred for 30 min to ensure that the
quilibrium adsorption/desorption of the dye on the catalyst was
ttained. The corresponding concentration of the dye (as mea-
ured by UV spectrophotometer and the concentration evaluated
sing Beer–Lambert’s law) was taken as the initial concentration
f the dye for all the catalyzed reactions. The solvent used for
zure and Sudan was water and ethanol, respectively. Fig. 2a–d

hows the variation of concentration profile of various dyes, at
ifferent initial concentrations, in CS TiO2 catalyzed system.
he initial rates of the reaction were determined by extrapolat-

ng the tangent (based of the linear fit of the first four points) of
he concentration profile back to initial conditions. The slopes
alculated at the initial three to six points were nearly constant,
ndicating the accuracy of the initial rates reported in this study.

The model is developed by following the photocatalytic
echanism, which is well understood and reported [4–6,9]. The

ositive holes and electrons generated by UV on photocatalyst,

nvolve in the formation of the hydroxyl radicals. The reac-
ion between the positive holes and the adsorbed water forms
ydroxyl species. There is a series of steps involved in the for-
ation of OH• by electron pathway. The dye degrades by the
ure B dyes when degraded with 1 g L−1 CS TiO2. The numbers on the figures

ttack of direct hole and hydroxyl species. The presence of Cu2+

educes the concentration of e− because of reduction of Cu2+ to
u+ by e−. Consequently, this scavenging reduces the forma-

ion of OH• by the e− pathway (though the formation of OH• by
ole pathway remains unaffected). The kinetic model reported
n this work includes the generation of OH• radicals via electron
athway for the photocatalytic degradation of dyes and it is an
xtension of the model reported in a previous study [9,19]. In
his work, we have included this pathway and the scavenging of
lectrons by metal to derive the rate equation in terms of dye
nd the concentration of retardant Cu2+. The mechanism and
inetics are discussed in detail in Appendix A.

By writing the stoichiometric balances for all the species
sing the mechanism and by applying the quasi-steady state
ssumption (QSSA) for all the intermediate species,
D OH 1
1 + K2[D] 1 + K2[D]

×
(

1

1 + K6[C2+]

))
(1)
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Table 1
Rate constants for the photocatalytic degradation of dyes in the presence of CS
TiO2

Dye System k0 (min−1) K2(L mg−1)

Sudan III CS TiO2 0.110 0.010
No catalyst 0.014 –

Sudan IV CS TiO2 0.100 0.050
No catalyst 0.012 –

Azure A CS TiO2 0.17 0.060
No catalyst 0.004 –
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ig. 3. Variation of the inverse of initial rate with the inverse of initial con-
entration of the dyes: �, Sudan III; �, Sudan IV; �, Azure A and ©, Azure
.

Eq. (1) gives the relation between the photocatalytic degra-
ation rate, rD and the concentration of dye [D] and the
oncentration of the retardant metal [C2+] and indicates that the
ompetitive adsorption of the metal lowers the rate of photocatal-
sis. The rate constants, k1k3 and k1k4 refer to the generation of
H• by hole and electron pathway, respectively. Taking inverse
f Eq. (1) and neglecting the quadratic term of [D], we get

1

rD
=

(
1

[D]
+ K2

) {1 + K6[C2+]}
{k0 + K6k7[C2+]} (2)

here k0 = kOH + k1k3 + k1k4 and k7 = kOH + k1k3
When no metal ion is present, [C2+] = 0, the variation of the

nverse of the initial rate is given by

1

r′
D,0

=
(

1

[D]
+ K2

)
1

k0
(3)

Experiments were conducted without catalyst in presence of
V. In this case, the rate of degradation is directly proportional to

he dye concentration. The degradation rate constants of Sudan
II and Sudan IV were nearly the same, whereas in case of Azure
yes, the rate constant of Azure B was 2.1 times higher than that
f Azure A. In case of CS TiO2 catalyzed system, the inverse
f initial rates, rD,0 varies linearly with the inverse of the initial
oncentration [D] as given by Eq. (3) for various dyes. This vari-
tion is shown in Fig. 3. The values of k0 and K2 were obtained
rom the linear regression and are tabulated in Table 1. Similar to
he experiments without catalyst, in case of CS TiO2 catalyzed
ystem, there was no significant difference in k0 value among
udan dyes, in spite of two additional methyl groups in Sudan
V. This could be attributed to the primary step being the attack in
he ring that is present in both these dyes. However, the adsorp-
ion coefficient of Sudan IV is nearly five times that of Sudan

II. Whereas, in case of Azure dyes, degradation rate constant
f Azure B was 1.5 times of that of Azure A and the adsorption
oefficient of Azure B is more than twice that of Azure A, indi-
ating that Azure B has more affinity on TiO2 compared to that

4
i
s
m

zure B CS TiO2 0.260 0.130
No catalyst 0.009 –

f Azure A. This confirms that the photocatalysis rate inherently
epends on the structure of the substrate that has to be degraded.

Comparing the catalysts CS TiO2 and Degussa P-25, at the
onstant initial concentration of the dyes, say 21 mg L−1, in case
f Sudan III, the initial rates were higher for CS TiO2 com-
ared to that of Degussa P-25, where the initial rate was 1 and
.7 mg L−1 min−1 for Degussa P-25 and CS TiO2, respectively.
imilarly in case of Sudan IV, the initial rates were 0.7 and
.1 mg L−1 min−1, respectively, for Degussa P-25 and CS TiO2.
his could be attributed to the lower band gap value (2.18 and
.6 eV for CS TiO2, 3.1 eV for Degussa P-25 catalyst) [8,9],
igher hydroxyl content (as shown by TG, IR studies done
reviously) and smaller size/higher surface area of CS TiO2
ompared to Degussa P-25 (240 m2 g−1 for CS TiO2, 50 m2 g−1

or Degussa P-25). However, in case of Azure A, the initial
egradation rates were 3 and 1.5 mg L−1 min−1 for Degussa P-
5 and CS TiO2, respectively. Similarly, in case of Azure B,
he initial degradation rates were 2.4 and 1.3 mg L−1 min−1, for
egussa P-25 and CS TiO2, respectively (see Fig. 4).
The effect of solvents and mixed-solvent systems on pho-

odegradation of dye Sudan III was also investigated. As the
thanol content in the system increased, the rate decreased. Fig. 5
hows the variation of the degradation rate with % ethanol in
he system. This could be attributed to the scavenging of OH
adicals by these solvents or solubility of electrons, which are
ssential for generating OH radicals. If latter is the reason, one
an expect higher degradation in more polar solvents than in less
olar solvents. The dielectric constants of methanol and ethanol
re 32.6 and 24.3, respectively. Therefore the possibility to gen-
rate OH radical in protic solvent like methanol is much higher
ompared to that of ethanol and consequently increases the rate
f the degradation.

When the concentration of the nitrate salt was 200 �M, the
resence of metal ions like Cu2+, Al3+, Co2+ and Zn2+, reduced
he initial rates of photocatalytic degradation of Azure A in the
resence of CS TiO2, by 72, 53, 64 and 62%, respectively, as
hown in Fig. 6a. When the concentration of chloride salt was
00 �M, the presence of Cu2+, Co2+, Fe3+, reduced the initial
ates of photocatalytic degradation of Azure A by 88, 68 and

2%, respectively, as shown in Fig. 6b. In a previous study [18],
t was shown that the presence of metal ions (added as nitrate
alt), Cu2+and Zn2+ reduced the rates for the degradation of
alachite green by 76 and 66%, respectively. It is known that
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Fig. 4. Effect of catalyst on the photocatalytic degradation of (a) Sudan III; (b) Sudan
catalyst.

Fig. 5. Effect of solvents on the degradation of Sudan III. �, ethanol; �,
methanol; ©, 50:50 ethanol:methanol; �, 25:75 ethanol:methanol and � 75:25
ethanol:methanol.
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IV; (c) Azure A and (d) Azure B with �, CST; �, Degussa P-25 and �, without

he surface of TiO2 gets modified because of the adsorption of
ations or anions [18]. The interfacial charge transfer processes
epend on the surface characteristics of the TiO2 particles. The
uppression of OH• radicals takes place due to trapping of the
onduction band electrons by the adsorbed metal ions.

To investigate the effect of anion, if we compare the reduc-
ion in degradation rate by nitrate and chloride at constant copper
oncentration (200 �M), chloride salt has decreased the rate by
8% whereas the nitrate salt has decreased the rate by 72%. To
etermine whether this difference was due to different amount
f adsorbed Cu2+ on the catalyst, the adsorption study of cop-
er on CS TiO2 was investigated. The solution containing the
opper salt was stirred along with the dye and 1 g L−1 of the
atalyst CS TiO2 for 30 min. The concentration of Cu2+ in the
olution after the removal of catalyst particles by centrifuga-
ion was determined by the spectrophotometer method using
odium diethyldithiocarbamate. The method of analysis is dis-
ussed elsewhere [20]. At 200 �M initial concentration of both

hloride and nitrate salt, the amount of adsorbed Cu2+ on CS
iO2 was found to be 19.8 and 22 mg g−1 of CS TiO2, respec-

ively. This indicates that an increased retardation observed in
resence of copper chloride compared to that of copper nitrate



T. Aarthi et al. / Journal of Hazardous Materials 149 (2007) 725–734 731

differ

i
e
O
o
r
p

o
t
v
c
r
a
o
t
a
i

F

t
i
o

t
m
K
t
a
t
h
i
c
f

Fig. 6. Effect of (a) different nitrates and (b)

s not only due to the adsorption on the catalyst. The detrimental
ffect of chloride ion is probably due to the direct scavenging of
H• by Cl− ions [3,21]. This is in agreement with the results
btained previously [21], where the presence of nitrate and chlo-
ide ions had negligible and detrimental effect, respectively, on
hotocatalytic degradation of ethanol and 2-propanol.

Experiments were conducted at constant initial concentration
f the dye Azure A (20 mg L−1) at various initial concentra-
ions of copper nitrate (0–121 mg L−1). Figs. 7 and 8 shows the
ariation of degradation profile and degradation rate at various
oncentrations of Cu2+, respectively. The variation of the initial
ate of photodegradation of Azure A and the amount of Cu2+

dsorbed per unit weight of the catalyst, at various concentration
f Cu2+ in the solution, is illustrated in the Fig. 8. As the concen-

ration of Cu2+ in the solution increases from 0 to 24 mg L−1, the
mount of adsorbed Cu2+ increases and correspondingly, there
s a significant decrease in the initial degradation rate of pho-

ig. 7. Concentration profiles of Azure A at various concentrations of Cu2+.

i
o
f

F
a

ent chlorides on the degradation of Azure A.

ocatalysis. This illustrates that the retardation is due to Cu2+

ons, which scavenges the electrons required for the formation
f hydroxyl radicals.

Fig. 9 illustrates the model fit (given by Eq. (2)) with respect
o the experimental data at various [Cu2+]. Based on the experi-

ents in the absence of Cu2+, k0 and K2 are obtained. Thus, only
6 and k7 are unknowns. By non-linear regression of experimen-

ally obtained 1/rD at various [Cu2+], the values of K6 and k7
re determined to be 0.6247 L mg−1 and 0.0215 min−1, respec-
ively. k7, k0 and (k0 − k7) refer to the contribution of hole alone,
ole plus electron and electron alone towards degradation. It is
nteresting to compare the values of k0 − k7 and k0, which indi-
ates that the percentage of degradation of Azure A, contributed
rom OH• generated via electron pathway is 80%. In order to ver-

fy this conclusion, non-linear regression of experimental data
f Chen et al. [18] corresponding to the degradation of dye sul-
orhodamine B (SRB) was modeled and is shown in Fig. 9. The

ig. 8. Variation of degradation rate of Azure A and amount of Cu2+ adsorbed
t various concentration of Cu2+ in solution.
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ig. 9. Variation of inverse of initial rate of degradation with Cu2+ concentration
or the degradation of Azure A. Model line is based on Eq. (2).

alues of k0 and k7 are 0.0034 and 0.0001 min−1, respectively.
he values of K2 and K6 are 0 and 0.67 L mg−1, respectively. In

his case, the model shows that the contribution from electron
s 95.6%. Also, it indicates that the rate of OH• produced by
lectrons is much higher than that produced by hole-hydroxyl
pecies interaction and the degradation by direct attack of holes
s negligible compared to that obtained by the attack of OH• rad-
cals. Therefore, in the presence of copper, the degradation rate
educes primarily due to a decrease in electron concentration.

The pH effect is often dependent on the nature of the dye [9].
he effect of pH on the photocatalytic degradation of Azure A
t an initial concentration of 15 ppm is shown in Fig. 10. The

nitial rates at both higher and lower pHs, pH 2 and pH 8.2, are
wice of the initial rate at neutral pH. At pH of 4, the initial
ate is found to be 1.67 times that obtained at the neutral pH.
hough it has been reported that the trend of adsorption and

Fig. 10. Concentration profiles of Azure A at various pH.
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hoto catalytic degradation would be similar [3], in this case,
he adsorption and photodegradation efficiency at various pH are
ot correlated because the adsorption of the dye does not vary
ith pH. The parameters that vary with respect to change in pH

re concentration of OH radicals, surface charge on the catalyst,
onization state of the substrate, etc. The higher degradation rate
t higher pH could be attributed to the higher concentration of
H radicals at higher pH.

. Conclusions

The photocatalytic degradation of Azure (A and B) and Sudan
III and IV) dyes, having similar structure, but different func-
ional groups, were investigated with two catalysts. Among
udan III and IV, the photocatalytic degradation rates were
lmost similar. Among Azure A and B, the initial rates were
igher for Azure B compared to that of Azure A. The photo-
atalytic activity of solution combustion synthesized TiO2 (CS
iO2) was considerably higher than that of Degussa P-25 for
egrading Sudan III and IV. However, in case of Azure A and B,
egradation was faster in presence of Degussa P-25 compared to
hat of CS TiO2. The effect of solvents and mixed-solvent sys-
em on photodegradation of Sudan III was also investigated. The
hotodegradation rate was found to be higher in solvents with
igher polarity. The effect of various metal ions on degradation
ate of Azure A was investigated. The retardation effect of metal
ons was investigated, both experimentally and modeled using a
angmuir–Hinshelwood kinetic model. The model has proved

hat the indirect pathway of electrons producing OH• radicals is
he main pathway for degradation of the substrate and the direct
xidation of the substrate by holes and the indirect oxidation
y holes via OH• radicals has negligible contribution. Thus this
odel has brought insights into the contribution of holes and

lectrons towards dye degradation.

ppendix A

lectron–hole generation : TiO2
hν−→h+

VB + e− (A.1)

ecombination : h+
VB + e− kr−→heat (A.2)

Hydroxyl radical formation:

a) hole pathway : S − OH− + h+
VB

ktr�
k
′
tr

S − OH• (A.3a)

− H2O + h+
VB

ktr�
k
′
tr

S − OH• + H+ (A.3b)

b) electron pathway : e− + O2
Ke1−→O2

−• (A.4a)

2
−• + e− + 2H+ Ke2−→H2O2 (A.4b)
O2
−• + 2H+ ke3−→O2 + H2O2 (A.4c)

2O2 + e− Ke4−→OH• + OH− (A.4d)
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Mobile species adsorption:

a) dye : S + D
kD�
k′

D

S − D, KD = kD

k′
D

(A.5a)

b) hydroxyl species : S + OH•kOH�
k′

OH

S − OH•, KOH=kOH

k′
OH

(A.5b)

c) Cu2+ : S + C2+ kC�
k′

C

S − C2+, KC = kC

k′
C

(A.5c)

eduction of copper : e− + C2+ ke5−→C+ (A.6a)

− + S − C2+ ke6−→S − C+ (A.6b)

It is found in an earlier study, that the reduction of Cu2+ to
opper metal, Cu0, is very difficult even under UV radiation
22].

Dye degradation:

(a) Direct holes attack:

S − D + h+
VB

Khr,a−→S − D0+ → end species (A.7a)

D + h+
VB

Khr,b−→D0+ → end species (A.7b)

b) Hydroxy radicals attack:

S − D + S − OH• Kra−→S + S − D′0 → end species (A.8a)

D + S − OH• Krb−→S + D′0 → end species (A.8b)

S − D + OH• Krc−→S − D′0 → end species (A.8c)

D + OH• Krd−→D′0 → end species (A.8d)

Based on the mechanism, the balance for the total hydroxyl
pecies is

d([OH•] + [S − OH•]

dt

= ktr[S − OH•][h+
VB]

− k′
tr[S − OH•] + ktr[S − H2O][h+

VB]

− k′
tr[S − OH•][H+] − kra[S − D][S − OH•]

− krb[D][S − OH•] − krc[S − D][OH•] − krd[D][OH•]

+ ke4[H2O2][e−] (A.9)

he bracketed term refers to the concentration of the species.
The electron concentration balance is

d[e−] − + −

dt

= ke[S] − krc[e ][hVB] − ke1[e ][O2]

− ke2[e−][O=
2

•][H+]
2 − ke4[H2O2][e−]

− ke5[e−][C2+] − ke6[e−][S − C2+] (A.10)

B

−
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imilarly we can write balance for the concentration of positive
oles, H2O2, O2

−•, H+ etc.
The rate of disappearance of dye can be written as

rD = khr,a[S − D][h+
VB] + khr,b[D][h+

VB]

+ kra[S − D][S − OH•] + krb[D][S − OH•]

+ krc[S − D][OH•] + krd[D][OH•] (A.11)

From the adsorption equilibrium, the surface concentration
f the hydroxyl radical, dye and copper are given as,

S − OH•] = KOH[S][OH•] (A.12)

S − D] = KD[S][D] (A.13)

S − C2+] = KC[S][C2+] (A.14)

By applying the quasi steady-state assumption for the
ydroxyl radicals, electrons and holes, we get

OH•]=ktr{[S − OH−] + [S − H2O]}[h+
VB] + ke4[H2O2][e−]

KOH{k′
tr[S]{1 + [H+]} + kraKD[S][D][S]

+krb[D][S]} + krcKD[S][D] + krd[D]
(A.15)

In the above equation, the species concentrations that vary
ith time are dye and electron concentration. Since the rate of

ecombination is faster than any other trapping steps,

e−] = ke[S]

kr[h
+
VB] + ke5[C2+] + ke6Kc[S][C2+]

(A.16)

ince [h+
VB] is invariant, the Eq. (A.11) can be written as

rD = kOH[D] + k1[D][OH•] (A.17)

here

OH = {khr,aKD[S] + khr,b}[h+
VB] (A.17a)

1 = kraKDKOH[S]2 + krbKOH[S] + krcKD[S] + krd (A.17b)

rom the Eq. (A.15),

OH•] = k3

1 + K2[D]
+ k4,0[e−]

1 + K2[D]
(A.18)

2 = kraKD[S][S] + krb[S] + krcKD[S] + krd

KOHk′
tr[S]{1 + [H+]} (A.18a)

3 = ktr{[S − OH−] + [S − H2O]}[h+
VB]

KOHk′
tr[S]{1 + [H+]} (A.18b)

4,0 = ke4[H2O2]

KOHk′
tr[S]{1 + [H+]} (A.18c)
y substituting (A.18) in (A.17), we get

rD = kOH[D] + k1[D]

(
k3

1 + K2[D]
+ k4,0[e−]

1 + K2[D]

)
(A.19)
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rom the Eq. (A.16)

e−] = k5

1 + K6[C2+]
(A.20)

here k5 and K6 are given as

5 = ke[S]

krc[h+
VB]

(A.20a)

6 = ke5 + ke6Kc[S]

krc[h+
VB]

(A.20b)

y substituting (A.20) in (A.19), we get

rD = kOH[D] + k1[D]

(
k3

1 + K2[D]
+

(
k4

1 + K2[D]

)

×
(

1

1 + K6[C2+]

))
(A.21)

here k4 = k4,0k5.
The Eq. (A.21) gives the relation between the photocatalytic

egradation rate and the concentration of dye and the metal.
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