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Abstract

The present study investigates the dependence of photocatalytic rate on molecular structure of the substrate that is degraded. The photocatalytic
degradation of Azure (A and B) and Sudan (III and IV) dyes, having similar structure, but different functional groups, were investigated with two
catalysts. The photocatalytic activity of solution combustion synthesized TiO, (CS TiO,) was compared with that of Degussa P-25 for degrading
these dyes. The effect of solvents and mixed-solvent system on photodegradation of Sudan III was investigated. The photodegradation rate was
found 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
degradation rate of Azure A was also investigated. The metal ions significantly reduced the photocatalysis rates. A detailed Langmuir-Hinshelwood
kinetic model has been developed to explain the effect of metal ions on degradation rate of the substrate. This model elucidates the contribution of

holes and electrons towards degradation of the dye.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Photocatalysis is a process by which a semiconducting mate-
rial absorbs light of energy more than or equal to its band gap,
thereby generating holes and electrons, which can further gen-
erate free-radicals in the system to oxidize the substrate. The
resulting free-radicals are very efficient oxidizers of organic mat-
ter. The degradation of organic compounds is the most widely
used photocatalytic application of nanocrystalline TiO, [1-3].
A detailed analysis of electronic and charge—transfer processes
occurring during heterogeneous photocatalysis on TiO, has been
summarized in reviews [4,5]. The photocatalytic degradation of
dyes by TiO, has been extensively and prominently explored
in many previous studies [6,7]. The mode of synthesis of TiO»
influences the photocatalytic activity of the catalyst (i.e., band
gap, bounded hydroxyl species, crystallinity and particle size).
The anatase phase nano titania (TiO;) prepared by the solution
combustion method has been reported to have better photo-
catalytic activity compared to the commercial Degussa P-25
catalyst [8,9].
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The effect of molecular structure and functional groups on
the photodegradation rate on substituted phenols [10], nitro-
aromatics [11], multi-substituted phenols [ 12], nitrogen moieties
in surfactants [13] and number of azo groups in dyes [14]
has been illustrated. The present study aims at determining
the dependence of photocatalysis of dye substrates with simi-
lar structures but different functional groups. Hence, a pair of
Azure dyes and a pair of Sudan dyes was chosen for this study.
Fig. 1 shows the structure of the dyes Azure A, Azure B, Sudan
IIT and Sudan IV. The replacement of H by methyl group in
Azure A gives the dye Azure B. The addition of two methyl
groups, one to each benzene ring of Sudan III gives the dye
Sudan IV. Azure dyes are soluble completely in water and spar-
ingly in ethanol. Sudan dyes are insoluble in water but soluble
in aromatic hydrocarbons (like toluene, xylene and high boiling
aromatic blend) and ethanol. The effect of solvents on pho-
todegradation has been investigated in earlier studies [15]. The
effect of organic solvents on photodegradation of a dye soluble
in organic solvents, but insoluble in water, could be interesting
to investigate. Hence, the effect of solvents and mixed-solvent
system on the photodegradation of Sudan III has been investi-
gated in this work. Dye containing polluted water also contains
metal ions. Several studies report the retardation effect of inor-
ganic salts on the photodegradation of pollutants, like NaCl on
phenol degradation [16], NaCl, Na; SOy, etc., on azo dyes [17],
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Fig. 1. Structure of (a) Azure A; (b) Azure B; (c) Sudan III and (d) Sudan IV.

transition metal ions such as Cu?* and Fe** on several dyes
[18]. Therefore, the effect of metal ions like Cu®*, Zn2*, A3+,
Co?* on the degradation rate of Azure A has been investigated.
To study the effect of anion, the presence of chloride and nitrate
salts were investigated. To model the retardation kinetics, exper-
iments were conducted at different concentration of copper salt
and a detailed Langmuir—-Hinshelwood kinetics was developed.
The effect of pH on photocatalysis has been extensively stud-
ied and a review on this aspect can be found elsewhere [3]. In
this study, the effect of pH on photocatalysis by combustion
synthesized TiO; has also been investigated.

The objective of the work is to determine the effect of func-
tional groups on the degradation rates of water-soluble and water
insoluble dyes in the presence of the combustion synthesized
catalyst for the first time. The effect of metal ions and solvents
on the degradation of the dyes has also been investigated and
a new detailed Langmuir-Hinshelwood kinetic model has been
developed for the first time to explain the effect of metal ions
on degradation rate of the substrate and clearly differentiate the

contribution of holes and electrons towards degradation of the
dye.

2. Experimental
2.1. Materials

The dyes, Azure A (AA, C14H14CIN3S, CAS: 531-53-3) and
Azure B (AB, C5H¢CIN3S, CAS: 531-55-5) were purchased
from S.D. Fine Chemicals (India). Sudan III (S3, C»7H¢N4O,
CAS: 85-86-9) and Sudan IV (S4, Co4HyoN4O, CAS: 85-83-6)
were purchased from Rolex Industries (India). Titanium iso-
propoxide (Lancaster Chemicals, UK), and glycine (Merck,
India) were used in the preparation of catalyst. The salts, cupric
nitrate, cobalt nitrate, aluminium nitrate, zinc nitrate, ferric
chloride, cobalt chloride, copper chloride and nitric acid were
purchased from S.D. Fine Chemicals (India). Double-distilled
water was filtered through a Millipore membrane filter before
use.
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2.2. Catalyst preparation

The solution combustion method [9,10] was used to pre-
pare nano-sized anatase TiO,. The precusor titanyl nitrate
[TiIO(NO3);] and the fuel glycine (H,N-CH,—COOH) were
used in this method. Titanyl hydroxide [TiO(OH),] was obtained
by the hydrolysis of titanium isopropoxide [Ti(i-OPr)4] and
reacted with nitric acid to yield Titanyl nitrate. In a typical
combustion synthesis, a Pyrex dish (with a volume of 300 cm?)
containing an aqueous redox mixture of stoichiometric amounts
of titanyl nitrate and glycine in 30 mL water was introduced into
a muffle furnace that was preheated at 350 °C. The solution ini-
tially undergoes dehydration and a spark appears at one corner,
which spreads throughout the mass, finally yielding anatase tita-
nia. Thus, TiO, was formed by the complete combustion of the
titanyl-glycine redox mixture. The liberation of the large vol-
umes of the gases leads to the high porosity and high surface
area of the material.

2.3. Catalyst characterization

The catalyst has been characterized by various techniques
such as XRD, TEM, BET, TG-DTA, XPS, IR, UV spectroscopy
[8,9]. The X-ray diffraction (XRD) patterns of catalysts were
recorded on a Siemens D-5005 diffractometer using Cu Ka
radiation with a scan rate of 2°min~!. The XRD pattern of
combustion synthesized TiO, was recorded in 26 range from
5 to 100°. The pattern can be indexed to pure anatase phase
of TiO, with the space group of I41/amd. The data were then
refined using Fullprof-98 program. There was a good agreement
between calculated and observed pattern. The lattice parameter
for TiO; is a=3.7865 (5)A and ¢=9.5091 (1) A. The crys-
tallite size was determined from XRD pattern using Sherrer
formula and based on the full width half maxima (FWHM) of
X-ray diffraction pattern, the mean crystallite size is estimated
to be 10 £ 2 nm. Transmission electron microscopy (TEM) of
powders was carried out using a JEOL JEM-200CX transmis-
sion electron microscopy operated at 200 kV. TEM studies also
showed the crystallites of TiO, are homogeneous with the mean
size of 8 £2nm, which agrees well with the XRD measure-
ments. The surface area of the catalyst was determined with
standard BET apparatus (NOVA-1000, Quantachrome) and was
240m? g~! and is higher than the surface area of commer-
cial catalysts like Degussa P-25 (50 m? g~ !). Fourier transform
infrared (FTIR) studies were carried out in the 400-4000 cm™~!
frequency range in the transmission mode (Perkin—Elmer, FTIR-
Spectrum-1000) and showed higher surface hydroxyl content
for the combustion synthesized TiO;. The synthesized TiO»
was subjected to thermogravimetric-differential thermal analy-
sis (TG-DTA) (Perkin—Elmer, Pyris Diamond), which showed a
11% weight loss indicating more surface hydroxyl groups. X-ray
photoelectron spectra (XPS) of these materials were recorded
with ESCA-3 Mark II spectrometer (VG Scientific Ltd. Eng-
land) using Al Ko radiation (1486.6eV). UV—vis absorption
spectra of TiO, powders were obtained for the dry pressed
disk samples using UV-vis spectrophotometer (GBC Cintra 40,
Australia) between 270 and 800 nm range. The combustion syn-

thesized TiO; shows two optical absorption thresholds at 570
and 467 nm that corresponds to the band gap energy of 2.18 and
2.65 eV, respectively. Further details on catalyst preparation and
characterization are provided elsewhere [8,9].

2.4. Photochemical reactor

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

2.5. Degradation experiments

During the degradation of each of the dyes, a known mass
of the dye was dissolved in Millipore-filtered double-distilled
water and subjected to UV irradiation in the photochemical
reactor described above with a catalyst loading of 1 gL~!. The
reactions were carried out at 40 °C, which was maintained by
circulating water in the annulus of the jacketed quartz reactor.
Samples were collected at regular intervals, filtered through Mil-
lipore membrane filters, and centrifuged to remove the catalyst
particles prior to analysis.

2.6. Sample analysis

The molar absorptivity of dyes employed is measurably high
for even dilute solutions. Therefore, photometric studies were
carried out for the dyes used. The UV-vis spectrophotometer
(Shimazdu, UV 2100) with quartz cuvettes was used for the
determination of color intensity in the range of 190-700 nm.
The Amax values of Azure A, Azure B, Sudan III and Sudan
IV are 625, 650, 512 and 357 nm, respectively. The UV spec-
trum before and after degradation showed a decrease of peak
corresponding to the dye but did not show any new peaks, indi-
cating that no detectable intermediates were formed during the
reaction. Calibration based on Beer—Lambert law was used to
quantify the dye concentration.

3. Results and discussion

All the experiments were conducted at the natural pH of
the dye with a catalyst concentration of 1 gL~!. This catalyst
concentration was determined by conducting the experiments
at various catalyst concentrations. The reaction rate did not
increase significantly after the catalyst concentration of 1 gL ™!,
consistent with the results obtained for the degradation of other
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Fig. 2. Concentration profiles of (a) Sudan III; (b) Sudan IV; (c) Azure A and (d) Azure B dyes when degraded with 1 gL =" CS TiO,. The numbers on the figures

denote the initial concentration of the dyes in mgL~!.

dyes with the same catalyst [8]. After the addition of the cata-
lyst, the dye solution was stirred for 30 min to ensure that the
equilibrium adsorption/desorption of the dye on the catalyst was
attained. The corresponding concentration of the dye (as mea-
sured by UV spectrophotometer and the concentration evaluated
using Beer—Lambert’s law) was taken as the initial concentration
of the dye for all the catalyzed reactions. The solvent used for
Azure and Sudan was water and ethanol, respectively. Fig. 2a—d
shows the variation of concentration profile of various dyes, at
different initial concentrations, in CS TiO; catalyzed system.
The initial rates of the reaction were determined by extrapolat-
ing the tangent (based of the linear fit of the first four points) of
the concentration profile back to initial conditions. The slopes
calculated at the initial three to six points were nearly constant,
indicating the accuracy of the initial rates reported in this study.

The model is developed by following the photocatalytic
mechanism, which is well understood and reported [4-6,9]. The
positive holes and electrons generated by UV on photocatalyst,
involve in the formation of the hydroxyl radicals. The reac-
tion between the positive holes and the adsorbed water forms
hydroxyl species. There is a series of steps involved in the for-
mation of OH® by electron pathway. The dye degrades by the

attack of direct hole and hydroxyl species. The presence of Cu?*
reduces the concentration of ¢~ because of reduction of Cu?* to
Cu* by e~. Consequently, this scavenging reduces the forma-
tion of OH® by the ¢~ pathway (though the formation of OH® by
hole pathway remains unaffected). The kinetic model reported
in this work includes the generation of OH® radicals via electron
pathway for the photocatalytic degradation of dyes and it is an
extension of the model reported in a previous study [9,19]. In
this work, we have included this pathway and the scavenging of
electrons by metal to derive the rate equation in terms of dye
and the concentration of retardant Cu?*. The mechanism and
kinetics are discussed in detail in Appendix A.

By writing the stoichiometric balances for all the species
using the mechanism and by applying the quasi-steady state
assumption (QSSA) for all the intermediate species,

ks ka
—rp = kou[D] + k1[D] <1 T K,[D] + <1 + Kz[D])

1
: (1 T Ké[c2+]>) v
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Eq. (1) gives the relation between the photocatalytic degra-
dation rate, rp and the concentration of dye [D] and the
concentration of the retardant metal [C2*] and indicates that the
competitive adsorption of the metal lowers the rate of photocatal-
ysis. The rate constants, k1k3 and k1 k4 refer to the generation of
OH?* by hole and electron pathway, respectively. Taking inverse
of Eq. (1) and neglecting the quadratic term of [D], we get

1_(1+ )u+&wm
o \IDl ) fko + Keks[CEF])

where kg = kon + k1k3 + k1kg and k7 = koy + ki1k3
When no metal ion is present, [C2+] =0, the variation of the
inverse of the initial rate is given by

1 1 P 1 3

$Q_Qm+ ) ®

Experiments were conducted without catalyst in presence of
UV.In this case, the rate of degradation is directly proportional to
the dye concentration. The degradation rate constants of Sudan
IIT and Sudan IV were nearly the same, whereas in case of Azure
dyes, the rate constant of Azure B was 2.1 times higher than that
of Azure A. In case of CS TiO; catalyzed system, the inverse
of initial rates, rp o varies linearly with the inverse of the initial
concentration [D] as given by Eq. (3) for various dyes. This vari-
ation is shown in Fig. 3. The values of kg and K, were obtained
from the linear regression and are tabulated in Table 1. Similar to
the experiments without catalyst, in case of CS TiO; catalyzed
system, there was no significant difference in ko value among
Sudan dyes, in spite of two additional methyl groups in Sudan
IV. This could be attributed to the primary step being the attack in
the ring that is present in both these dyes. However, the adsorp-
tion coefficient of Sudan IV is nearly five times that of Sudan
III. Whereas, in case of Azure dyes, degradation rate constant
of Azure B was 1.5 times of that of Azure A and the adsorption
coefficient of Azure B is more than twice that of Azure A, indi-
cating that Azure B has more affinity on TiO, compared to that

@

Table 1
Rate constants for the photocatalytic degradation of dyes in the presence of CS
TiO,

Dye System ko (min~1) K> (L mg’l)
Sudan III CS TiO, 0.110 0.010
No catalyst 0.014 -
Sudan IV CS TiO, 0.100 0.050
No catalyst 0.012 -
Azure A CS TiO, 0.17 0.060
No catalyst 0.004 -
Azure B CS TiO, 0.260 0.130
No catalyst 0.009 -

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

Comparing the catalysts CS TiO; and Degussa P-25, at the
constant initial concentration of the dyes, say 21 mgL™!, in case
of Sudan III, the initial rates were higher for CS TiO, com-
pared to that of Degussa P-25, where the initial rate was 1 and
1.7mg L~ min~! for Degussa P-25 and CS TiO,, respectively.
Similarly in case of Sudan IV, the initial rates were 0.7 and
2.1mgL~" min~!, respectively, for Degussa P-25 and CS TiO;.
This could be attributed to the lower band gap value (2.18 and
2.6eV for CS TiOy, 3.1eV for Degussa P-25 catalyst) [8,9],
higher hydroxyl content (as shown by TG, IR studies done
previously) and smaller size/higher surface area of CS TiO»
compared to Degussa P-25 (240 m? g~! for CS TiO,, 50 m? g~!
for Degussa P-25). However, in case of Azure A, the initial
degradation rates were 3 and 1.5 mgL~! min~! for Degussa P-
25 and CS TiO;, respectively. Similarly, in case of Azure B,
the initial degradation rates were 2.4 and 1.3 mgL~" min~!, for
Degussa P-25 and CS TiO», respectively (see Fig. 4).

The effect of solvents and mixed-solvent systems on pho-
todegradation of dye Sudan III was also investigated. As the
ethanol content in the system increased, the rate decreased. Fig. 5
shows the variation of the degradation rate with % ethanol in
the system. This could be attributed to the scavenging of OH
radicals by these solvents or solubility of electrons, which are
essential for generating OH radicals. If latter is the reason, one
can expect higher degradation in more polar solvents than in less
polar solvents. The dielectric constants of methanol and ethanol
are 32.6 and 24.3, respectively. Therefore the possibility to gen-
erate OH radical in protic solvent like methanol is much higher
compared to that of ethanol and consequently increases the rate
of the degradation.

When the concentration of the nitrate salt was 200 uM, the
presence of metal ions like Cu®*, AI**, Co?* and Zn**, reduced
the initial rates of photocatalytic degradation of Azure A in the
presence of CS TiOj, by 72, 53, 64 and 62%, respectively, as
shown in Fig. 6a. When the concentration of chloride salt was
200 wM, the presence of Cu?*, Co?*, Fe3*, reduced the initial
rates of photocatalytic degradation of Azure A by 88, 68 and
42%, respectively, as shown in Fig. 6b. In a previous study [18],
it was shown that the presence of metal ions (added as nitrate
salt), Cu>*and Zn?* reduced the rates for the degradation of
malachite green by 76 and 66%, respectively. It is known that
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the surface of TiO; gets modified because of the adsorption of
cations or anions [18]. The interfacial charge transfer processes
depend on the surface characteristics of the TiO particles. The
suppression of OH® radicals takes place due to trapping of the
conduction band electrons by the adsorbed metal ions.

To investigate the effect of anion, if we compare the reduc-
tion in degradation rate by nitrate and chloride at constant copper
concentration (200 M), chloride salt has decreased the rate by
88% whereas the nitrate salt has decreased the rate by 72%. To
determine whether this difference was due to different amount
of adsorbed Cu”* on the catalyst, the adsorption study of cop-
per on CS TiO, was investigated. The solution containing the
copper salt was stirred along with the dye and 1 gL~! of the
catalyst CS TiO; for 30 min. The concentration of Cu* in the
solution after the removal of catalyst particles by centrifuga-
tion was determined by the spectrophotometer method using
sodium diethyldithiocarbamate. The method of analysis is dis-
cussed elsewhere [20]. At 200 wM initial concentration of both
chloride and nitrate salt, the amount of adsorbed Cu?* on CS
TiO, was found to be 19.8 and 22mgg~! of CS TiO;, respec-
tively. This indicates that an increased retardation observed in
presence of copper chloride compared to that of copper nitrate
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is not only due to the adsorption on the catalyst. The detrimental
effect of chloride ion is probably due to the direct scavenging of
OH?* by CI~ ions [3,21]. This is in agreement with the results
obtained previously [21], where the presence of nitrate and chlo-
ride ions had negligible and detrimental effect, respectively, on
photocatalytic degradation of ethanol and 2-propanol.
Experiments were conducted at constant initial concentration
of the dye Azure A (20mgL~!) at various initial concentra-
tions of copper nitrate (0—121 mgL~"). Figs. 7 and 8 shows the
variation of degradation profile and degradation rate at various
concentrations of Cu®*, respectively. The variation of the initial
rate of photodegradation of Azure A and the amount of Cu®*
adsorbed per unit weight of the catalyst, at various concentration
of Cu* in the solution, is illustrated in the Fig. 8. As the concen-
tration of Cu?* in the solution increases from 0 to 24 mgL~™ ! the
amount of adsorbed Cu®* increases and correspondingly, there
is a significant decrease in the initial degradation rate of pho-
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Fig. 7. Concentration profiles of Azure A at various concentrations of Cu?*.

tocatalysis. This illustrates that the retardation is due to Cu**
ions, which scavenges the electrons required for the formation
of hydroxyl radicals.

Fig. 9 illustrates the model fit (given by Eq. (2)) with respect
to the experimental data at various [Cu?*]. Based on the experi-
ments in the absence of Cu?*, ko and K> are obtained. Thus, only
K¢ and k7 are unknowns. By non-linear regression of experimen-
tally obtained 1/rp at various [Cu?*], the values of K¢ and k7
are determined to be 0.6247 L mg~! and 0.0215 min—", respec-
tively. k7, ko and (kg — k7) refer to the contribution of hole alone,
hole plus electron and electron alone towards degradation. It is
interesting to compare the values of ky — k7 and kg, which indi-
cates that the percentage of degradation of Azure A, contributed
from OH® generated via electron pathway is 80%. In order to ver-
ify this conclusion, non-linear regression of experimental data
of Chen et al. [18] corresponding to the degradation of dye sul-
forhodamine B (SRB) was modeled and is shown in Fig. 9. The
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values of ko and k7 are 0.0034 and 0.0001 min—!, respectively.
The values of K> and K¢ are 0 and 0.67 L mg~!, respectively. In
this case, the model shows that the contribution from electron
is 95.6%. Also, it indicates that the rate of OH® produced by
electrons is much higher than that produced by hole-hydroxyl
species interaction and the degradation by direct attack of holes
is negligible compared to that obtained by the attack of OH® rad-
icals. Therefore, in the presence of copper, the degradation rate
reduces primarily due to a decrease in electron concentration.
The pH effect is often dependent on the nature of the dye [9].
The effect of pH on the photocatalytic degradation of Azure A
at an initial concentration of 15 ppm is shown in Fig. 10. The
initial rates at both higher and lower pHs, pH 2 and pH 8.2, are
twice of the initial rate at neutral pH. At pH of 4, the initial
rate is found to be 1.67 times that obtained at the neutral pH.
Though it has been reported that the trend of adsorption and
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Fig. 10. Concentration profiles of Azure A at various pH.

photo catalytic degradation would be similar [3], in this case,
the adsorption and photodegradation efficiency at various pH are
not correlated because the adsorption of the dye does not vary
with pH. The parameters that vary with respect to change in pH
are concentration of OH radicals, surface charge on the catalyst,
ionization state of the substrate, etc. The higher degradation rate
at higher pH could be attributed to the higher concentration of
OH radicals at higher pH.

4. Conclusions

The photocatalytic degradation of Azure (A and B) and Sudan
(IIT and IV) dyes, having similar structure, but different func-
tional groups, were investigated with two catalysts. Among
Sudan III and IV, the photocatalytic degradation rates were
almost similar. Among Azure A and B, the initial rates were
higher for Azure B compared to that of Azure A. The photo-
catalytic activity of solution combustion synthesized TiO, (CS
TiO;) was considerably higher than that of Degussa P-25 for
degrading Sudan IIT and I'V. However, in case of Azure A and B,
degradation was faster in presence of Degussa P-25 compared to
that of CS TiO,. The effect of solvents and mixed-solvent sys-
tem on photodegradation of Sudan III was also investigated. The
photodegradation rate was found to be higher in solvents with
higher polarity. The effect of various metal ions on degradation
rate of Azure A was investigated. The retardation effect of metal
ions was investigated, both experimentally and modeled using a
Langmuir—Hinshelwood kinetic model. The model has proved
that the indirect pathway of electrons producing OH® radicals is
the main pathway for degradation of the substrate and the direct
oxidation of the substrate by holes and the indirect oxidation
by holes via OH® radicals has negligible contribution. Thus this
model has brought insights into the contribution of holes and
electrons towards dye degradation.

Appendix A
Electron—hole generation : TiOzﬂﬂﬁB +e” (A.1)
Recombination : h¢B + e_gheat (A2)
Hydroxyl radical formation:
kir
(a) holepathway : S — OH™ + h$B:‘tS — OH* (A.3a)
kl_l‘
+ ke ) +
S —H;O + hVB\ﬁ/S —OH* +H (A.3b)
tr
(b) electron pathway : e~ + 02&02_‘ (A.4a)
0,"* + ¢ + 20t X3 H,0, (A.4b)
20,7 + 2H" X240, 4 H,0, (Adc)
Hy05 4 ¢~ X4 OH® + OH™ (A4d)
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Mobile species adsorption:

k k
(@) dye: S+D=S-D, Kp=-2 (A.5a)
kp kp,
. okou o kon
(b) hydroxylspecies : S+ OH®*=S§ — OH®*, Kou=-——
ké)H kOH
(A.5Db)
24+ 2+5¢ 24 ke
() Cu™: S+CT=S-CT, Kczk—, (A.5¢)
ke c
Reduction of copper : e~ + C2+E>CJr (A.6a)
e +s—cieg ot (A.6b)

It is found in an earlier study, that the reduction of Cu?* to
copper metal, Cu?, is very difficult even under UV radiation
[22].

Dye degradation:

(a) Direct holes attack:

K T,a .
S — D+ hip—5S — D — endspecies (A.7a)
K, .
D+ h¢B£DO+ — end species (A.7b)

(b) Hydroxy radicals attack:

S—D+S—OHX%s+5 D endspecies (A.8a)

D+S - OH* X% + D - endspecies (A.8b)
S—D+OH* 255 — D - end species (A.8¢)
D+ OH'&D’ O, end species (A.8d)

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

d([OH"] + [S — OH"]
dr
= ke[S — OH*1[h{3]
— kg[S — OH®] + k[S — HoOl[h{g]
— ki [S — OH*][H'] — ke[S — DI[S — OH"]
— kip[D][S — OH®] — ke[S — D][OH®] — kig[D][OH®]
+ kea[H2O2][e™]

(A9)
The bracketed term refers to the concentration of the species.
The electron concentration balance is
dle”]
dr

= ke[S] — keele 1MV g] — ket[e1[02]

— keale  NMOF*IHTT = key[Hy05][e7]

— kes[e T ICHT] — kesle™1[S — C*F] (A.10)

Similarly we can write balance for the concentration of positive
holes, H,O,, O, °, H* etc.
The rate of disappearance of dye can be written as
~1D = knealS — DIlAyp] + knep[DI[Ay]
+ kra[S — D][S — OH®] + & [D][S — OH®]

+ kic[S — DI[OH®] + krq[D][OH®] (A.1D)

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

[S — OH®] = Kou[S][OH®] (A.12)
[S — D] = Kpl[S][D] (A.13)
[S — C2T] = K¢[S][C*] (A.14)

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

ke{[S — OH™1 + [S — HoO}[A{p] + kea[H202][e™]
Konfk[S1{1 + [H*]} + ka Kp[S1[D][S]
+kb[DI[S]} + kic Kp[S][D] + kra[D]
(A.15)

[OH*]=

In the above equation, the species concentrations that vary
with time are dye and electron concentration. Since the rate of
recombination is faster than any other trapping steps,

ke[S]

A.16
kelhg] + kes[C*T] + keo K [SIIC*T] (10

[e]=

Since [h{7g] is invariant, the Eq. (A.11) can be written as

—rp = kou[D] + k1 [D][OH*] (A.17)
where
kon = {kna Kp[S] + knep}[AVg] (A.17a)

ki = kraKpKonl[S]* + ko Kou[S] + ke Kp[S] + kra  (A.17b)

From the Eq. (A.15),

[OH*] = — 2 kaole”] (A.18)
1+ K>[D] 14 K»[D]
Ky — kra Kp[S][S] +/krb[S] + krch[S] + kg (A.182)
Konky[SI{1 + [HT]}
- _ +
ks = ku{[S OH/] +[S HiO]}[hVB] (A.18b)
Konky[SI{1 + [HT]}
kea[H202]
k4o = A.18
07 Konki[SHI + [HT]) (189
By substituting (A.18) in (A.17), we get
_ k3 ksole”]
—rp = kou[D] + k1[D] (1 AR Kz[D]> (A.19)
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From the Eq. (A.16)
ks
1 + Kg[C?]
where ks and K¢ are given as
_ _keS]
krc[hy]
 kes + kesKe[S]
o elhyg]
By substituting (A.20) in (A.19), we get

k k
—rp = kou[D] + k1 [D] (1 m Isz[D] + (1 + 1?2[]3])

1
) (14-KdC“1>)

where k4 = k4, 0ks.
The Eq. (A.21) gives the relation between the photocatalytic
degradation rate and the concentration of dye and the metal.

[e] = (A.20)

(A.20a)

(A.20b)

(A21)
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