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ABSTRACT

The photodegradation of Acid Black 1 (AB 1) using ZnO as photocatalyst in aqueous solution has
been investigated under different conditions. The degradation is higher with UV/ZnO process
than with UV /TiO,-P25 process at neutral pH 7. The influence of operational parameters such
as the amount of photocatalyst, dye concentration and initial pH on degradation by ZnO has been
analyzed. At pH 7, maximum degradation efficiency is observed and the leaching of Zn*" due to
photocorrosion is also significantly reduced when compared to pH 3 and 5. The addition of oxone
increases the dye removal where as KIO,, KIO; and H,O; fails. The degradation of AB 1 follows
pseudo-first-order kinetics according to the Langmuir-Hinshelwood model. GC-MS analysis
reveals the formation of azobenzene, 3-aminobenzene-1,2-diol, 2-aminobenzene-1,4-diol and
5-aminobenzene-1,3-diol as intermediates. The degradation of AB 1 has also been confirmed by

COD measurements.
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1. Introduction

The color of wastes is the most apparent indicator of
waste pollution and it should be reduced before their
drop. The presence of small amount of dyes (below 1
ppm) is clearly visible and considerably influences the
water environment. Removal of color from wastes is
often more important than other colorless organic sub-
stances. Azo dyes are the most important class of syn-
thetic organic dyes used in the textile industry and so
they are common industrial pollutants [1-6].

The disadvantage of commonly used traditional
methods of wastewater purification is the fact that they
are not destructive but only transfer the pollutants
from one phase to the other. New technologies of
wastewater purification leading to the complete
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mineralization of organic pollutants are now
considered as the most suitable solution of the problem
connected with more and more drastic requirements
concerning the contamination levels in water and was-
tewater. Nowadays advanced oxidation processes
(AOPs) have been proposed as the alternative methods
for water purification [7-9]. AOPs generate a powerful
oxidizing agent hydroxyl radical, which completely
destroy the pollutants in wastewater quickly and
non-selectively. Among AOPs, semiconductor photo-
catalysis has emerged as important destructive tech-
nology leading to the total mineralization of most of
the organic pollutants [10]. Most of the AOPs (except
Fenton process) use atmospheric air as an oxidant
under ambient conditions. Moreover, these processes
utilize cheaply available nontoxic semiconductors
(TiO,, ZnO) and leads to total mineralization of organic
compounds to CO,, water and mineral acids.
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Fig. 1. The chemical structure and absorption maxima of AB 1.

Different forms of TiO, [11] dye-sensitized TiO,
[12], ZrO, [13] and Bi,O5 [14-17] have been used as cat-
alysts for photodegradation. Zyoud et al. reported CdS
sensitized TiO, system for the degradation of phenazo-
pyridine [18]. Non-metal doped TiO, catalysts have
also been used for photodegradation of dyes [19-21].

Though TiO; is the most commonly used photocata-
lyst for a wide range of organic compounds, ZnO is
found to be a suitable alternative to TiO, since its photo-
degradation mechanism has been proved to be similar
to that of TiO, [22]. ZnO has been reported to be more
efficient than TiO, under certain conditions. Its higher
efficiency than TiO, has been reported in the photocata-
lytic oxidation of paper and pulp mill bleaching waste-
water [23], 2-phenylphenol [24] and phenol [25].

Earlier, Grzechulska and Morawski [26] reported
the photocatalytic decomposition of azo dye AB 1
using TiO, with UV light and also Shu et al. [27]
reported the decolourization of AB 1 by the UV/
H,0O; process. So far the degradation of AB 1 by ZnO
had not been investigated. In our earlier work, we have
reported photodegradation of a number of toxic chemi-
cals with commercial ZnO using UV and solar light
[28-32]. In the present work, we report the photocataly-
tic degradation of AB 1 with ZnO and the effect of
operational parameters on this process.

2. Experimental
2.1. Materials

The commercial azo dye AB 1 (dye content 80.0%)
obtained from Aldrich was used as such. The chemical
structure is given in Fig. 1. The photocatalyst ZnO was
purchased from E. Merck (99% purity). ZnO has a par-
ticle size 0.1-4 um and surface area 5 m* g~ '. AnalaR
grade reagent H,O, (30 w/w%), KIO;, KIO,4, oxone,
Na2CO3, NaZSO4, NaHCO3, NaNO3 and NaCl were
used as received. Double distilled water was used to
prepare experimental solutions. The pH of the solu-
tions was adjusted using H,SO, or NaOH.

2.2. Irradiation procedure

For the degradation by UV-A light (365 nm), a
Heber Multilamp-photoreactor HML MP 88 was used

Magnetic
Stirrer

Reaction
Chamber

Fig. 2. Schematic diagram of photoreactor.

(Fig. 2). This model consists of 8 W medium pressure
mercury vapor lamps set in parallel and emitting
365 nm wavelength. It has a reaction chamber with
specially designed reflector made of highly polished
aluminum and built in cooling fan. Cooling fan reduces
the heat produced by the lamps in the reaction cham-
ber. It is provided with a magnetic stirrer and 50 mL
capacity reaction glass tubes. The light exposure length
is 330 mm. As the degradation was significant with
four lamps the irradiation was carried out using four
parallel 8 W medium pressure mercury lamps. The
solution with ZnO and dye was continuously aerated
by a pump to provide oxygen and for complete mixing
of reaction solution.

Fifty milliliters of AB 1 (2 x 10~* M) with the appro-
priate amount of catalyst was stirred for 30 min in the
dark prior to illumination in order to achieve maxi-
mum adsorption of AB 1 onto the semiconductor sur-
face. During the illumination time no volatility of the
solvent was observed. At specific time intervals 2 mL
of sample was withdrawn and catalyst particle was
removed by centrifugation. The changes in the concen-
tration of AB 1 were monitored from their characteris-
tic absorption at 320 and 615 nm using UV-visible
spectrophotometer. The absorbance at 615 nm is used
to monitor the decolourization of AB 1. The absorbance
at 320 nm represents the aromatic part of AB 1 and its
decrease indicates the degradation of aromatic part of
dye. UV spectral measurements were made using Hita-
chi U-2001 spectrometer. The pH of the solution was
measured by using ELICO LI-10 T model digital pH
meter. The leaching of Zn”" was determined by AAS
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(Atomic Absorption Spectrometer), ELICO SL 176
Model Double Beam Atomic Absorption Spectrometer.
For GC analysis, Perkin-Elmer GC-9000 with a capil-
lary column of DB-5 and flame ionization detector was
used. GC/MS analysis was carried out using GC
model: Varian GC-MS-Saturn 2200 Thermo, capillary
column VF5MS (5% phenyl-95% methylpolysiloxane),
30 m length, 0.25 mm internal diameter, 0.25 pm film
thickness, temperature of column range from 50°C to
280°C (10°C min ') and injector temperature 250°C.
For sample preparation, solution obtained after 15/30
min irradiation was extracted using dichloromethane
(DCM) by three times. All the samples were collected
and evaporated and dissolved with HPLC grade
methanol. Then it was subjected to GC-MS analysis.

2.3. Chemical oxygen demand (COD) measurements

COD was determined using the following proce-
dure. Sample was refluxed with HgSO,, known
volume of standard K,;Cr,O;, AgSO, and H,S0O, for
two hours and titrated with standard Ferrous Ammo-
nium Sulfate (FAS) using ferroin indicator. A blank
titration was carried out with distilled water instead
of dye sample. COD was determined using the follow-
ing equation

COD

Volume of sample

1)

3. Results and discussion

The UV-vis spectra of AB 1 (2 x 10~* M) solution at
different irradiation times are shown in Fig. 3. The
absorption peaks in UV and visible region decrease
gradually and finally disappear indicating the com-
plete degradation of the dye. There is no significant
change in UV spectra during irradiation and the inten-
sity at 320 and 615 nm decreases during the degrada-
tion. This reveals that the intermediates do not
absorb at the analytical wavelengths of 320 and 615 nm.

3.1. Photodegradability of AB 1

Fig. 4 shows the percentage of AB 1 (2 x 10™* M)
degradation on irradiation under different conditions.
It is found that 88.4% degradation of AB 1 takes place
at the time of 60 min in the presence of both ZnO and
UV light. This is contrasted with 5.6% decrease in dye
concentration for the same experiment performed in
the absence of UV light and negligible degradation
(0.2%) in the presence of UV without ZnO. The
decrease in dye concentration with ZnO in the absence

(Blank titre value — dye sample titre value) x normality of FAS x 8 x 1000

1.2
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o
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Fig. 3. The changes in UV-vis spectra of AB 1 on irradiation
with UV light in the presence ZnO: [AB 1] =2 x 1074 M; pH
=7; catalyst suspended =5 g L L airflowrate=81mLs %1
= 1.381 x 1072 einstein L™ s, (a) 0 min, (b) 10 min, (c) 20
min, (d) 30 min, (e) 40 min and (f) 60 min.

of UV light is due to adsorption of dye on the catalyst.
These observations reveal that both UV light and
photocatalyst are needed for effective destruction of
AB 1. When the photocatalyst TiO,-P25 was used
under same conditions only 57.0% degradation
occurred. This shows that UV/ZnO process is more
efficient in AB 1 degradation than UV /TiO,-P25 pro-
cess for this experimental condition. Since the degrada-
tion was effective with ZnO, the influence of

100
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AB 1 remaining (%)

25 1

0 T T T
0 20 40 60 80
Time (min)

—e—Dye + UV —o— Dye + ZnO + Dark
—m— Dye + TiO,-P25 + UV —g— Dye + ZnO + UV

Fig. 4. Photodegradability of AB 1: [AB 1] = 2 x 10°*
M; pH = 7; catalyst suspended = 2 g L™; airflow rate = 8.1
mL s '; 1 =1.381 x 10 einstein L™" s,
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operational parameters had been carried out to find out
the optimum conditions.

3.2. Effect of solution pH

The pH is an important parameter in photocatalytic
degradation as it is related to the ionization state of
the surface of the photocatalyst as well as pollutants
[33-36]. pH changes can also influence the adsorption
of pollutants on the photocatalyst surface, an impor-
tant step for the photocatalytic oxidation to take place.
The photocatalytic degradation of AB 1 dye containing
commercial ZnO obeys pseudo-first-order kinetics.
The rate expression is given by

—d[C]/dt = k[C], (2)

where k is the pseudo-first-order rate constant. The dye
is adsorbed onto the ZnO surface and the adsorption—
desorption equilibrium is reached in 30 min. After
adsorption, the equilibrium concentration of the dye
solution is determined and it is taken as the initial dye
concentration for kinetic analysis. Integration of Eq. (2)
gives Eq. (3),

In(Co/C) = kt, 3)

where Cj is the equilibrium concentration of dye and C
is the concentration at time ‘t’. The rate constants (k)
were determined from the plot of In(Cy/C) vs t. These
plots were linear (R* = 0.98 — 0.99).

The effect of initial pH on AB 1 degradation is
shown in Fig. 5. It is pertinent to mention here that the
pH of the solution was adjusted before irradiation and

0.04

0.03 A

k (mint)

0.02 -

0.01

Initial pH

Fig. 5. Effect of pH on photodegradation rate constants:
[AB 1] = 2 x 10~* M; catalyst suspended = 2 g L '; airflow
rate = 8.1 mL s_l; irradiation time = 30 min; I = 1.381 x

1072 einstein L' s7%.

it was not maintained throughout the reaction. After
30 min of irradiation the pseudo-first-order rate con-
stants are 0.020, 0.030, 0.034 and 0.021 min~! for ZnO
atpH 3, 5,7, 9 and 11, respectively. It is observed that
increase in pH from 3 to 7 increases the removal effi-
ciency of AB 1 with ZnO and above pH 7 the efficiency
decreases. The optimum pH for efficient AB 1 removal
on ZnOis 7.

The zero-point charge for ZnO is 9.0 and below this
value, ZnO surface is positively charged and it is nega-
tively charged above pH 9. Because the dye has two
sulfonic acid groups in its structure it exists as negative
ions in the pH range 5-7. From pH 5 to 7 the electro-
static attraction between positively charged ZnO and
negatively charged dye solution may lead to strong
adsorption of dye on ZnO surface. This facilitates the
reaction at catalyst surface leading to higher degrada-
tion in this pH range.

ZnO is reported to undergo photocorrosion in
acidic pH. Hence its leaching was analyzed at different
pH. After complete degradation the concentration of
Zn®" ions in the solution at different pH was
determined using AAS. The amount of Zn*" ions at
pH 3,5, 7, 9 were found to be 10.1, 84, 2.6 and 1 ppm,
respectively. The leaching is maximum at pH 3 and 5
and it is lowest at pH 9. At the neutral pH 7 the leaching
is very less when compared to pH 3 and 5. So the neutral
pH7 can be taken as optimum for the degradation of AB
1. Mixed semiconductor nanocomposites are reported to
be stable with small amount of leaching [37].

3.3. Effect of catalyst loading

A series of experiments were carried out to assess
the optimum catalyst loading by varying the amount
of catalyst from 1 to 6 g L™". Fig. 6 shows the percen-
tage degradation of AB 1 as a function of catalyst con-
centration. It is interesting to note that the percentage
degradation of AB 1 increases with increase in catalyst
concentration from 1 to 5 g L™ 'and then decreases.
Enhancement of removal rate is due to (i) the increase
in the amount of catalyst which increases the number
of dye molecules adsorbed, (ii) the increase in the
density of particles in the area of illumination. The
decrease in the removal efficiency of AB 1 at higher
concentrations (above 5 g LY is due to the enhance-
ment of light reflectance by catalyst particles. Similar
results have been reported for the photocatalysis by
TiO, and ZnO in the degradation of dyes [38—40].

3.4. Effect of initial dye concentration

The effect of various initial dye concentrations on
the degradation of AB 1 on ZnO has been investigated.
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Fig. 6. Effect of photocatalyst dosage on photodegradation:

[AB1] =2 x 10* M; pH = 7; airflow rate = 8.1 mL s ; irra-
diation time = 30 min; I = 1.381 x 107> einstein L™ s L.

Fig. 7 shows that the increase of dye concentration from
1to5 x 10~* M decreases the rate constant from 0.069
t0 0.010 min ' for degradation and 0.112 to 0.056 min "
for decolorization in 30 min. The rate of degradation
relates to the *OH radical formation on catalyst surface
and probability of *OH radical reacting with dye mole-
cule. For all initial dye concentrations, the catalyst
amount and UV power are same. Since the generation
of hydroxyl radical remains constant, the probability of
dye molecule to react with hydroxyl radical decreases.

0.12
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k (min)

0.04 A

0 T T
0 2 4 6

Initial dye concentration (x10-* M)

—e— Degradation —e— Decolourization

Fig. 7. Effect of initial dye concentration on photodegradation:

Catalyst suspended = 5 g L™; pH = 7; airflow rate = 8.1 mL

s~ L irradiation time = 30 min; [ = 1.381 x 10 > einstein L s~ L.

At high initial dye concentrations the path length of
photon entering into the solution also decreases.

Many authors [6, 41] have used the Langmuir-
Hinshelwood (L-H) kinetic expression to analyze the
heterogeneous photocatalytic reaction. The experimen-
tal data has been rationalized in terms of the modified
form of L-H kinetic model to describe the solid-liquid
reaction successfully [42]. The rate of degradation of
AB 1 at the surface is proportional to the surface cover-
age of AB 1 on the ZnO assuming that the adsorption of
AB 1is more on the catalyst surface than the intermedi-
ate products [43,44]. The effect of the AB 1 concentra-
tion on the rate of degradation is given in the
following equation.

kKC
"T1rkC @
This equation can be modified as
1 1 1
 TRRC TR ©

where C is the initial concentration of AB 1, k is the
reaction rate constant and K is the Langmuir adsorp-
tion constant. The reaction rate constant, k reflects the
limiting rate of the reaction at maximum coverage
under the given experimental conditions and K repre-
sents the equilibrium constant for adsorption of AB 1
on the illuminated ZnO. The applicability of L-H equa-
tion for degradation has been confirmed by the linear
plot (correlation coefficient of 0.99), obtained for 1/r
vs. 1/C (Fig. 8). This indicates that the degradation of
AB 1 occurred mainly on the surface of ZnO. The

0.13

0.11 4

0.09 A

1/r (10°) mol* L min

0.07 4

0.05 T T
0 0.4 0.8 1.2

1/C (10*) mol* L

Fig. 8. Linearized reciprocal kinetic plot on the photodegra-
dation of AB 1: catalyst suspended = 5 g L™'; pH = 7; airflow
rate = 8.1 mLs™'; I = 1.381 x 10> einstein L™" s™".
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Table 1
Effect of anions on photodegradation of AB 1 with ZnO by
UV light

Table 2
Effect of transition metal ions on photodegradation of AB 1
with ZnO by UV light

Anions Percentage of degradation  Cations Percentage of degradation
Bare ZnO 71.9 Bare ZnO 71.9
Na,CO; 41.7 Ag* 65.4
NaHCO; 272 Cu** 74.6
NaCl 59.7 Mg*" 63.0
NaNO; 52.3 Fe’* 78.4
NaySO, 59.7 Mn?* 26.8

[Dye] = 2 x 10~* M; catalyst suspended = 5 g L™'; anions =
0.1 M; irradiation time = 30 min; airflow rate = 8.1 mL s~ ;
I=1.381 x 1072 einstein L™ s~ 7.

values of k and K, determined from the slope and
intercept of the plot are 0.0436 x 10* mol L' min ' and
6.64 x 10~* L mol ', respectively.

3.5. Influence of other factors

The effect of oxone, KIO,, KIO; and H,0O, on the
photocatalytic degradation of AB 1 with and without
zinc oxide catalyst has been carried out at pH 7. It is
observed that oxone enhances the degradation effi-
ciency of ZnO from 72% to 98% in 30 min, whereas
KIO,4, H;O,, KIO; fail to do so. In the presence of oxone
alone the photodegradation is 17.5% in 30 min.

The most effective oxidant, oxone is a mono -SO3™
substituted hydrogen peroxide (HOOH) and has been
used in a restricted way as an oxidant in light induced
processes. It can liberate one sulfate radical anion
(SO47) and a hydroxyl radical (Eq. (6)). The sulfate
radical anion reacts with water producing hydroxyl
radical (Eq. (7)) [45].

HSO5 —* OH +SOj ; E° = 1.82¢V vs. NHE (6)

SO, + H,O — SOF +" OH + H*; E° = 2.60eV vs. NHE
(7)

The influence of added inorganic ions on the degra-
dation of AB 1 is shown in Table 1. The results clearly
show that the addition of inorganic anions on the
photocatalytic process decreases the degradation rate.
After 30 min of irradiation time, 59.7%, 41.7%, 59.7%,
52.3% and 27.2% of degradations occurred by the addi-
tion of 0.1 M of Na,SO,4, Na,COs;, NaCl, NaNO; and
NaHCOs, respectively. The order of inhibition of these
ions is HCO;~ > CO5*~ > NO;~ > CI~ = SO,*".

The inhibition effect of these ions is due to the reac-
tion of these ions with holes or ‘OH (Egs. (8)-(12))

[Dye] = 2 x 10 * M; catalyst suspended = 5 g L.”; cations =
0.1 M; irradiation time = 30 min; airflow rate =8.1mLs ;[ =
1.381 x 1072 einstein L' s,

SO;™ + hyy — SO; (8)
SO2~ +"OH — SO; + OH~ 9)
HCO; +" OH — CO; + H,0 (10)
CO} +'OH — OH +CO; (11)
Cl™ +"OH — CI' + OH~ (12)

The presence of dissolved metal ions is common in
industrial wastewater and they can sensibly affect the
rate and efficiency of photocatalytic degradation. The
effect of added metal ions on photocatalytic degrada-
tion of AB 1 is shown in Table 2.

Except Fe*" and Cu®*, other metal ions have not
influenced the degradation rate. After 30 min of irra-
diation time, 65.4%, 74.5%, 63.0%, 78.4% and 26.8% of
degradations were observed by the addition of 0.1 M
of Ag" Cu**, Mg”", Fe*" and Mn*" ions, respectively.
Addition of Fe*" and Cu®* enhances the efficiency of
ZnO slightly, whereas addition of Ag", Mg*" and
Mn?* inhibits the degradation efficiency of ZnO. This
retardation effect may be due to blocking of active sites
of ZnO by the deposition of these metals on the ZnO
surface which decreases the degradation rate. Similar
inhibition effect was reported in the photocatalytic and
photoelectrolytic degradation of HCOOH on Ag
deposited TiO, film [46].

3.6. Mineralization and degradation pathway

To confirm the complete degradation of AB 1, the
degradation was analyzed by COD values. The COD
value of 1,344 for 2 x 107* M dye concentration
decreased to 89.6 (93.3% COD reduction) after one hour
irradiation with ZnO. This reveals that the mineraliza-
tion is almost complete in one hour. Mineralization



138 B. Krishnakumar et al. / Desalination and Water Treatment 24 (2010) 132-139

NaOsS : : SOsNa
@N=N ! ! N=N NO;

NH: NH; NH:
&) ©)] 4)
M* =125 M* =125 M* =125
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HO/ 07~

2S02™ + NOS+ CO, + H,0

Scheme 1. Proposed degradation pathway of AB 1with ZnO.

was also confirmed by the formation of CaCO3; when
the evolved gas (carbon dioxide) during degradation
was passed into Ca(OH), solution.

An attempt was made to identify the intermediate
products formed in the photocatalytic degradation of
the AB 1 through GC-MS analysis of the solution
obtained after 15 and 30 min irradiation. We got four
predominant peaks with retention times of 14.27,
16.12, 20.05 and 21.76 min. These four products were
identified as azobenzene (1), 3-aminobenzene-1,2-diol
(2), 2-aminobenzene-1,4-diol (3) and 5-aminobenzene-
1,3-diol (4) based on their molecular ion and mass
spectrometric fragmentation peaks and they are given
below. Since the three retention times gave the same
molecular ion (M* = 125) and fragmentation peaks,
the compounds 2, 3 and 4 could not be distinguished.
The reaction for the formation of these products is
given in Scheme 1.

Compound Mass spectral data (m/z)

1 182 (M*), 105, 77, 51

2 125 (M™"), 111, 97, 81, 71, 69, 57, 55
3 125 (M), 111, 97, 81, 71, 69, 57, 55
4 125 (M), 111, 97, 81, 71, 69, 57, 55.

4. Conclusions

Zn0O is found to be more efficient than TiO,-P25 for
degradation of AB 1. The optimum pH and catalyst

concentration for efficient removal of dye are found
tobe 7and 5 g L', respectively. At pH 7 the degrada-
tion efficiency is maximum and the leaching of Zn*"
due to photocorrosion is also significantly reduced
when compared to pH 3 and 5. The increase of initial
dye concentration decreases the degradation rate. The
applicability of Langmuir-Hinshelwood kinetic equa-
tion reveals that the degradation of AB 1 occurs mainly
on the surface of the photocatalyst. Addition of oxone
increases the catalytic efficiency significantly. Except
Cu”* and Fe**, other metal ions Ag™, Mg**, Mn*" inhi-
bit the degradation efficiency of ZnO. The order of
inhibition of anions is HCO;~ > CO5>~ > NO;~ > Cl~
~ SO,%~. COD measurements and carbon dioxide for-
mation confirm the mineralization of AB 1 molecule.
GC-MS analysis reveals the formation of azobenzene,
3-aminobenzene-1,2-diol, 2-aminobenzene-1,4-diol
and 5-aminobenzene-1,3-diol as intermediates.
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