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ABSTRACT. The photocatalytic degradation of a textile diazo dye in aqueous solution has been investigated under
Solar and UV-A light. The effect of various parameters such as concentration of dye, amount of catalyst and pH on the
degradation of dve has been studied. Addition of hydrogen peroxide, ammonium persulphate and isopropanol strongly
influences the degradation rate. Kinetic analysis of photodegradation reveals that the degradation follows approximately
pseudo first order Kinetics according to the Langmuir-Hinshelwood model. Carbon dioxide, nitrate and sulphate ions
have been identified as mineralisation products. The photocatalyst Zn(} was found to be more efficient in UV-A light
than in Solar light.
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INTRODUCTION

The reactive azo dyes are extensively used in
the textile industnes because of its simple dying
procedure. The release of textile mdustry waste-
water in natural environments is very problematic
to aquatic life and mutagenic to human.'* The
semiconductor mediated heterogeneous photocata-
lyst has been of great importance over the last few

years due to its potential to destroy a wide range
of organic compounds in water and air at ambient
temperature.”” Heterogeneous phetocatalyst uses
air rather than ozone or hydrogen peroxide, wluch
renders it a very attractive and green technology
for wastewater treatment. Experimental observa-
tions indicate almost complete oxidation of most
of the organic compounds to carbon dioxide via
photocatalytic process. The quantitative forma-
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tion of carbon dioxide is of great importance in
water treatment because it provides unequivocal
evidence for the total destruction of organic pol-
lutants present in water, The other advantages of
photocatalytic oxidation arc (i) mild opcrating
conditions (ii)it can be carricd out using solar
light, thus reducing significantly the electric power
required and therefore the operating costs.

The photocatalytic degradation of Reactive Black
5 (RB 5) using TiO.-P25 had been reported in
detail.*” lleterogeneous photocatalysis using senii-
conductors such as TiO,, ZnQ is an adractve advanced
oxidation process as it has several advantages.™
Though TiO, 1s the most commonly used and
cllective photocatalyst for a wide range of organic
compounds degradation, ZnQ, is also found to be
a suitable alternative to 110, since its photodegra-
dation mechanism has been proven to be similar to
that of TiO.." ZnO has been reported to be more
etficient than TiO, in some of the processes such
as the advanced oxidation of pulp mill bleaching
wastewater,' the photooxidation of phenol" and
photocatalysed oxidation of 2-phenyl phenol."
Furthermore the optimum ptl reported for ZnO
process is close o neutral, whereas the optimum
pl1 (or TiO, mostly lies in acidic region. Henee the
Zn() process is nore cconomical for the treatment
of industrial cffluents. According to Kormann ef
al," the quantum yicld of H,O. production in illu-
minated aqueous suspension of ZnQ was found to
be one order of magnitude higher than the corre-
sponding value for TiO..

Since solar light is abundantly available natural
energy source, its energy can be conveniently
exploited for the irradiation ol semi-conducting
malerials. In photocatalytic process, electron-hole
recombimation is a major problem to circumvent.
Addition of oxidants (electron acceptors) reduces
clectron-hole  recombination and  increases  the
degradation rate. In our laboratory we had carricd
out the degradation of dyces using various advanced
oxidation processes,"” ™"

In the present work we have undertaken a
detailed study on the photodegradation of toxic
reactive azo dye RB 5 employing ZnO as a photo-
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calalyst in aqueous solution under solar and UV
light sources examining the impact of various
experimental paramecters. This dye was chosen
because (1) it is a representative refractory chemi-
cal duc to rclatively high consumption ratc tor
rcactive dycing as well as the fact that up to 50%
of fiber reactive dyes remain in the exhausted dye
bath as nonrecoverable hydrolyzed form (ii) its
degradation using TiQ, was previously investigated
m our laboratory.

EXPERIMENTAL

Materials

The commercial azo dye RB 5 (C.1. No. 20505.
Trade Name: Remazol Black 5) obtained from
Jaysynth Dyc Chem, Ltd., Pondicherry, India was
used as such, The photocatalyst Zn0D was pur-
chased from E.Merck (99% purity), has a particle
size 0.1-4 mm and surface area 10 m*/g. Analar
grade H.O. (30 wiw%), (NH,).S8.0, (Merck) and
1sopropanol (SD [ine chemicals, India ) were used
as received. The pll ol the solutions was adjusted
using 1[,SO, and NaOIl. The chemical structure
and absorption spectra ol dye are presented in
Fig. 1.
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Fig. |. The chernical structure and absomption spectra ol RB 5.
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Procedure

For the degradation by UV-A light (365 nm) a
Heber Multilamp-photorcactor 1IML MP 88 was
uscd. This modcl consists of cight 8W medium
pressure mercury vapor lamps sct in parallel and
have cmission maximum at 365 nm, It has a rcac-
tion chamber with specially designed reflector
made of highly polished aluminium and built in
cooling fan. It is provided with a magnetic stirrer
and 50 ml capacity reaction glass tubes with B,
joints. The light exposure length is 330 mm. The
irradiation was carried oul using lour paralle]l 8W
medium pressure mereury lamps.

The solar experiments were carried out in the
reaction tubes of 50 ml capacity and CQ, free air
was passed into the solution. The whole set up
was placced in solar light between 10 AM and 2
PM. The intensity of solar light was mcasured
using Lux meter and the intensity (1100x100 [ux}
was nearly constant.

Analysis

In all cases 50 ml of the RB 5 solution contain-
ing appropriate quantity of the semiconductor
powder was magncetically stirred during the illunn-
nation while the solution was purged with carbon

dioxide [ree air. At specific time intervals, 2 ml of

sample was withdrawn and Zn0O particles were
removed by centrifugation. The change in the con-
centration of RB 5 was monitored trom its charac-
teristic absorption at 296 nmm using UV-visible
spectrophotometer. After complete mineralization,
the presence of inorganic ions such as sulphate,
nitrate was tested by the reported procedure.” The
evolution of CO, was tested by passing the evolved
gas durimg the reaction in to lime waler.

RESULTS AND DISCUSSION

Photodegradability of RB 5

‘The photocatalytic degradability of RB 3 was
carried out under following conditions (i) dye
solution with UV and Solar light (ii} dye solution
with ZnO in dark (iii) dye solution with UV light
and ZnO (iv) dye solution with Solar light and
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Fig. 2. Photodegradability ol RB 5 [RB 5] 5%10° M; [Zn0O]
2@l pH 7.0+ 0.0 7 1381107 einstein L7's™"; air-
Mow rate — 8.1 ml. 57, Frror range — =0.2%,

7ZnQ, The results are shown in #ig. 2, 1y¢ is resis-
tant to self-photolysis by UV and solar light and
no photodegradation was observed. In the pres-
ence of ZnO without UV irradiation, about 8.68%
decrease in concentration was observed {rom absor-
bance measurements. This is due 1o the adsorption
of dye molecule on the surface of ZnO. It was
{ound that 99.91% dcgradation of dyc ook place
in the presence of UV light whereas only 55.25%
degradation oceurred under solar light afler 80
mins of irradiation. This reveals that the degrada-
tion of RB 3 is much faster in the presence of UV-
A light as comparced to solar light.

Effect of catalyst loading

A series of experiments were carried out to
assess the optimum catalyst loading by varying
the amount of catalyst (rom 0.5 to 4 g/L. Fig. 3
shows the percentage degradation of RB 5 as a
{unction of catalyst concentration under UV-A and
solar light. [Uis interesting 1o note that the pereent-
age degradation of RB 5 under UV-A light source
increases with increase in catalyst concentration
from 0.5 to 2 g/l. and then decreases. Similarly
highest efficiency is observed at 3 g/L. which
slowly decreases with further addition of catalyst
under solar light. The enhancement of removal
rate is due to (i) increase in the amount of catalyst
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Fig. 3. Fltect of catalyst loading [RB 5]=5= 107" M; pl1=7.0
H).1; iradiation time = 60 min; 7= 1381x107 cinstein [7's™";
airflow rate = 8.1 mL s, Crror range = 10.2%.

amount, which increases the number of dye mole-
cules adsorbed, (it) the increase in the density of
catalyst particles in the area of illumination. Higher
concentration of catalyst above 3 g/L. leads to
decrease in the removal efficiency of RB 3 due to
the enhancement ol light rellectance. Similar
results have been reported lor the photocatalysis
by TiO, and ZnO in the degradation ol various
dyes.

Effect of solution pH

The amphoteric behavior of most semiconduce-
tor oxides influences their surface charge. The role
of pH on the photocatalytic degradation of RB 3
with ZnO was studied in the pH range of 3 and 10
under UV and solar light sources. The results are
shown in Fig. 4. In this pH range, there was no
significant change in UV spectra ol the dye. It is
pertinent 1o mention here that the pH ol the solu-
tion was adjusted iniially before trradiation and it
was not maintained throughout the reaction. It was
observed that both light sources increased the
removal efficiency of RB 5 with increase in pH
from 3 to 10, Sakthivel ef o/ had obscrved a
similar trend in ZnQ) photocatalysis of acid brown
14 commenting that acid-base property of the metal
oxide surfaces could have considerable implica-
tions upon their photocatalytic activity. The zero-
point charge for ZnO is 9.0 and above this value,
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Fig 4. Efiect ol solution pHl [RB 5]=32107" M; [Zn0]=2 o1.
(UV), 3 /. (Solar); irradiation time = 60 min; 7= 1.381x1(7*
einstein L's"; airflow rate = 8.1 mL 5™, Error range = =0.2%.

ZnQ surface is ncgatively charged by the adsorbed
OH-" ions. The presence of large quantitics of OH”
ions on the particle surface as well as in the reac-
tion medium favors the formation of OH" radical,
which is the principal oxidizing species for the
dye degradation process. Many investigators have
found that textile processes using reactive dyes pro-
duce ellluents with high pll. suitable for the use of
Zn0 us a catalyst. ™

Effect of substrate concentration

It is important both from mechanistic and appli-
cation point of view to study the dependence of
photocatalytic degradation on the substrate con-
centration. Hence the eftect of substrate concen-
tration on the RB 5 degradation was studied at
different concentrations such as 3, 5, 7 and 9 x 107 M.
Fig. 5 shows that the increase of substrate concen-
tration from 3 t0 9 x 10" M decreases percentage
of removal from 99.1 to 48.5% lor UV light and
74.9 1o 30% {or solar light in 40 minutes.

The results reveal that the degradation is less in
solutions of higher initial dyc concentration when
compared to the degradation at lower concentra-
tion. The rate of degradation relates to the proba-
bility of *OH radical tormation on catalyst surface
and probability of *OH radical reacting with dye
molecule. For all initial dye concentrations, the
catalyst, oxidant and UV power are same. Since
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Fig. 5. Eflect various initial dve concentration [Zn0]=2 ¢/1.
(UV), 3 /1. (Solar); irradiation time = 60 min; 7=1.381x107

einstein L's"; airflow rale = 8.1 mL s, Error range = 10.2%.

the gencration of hydroxyl radical remains con-
stant, the probability of dye molceule to react with
hydroxyl radical deercascs. At high initial dyc
concentrations the path length of photon entering
into the solution decreases, and also the amount of
dye adsorbed on catalyst surface increases. These
processes aitect the activity ol the photocatalyst.

The influence of the initial concentration of RB
5 on the photocatalytic degradation rate of most
organic compounds is described by pseudo-first
order kinetics (eqn. 1).

ln[%:l=k't (n

In this cquation, & is the pseudo-first order rate
constant, C, is the equilibriumy concentration of
dye and C is the concentration at time't’. The
eqn.] was rationalized in terms of modified Lang-
muir-1linshelwood model to accommodate reac-
tion occutring at solid liquid interface (eqn.2).

K, Ka[Dyely
1K [Dyely @
This cquation can be modificd as equation 3.
U ‘ ! (3)

" K,KDyel, K

Where |Dye], is the initial concentration in mol‘L,
K, is the constant related to adsorption and X is to
the reaction properties of dye. The applicability ol
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Fig. 6. Linemised reciprocal kinetic plot of the photodegra-
dation of RB 5 [ZnO]=2 ¢/L (UJV), 3 ¢'L (Solar); iradiation
time = 60 min; = 1.381x10" einstein L's™; airllow rute

&1 mL s Ermor range  +0.2%.

L-H cquation for the photodegradation has been
confirmed by the lincar plot obtained by plotting
reciprocal of initial rate (1:7) against reciprocal of
initial concentration (1/C) {Fig. 6). The values X,
and X, are found to be 0.0165 (mg/LY"' and 3.168
(mg/L) m™ for UV and 0.0116 (mg/L)" and 2.4331
(mg/L) m™" for Solar processes respectively.

Effect of oxidants

Onc practical problem in using semiconductor
oxide as a pholocatalyst is the undesired clectron-
hole recombination, which leads to low quantum
vicld, Henee the prevention of clectron-hole recombi-
nation becomes very important. This can be achicved
by adding oxidants such as H.Q, and (NH.).S8.0,
which can behave as electron acceptors.™ " Gen-
erally molecular oxygen is used as an electron
acceptor in heterogeneous photocatalysed reac-
tion. Besides the addition of molecular oxygen,
the electron-hole recombination can be reduced by
the addition ol irreversible electron aceeptors [0,
and (N1I)).5.0,. The addition of these oxidants
cohunces the degradation rate by several ways (1)
preventing the clectron-hole recombination by aceept-
ing the conduction band clectron, (i) increasing
the hydroxyl radical production, (iii) generating
other oxidizing species such as SO;* to accelerate
the intermediate compounds oxidation rate.

The degradation percentages of RB 5 in the
presence of 11,0, and (NIIL,).5,0, are shown in
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Fig. 7. Eltect of oxidants and isoprpanol [RB 5]=5%107 M;
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Fig. 7. Both the oxidants showed a beneficial
cffect on the degradation of dye under UV light
and solar light according to the following cqua-
tions (cqns.4-8).

L0, + ¢y —> "0l + O )
H.0. *OH + *OH (5)
5,0, + e, —> SO, + 50, {6)
SO-I. T ey > SO.'.: {7)

8O, - 1,0 — Ol + SO, + ' (8)

Mechanism of photodegradation

Carlier studies on photocatalytic degradation by
7ZnQ have indicated that the main oxidizing spe-
cics involved in photodegradation arc hydroxyl
radicals. The positive holes and super oxide ion
radical are found to play a minor role.”™ The
results on the effects of H,O, and (NH,).S.0; in
this degradation also indicate that the main oxidiz-
ing species in the photocatalysis is hydroxy! radical.
This is further conlirmed by the ellect ol isopro-
panol on the photocatalytic degradation. The addi-
tion of isopropanol, a known hydroxyl radical
quencher, decreases the photodegradation efficieney
(Fig. 7).

Based on the experimental results and from the
carlicr reports on dyc degradation by photocataly-
sis, we propose a dual hole-radical mechanism
qualitatively for the photooxidation of this dye.
According to this mechanism, direct h' oxidation
of the ethyl sulphonic and sulphonic groups takes
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place in combination with O11° attack of benzene
and naphthalene rings. The Ol radicals attack the
azo linkage-bearing carbon atoms. The resulting
OH?® breaks down to produce a substituted phenyl-
diazene and naphthalene radical, Phenyldiazine
can be readily oxidized to phenyl radicals and
nitrogen.” This may reduce the concentration of
nitrate. The naphthalene radicals under continu-
ous attack of OH" and oxygen leads possibly to
naphthaguinone and phthalic acid derivatives and
finally to carbon dioxide.*™!

The {ormation of CO, sulphate ions and trace
amounts of NO71ons shows that there is a total
destruction of organic compound m this process.
So the overall equation after a long nradiation time
in this process can be presented as (¢gn.9& 10).

C. H,, 0 NS Na, + 380. — intermediates
=26C0. + SNO; + 680, + 13H' +4Na’ +4H.0
(9)

RS Intermediates—>COANO;+S0, +11
+ Na +1.0 (10)

CONCLUSIONS

7ZnQ can cfficiently photocatalysc the textile azo
dye RB 5 with UV-A and Solar light as radiation
sources. The investigation clearly demonstrates
the importance of choosing the optimuim degrada-
tion parameters 1o obtain a high degradation rate,
which is essential for any practical application ol
photocatalytic degradation process. The best deg-
radation condition depends strongly on the kind of
pollutant. Though the UV irradiation can bring
better cfficiency in the degradation of textile dyc,
solar energy can be an alternative and cost cffee-
tive light source because of its abundance and
non-hazardous nature.
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