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Abstract

The degradation of acid red 14 (AR14), commonly used as a textile dye, can be photocatalysed by ZnO. Using advanced oxidation
processes (AOPs), zinc oxide appears to be a suitable alternative sdoFi@ater treatment. In this study, a detailed investigation of
photocatalytic degradation of acid red 14 is presented. Photodegradation efficiency was small when the photolysis was carried out in the
absence of ZnO and it was also negligible in the absence of UV light. The semi-log plot of dye concentration versus time was linear,
suggesting first order reactiok (= 0.0548 mirr!). The effects of some parameters such as pH, amount of photocatalyst, hydrogen
peroxide and ethanol concentration were also examined.

The addition of proper amount of hydrogen peroxide improved the decolorization, while the excess hydrogen peroxide could quenched
the formation of hydroxyl radical$ OH). As our results indicated that ethanol inhibited the photodegradation of dye, we concluded from
the inhibitive effect of ethanol that hydroxyl radicals played a significant role in the photodegradation of dye. This should not undermine
direct oxidation caused by positive holes.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction eration of very reactive species such as hydroxyl radicals,
that oxidizes a broad range of organic pollutants quickly and
The textile industry produces large quantities of highly non-selectively[7,8].
colored effluents, which are generally toxic and resistantto  AOPs include photocatalysis systems such as a combina-
destruction by biological treatment methods. Azo dyes, suchtion of a semiconductor (TiQ ZnO, etc.) and UV light. Due
as acid red 14 (AR14), are widely used in the textile industry to a faster electron transfer to molecular oxygen, sTi©®
[1,2]. found to be more efficient for photocatalytic degradation of
Various chemical and physical processes, such as chempollutants[9]. However, widespread use of Ti&nd plat-
ical precipitation and separation of pollutants, coagulation, inum catalyst is uneconomic for large-scale water treatment
electrocoagulatior3], elimination by adsorption on acti-  operations. ZnO appears to be a suitable alternative te TiO
vated carbon, etc. are applied for color removal from tex- since its photodegradation mechanism has been proven to
tile effluents. One difficulty with these methods, is that they be similar to that of TiQ [10,11] ZnO has been reported,
are not destructive but only transfer the contamination from sometimes, to be more efficient than BiQxs efficiency has
one phase to another, therefore, a new and different kind ofbeen reported to be particularly noticeable in the advanced
pollution is faced which calls for further treatmefdt-6]. oxidation of pulp mill bleaching wastewat§t?], the pho-
In recent years an alternative to conventional methods, istooxidation of 2-phenylphendlL3] and photocatalysed ox-
“advanced oxidation processes” (AOPs), based on the gen-dation of pheno[14,15]
In our previous works we reported the effect of opera-
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ZnO as a suitable alternative to TiGrradiated by UV-C where Cy is the initial concentration of AR14, an@ the
light (UV/ZnO process). The effect of UV light irradiation, concentration of AR14 at time
pH and the amount of photocatalyst were both examined.
The effect of the addition of }D, was also studied for
enhancing the elimination of azo dye. The inhibitive influ- 3. Results and discussion
ence of ethanol, commonly used to quench hydroxyl rad-
icals, provides information on reactive species involved in 3.1. UV-Vis spectra changes
the reaction.
Fig. 2 shows a typical time-dependent UV-Vis spectrum
) of AR14 solution during photoirradiation. The absorption
2. Experimental peaks, corresponding to dye, diminished and finally disap-
peared under reaction which indicated that the dye had been
degraded. No new absorption bands appear in either the vis-
) ) ] ] ) ~ible or ultraviolet regions. The spectrum of AR14 in the vis-
Acid red 14, zinc oxide, hydrogen peroxide, sulfuric acid, jp|e region exhibits a main band with a maximum at 515 nm.
sodium hydroxide and ethanol were of laboratory reagent The decrease of absorption peaks of AR Lyt = 515 nm
grade and used without fur_ther_ purific;ation. Structure of acid j, this figure indicated a rapid degradation of azo dye. It also
red 14 (Chromotrope FB) is given fig. 1 indicates that the nitrogen to nitrogen double bond¥NN)
of the azo dye, in this study, is the most active site for ox-
idative attack. Complete discoloration of dye was observed
) o ) after 1 h in the optimized conditions.
For UV/ZnO process, irradiation was performed in a batch
photoreactor of 500 ml in volume with a mercury lamp 3.2. Effect of UV irradiation and ZnO particles
Philips 30 W (UV-C).

2.1. Materials

2.2. Photoreactor and light source

It can be seen frorig. 3that in the presence of both ZnO
and light, 70.4% of dye was degraded at the irradiation time
of 3.5h. This was contrasted with 14.3% degradation for

2.3. Procedures

For the photodegradation of AR14, a solution containing
known concentration of dye and ZnO was prepared and it
was allowed to equilibrate for 30 min in the darkness, then
50 ml of the prepared suspension was transferred to a 500 ml g,
pyrex reactor. The suspension pH values were adjusted at
desired level using dilute NaOH and80, and then the
pH values were measured with pH meter (Philips PW 9422).
After that, the lamp was switched on to initiate the reaction. .
During irradiation, agitation was maintained to keep the sus- 0 min
pension homogeneous, and the suspension was sampled aftel 15min
an appropriate illumination time. The concentration of dye 30min
in each degraded sample was determined with a spectropho- 60min
tometer (UV/VIS Spectrophotometer, Perkin-Elmer 550 SE) f
at Amax = 515nm and a calibration curve. By this method
conversion percent of AR14 can be obtained in different in-
tervals. The degree of photodegradati¥hds a function of
time is given by:
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Fig. 2. UV-Vis spectra changes of AR14 (20ppm) in aqueous ZnO
SOzNa dispersion (ZnO 160 ppm) irradiated with a mercury lamp light at pH
neutral, at times: (1) zero, (2) 15min, (3) 30min, and (4) 60 min where
Fig. 1. Structure of acid red 14 (C.I. no. 14720). ppm = mg/kg ~ mg/L = g/m°.
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1 ZnO+ hv — ZnO (egg + hig) 2
08 :g:g e ‘ hig + dye— dye*™ — oxidation of the dye ()
N hig + HaO — HY + *OH 4)
041
I hig + OH™ — *OH (5)

0.2

Electron in the conduction bond {g) on the catalyst
surface can reduce molecular oxygen to superoxide anion
0 05 1 15 2 25 3 35 (Eq. (6). This radical, in the presence of organic scavengers,

Irradiation time(h) may form organic peroxide€(. (7) or hydrogen peroxide

O & & & & ' & 1 &

Fig. 3. Effect of UV light and ZnO on photocatalytic degradation of (Eq' (8))

AR14. [AR14] = 20 ppm, ZnO= 60 ppm, pH neutral. ecg + Oy — *05~ (6)
the same experiment performed in the absence of ZnO, and”O2~ + dye — dye— OC* (7
the negligible 0.5% when the UV lamp had been switched Oy 4 HO® 4 HY — HpOp + Oy ®)

off and the reaction was allowed to occur in the darkness.
These experiments demonstrated that both UV light and a  Ejectrons in the conduction bond are also responsible for

photocatalyst, such as ZnO were needed for the effective de+ne production of hydroxyl radicals, species which have been
struction of AR14. Because it has been established that thejngicated as the primary cause of organic matter mineral-

photocatalysed degradation of organic matter in solution is jzation Eq. (9) [15-17} The mechanism is assumed up in
initiated by photoexcitation of the semiconductor, followed Fig. 4
by the formation of an electron—hole pair on the surface of

catalyst Eq. (2).The high oxidative potential of the hole *OH + dye — degradation of the dye 9)
(hf,B) in the catalyst permits the direct oxidation of organic

matter (dye) to reactive intermediatdsg( (3). Very reac- 3.3. Effect of catalyst concentration

tive hydroxyl radicals can also be formed either by the de-

composition of waterEg. (4) or by the reaction of the hole The effect of the amount of ZnO on the photodegrada-
with OH™ (Eq. (5). The hydroxyl radical is an extremely tion efficiency was shown ifig. 5. Experiments performed
strong, non-selective oxidant? = +3.06 V) which leads with different concentrations of ZnO showed that the pho-
to the partial or complete mineralization of several organic todegradation efficiency increases with an increase in ZnO
chemicals. concentration up to 160 ppm, and is then decreased. This
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Fig. 4. General mechanism of the photocatalysis.
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(Eq. (10) [13,20]

ZnO+ 2hyg — Zn** 4 O* (10)

At pH higher than 10, no photocorrosion of ZnO takes
place. More efficient formation of hydroxyl radicals occurs
in alkaline solutionEq. (5) [18]. AR14 has a sulfuric group
in its structure, which is negatively charged in alkaline con-
| ditions, therefore, in the alkaline solution dye may not be

0 20 40 60 80 100 120 140 160 180 200 adsorbed onto photocatalyst surface effectively.

Amount of ZnO (ppm ) In the light of the findings, it was deduced that the effi-

cient condition for photodegradation of AR14 was neutral
Fig. 5. Effect of ZnO amount on photodegradation efficiency of AR14 at pH

irradiation time of 1 h. [AR14] = 20 ppm, pH neutral.

3.5. Kinetics of photocatalytic degradation of AR14
observation can be explained in terms of availability of ac-
tive sites on the catalyst surface and the penetration of UV The plot log[dye] versus irradiation time for AR14 was
light into the suspensiofi8]. The total active surface area |inear suggesting that the photodegradation reaction approx-
increases with increasing catalyst dosage. At the same timejmately follows the first order kinetics. Rate constakit£

due to an increase in the turbidity of the suspension, there 0548 mirr1) was estimated from the slope of the log[dye]
is a decrease in UV light penetration as a result of increasedyersus time plot in the optimized conditions.

scattering effect and hence the photoactivated volume of sus-
pension decreas§s9]. Since the most effective decomposi-
tion of AR14 was observed with 160 ppm of ZnO, the other
experiments were performed in this concentration of ZnO.

3.6. Effect of ethanol

According to the previous literatufé,16], alcohols such
as ethanol, are commonly used to quench hydroxyl radi-
cals. The rate constant of reaction between hydroxyl radi-
_ o _ cal and ethanol is.® x 10°M~1s~1 [13]. It was observed

Fig. 6 shows the color removal efficiency of acid red 14 n5t small amounts of ethanol inhibited the photocatalytic
solution as a function of pH. The effect of pH on the pho-  jegradation of AR14. What it means could be that, hydroxyl
todegradation efficiency of AR14 was examined in the range raicals play a major role in photocatalytic oxidation. The
4-12 in an aqueous ZnO suspension. The results showedyqiodegradation efficiency decreases with an increase in
that a direct influence the pH of the solution, had on the e amount of ethanol. With 8% (vIv) of ethanol the pho-
heterogeneous photocatalysis procésg.(6). In acidic so-  tggegradation efficiency decreases to 7.7% at the irradiation
lutions photodegradation efficiency was more than that in time of 1h €ig. 7). Thus the transformation is not only

alkaline solutions. It is because photodecomposition of ZnO 4,;e to hydroxyl radicals. There must be another species in-

takes place in acidic and neutral solutions. The photocor-,q1ved which does not react with alcohols. The species is

rosion of ZnO is complete at pH lower than 4. The forma- mgost probably the positive holesj) formed on the ir-

tion of Zr?* is attributed to the oxidation of ZnO hbiyg radiated photocatalyst, which react with the adsorbed dye
molecules Eq. (3).

3.4. Effect of pH
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Fig. 7. Inhibitory effect of ethanol on photodegradation efficiency of AR14
Fig. 6. Effect of pH on photodegradation efficiency of AR14 at different  at the irradiation time of 1h. [AR14]= 20 ppm, ZnO= 160 ppm, pH
irradiation times. [AR14] = 20 ppm, ZnO= 160 ppm. neutral.
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1; 4. Conclusion
0.9
g:g: The results presented in this paper indicated that UV/ZnO
0.6 process could be efficiently used to degrade the acid red
X 0.51 14. ZnO and UV light had a negligible effect when they
g:g: were used on their own. The results indicated that degree
0.2 of degradation of acid red 14 were obviously affected by
0.14 illumination time, pH and photocatalyst amount. We also
0 0 2 5 10 15 20 learned that optimal amount of photocatalyst was 160 ppm,
[H202]o(mmolll) with dye concentration of 20 ppm. ZnO can not be used in

acidic solution. The photocatalytic decomposition of AR14
Fig. 8. Effect of O, addition on photodegradation efficiency of AR14  was most efficient in neutral solution. The complete removal
in UV/ZnO process at the irradiation time of 15 min. [AR34f 20 ppm, of color, after selection of optimal operational parameters,
ZnO = 160 ppm, pH neutral. . . . .

could be achieved in a relatively short time of about 1 h.

The proper addition of hydrogen peroxide could improve

3.7. Effect of hydrogen peroxide the photodegradation rate, but it was inhibited by ethanol. It

was concluded that hydroxyl radicals were the main reactive

Limitation to the rate of photocatalytic degradation has SPEcies, but positive holes were probably also involved.

been attributed, by most researches, to the recombination of

photogenerated hole—electron pdie4,22] The rates and

efficiencies of photoassisted degradation of organic su

strates are significantly improved in the presence of perox- , , , i

ides[16,23,24] Thg authors thank the University of Tabriz, Iran, for fi-
The photocatalytic degradation of AR14 has been stud- "@ncial and other supports.

ied at different hydrogen peroxide concentrations. Results

are given inFig. 8 The degradation rate of AR14 increased References
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