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Abstract

The photodegradation of three commercially available dyestuffs (C.I. Reactive Black 5, C.I. RB5, C.I. Direct Yellow 12, C.I. DY12, and C.I.
Direct Red 28, C.I. DR28) by UV, UV/H2O2 and UV/H2O2/Fe(II) processes was investigated in a laboratory-scale batch photoreactor equipped
with an 16 W immersed-type low-pressure mercury vapour lamp. The experimental results were assessed in terms of absorbance and total
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rganic carbon (TOC) reduction. The initial concentration was kept constant at 100 mg l−1 for all dyes. Initial results showed that, color remo
fficiencies by UV or H2O2 alone were negligible for all dyes. Almost complete disappearance of C.I. RB5 (99%) and DY12 (98%) in UV2O2

rocess was possible to achieve after 60 min of irradiation. The maximum color removal efficiency of C.I. DR28 after 60 min of irr
owever, was only 40% and reached a maximum value of 70% after 120 min of irradiation. Corresponding mineralization efficien
0, 55 and 7–12%, respectively. The addition of Fe(II) to the system, so-called the photo-Fenton process, greatly enhanced the co

he efficiencies being 98, 88 and 85% for C.I. RB5, C.I. DY12 and C.I. DR28 only after 5 min of irradiation. Corresponding miner
fficiencies were 98% for 45 min irradiation, 100% for 60 min irradiation and 98% for 90 min irradiation, respectively. However, m
enefit was less significant in the higher range of both H2O2 and Fe(II). Furthermore, decreases in both decolorization and minerali
ere observed at higher concentrations of oxidant and catalyst due to the scavenging effect of excess H2O2 and OH• radicals. The degradatio
f all dyes was found to follow first-order reaction kinetics.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The textile industry produces large quantities of highly
olored effluents, which are generally toxic and resistant to
estruction by biological treatment methods. Most of the
yestuffs used are complexly structured polymers with low
iodegradability. They are either sorbed or trapped in bioflocs

1–3]. Thus, ecosystems of streams can be seriously affected
f these effluents are not treated properly. Particularly reac-
ive azo dyes cause special environmental concern due to
heir degradation products such as aromatic amines which

∗ Corresponding author. Tel.: +90 346 2191010/1933;
ax: +90 346 2191177.

E-mail address:ubali@cumhuriyet.edu.tr (U. Bali).

are considered highly carcinogenic[4]. Consequently, dye
have to be removed in dye wastewater before discharg
the past, effluents containing azo dyes have been treat
adsorption onto activated carbon or by chemical coagul
[5]. However, these traditional methods mainly transfer
contaminants from wastewater to solid wastes.

Advanced oxidation is a potential alternative to decolo
and reduce recalcitrant wastewater loads from textile dy
and finishing effluents[6]. The research and developmen
advanced oxidation technologies (AOTs) for water and
remediation have made great progress in recent year
pecially the H2O2 and TiO2-based processes. Chemical
idation using ultraviolet radiation (UV) in the presence
hydrogen peroxide (H2O2) is a very promising techniqu
UV wavelengths of 200–280 nm lead to disassociatio
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H2O2, with mercury lamps emitting at 254 nm being the most
commonly used. UV/H2O2 systems generate hydroxyl radi-
cals (OH•) which are highly powerful oxidizing species. The
OH• yield can be further increased by addition of Fe(II)/(III)
species following the pathway of Fenton (Fe(II)/(III)–H2O2)
and/or photo-Fenton (Fe(II)/(III)–H2O2–UV) reactions. Hy-
droxyl radicals can oxidize organic compounds (RH) produc-
ing organic radicals (R•) which are highly reactive and can
be further oxidized[7,8].

Several dyes utilized by textile industries (including azo-
reactive ones) have been successfully degraded by the above
techniques[9–15]. Furthermore, though it has been already
demonstrated that AOTs can be effectively applied for the
degradation of textile dyes in numerous previous studies,
many have focused on the color disappearance kinetics. How-
ever, it is the ultimate oxidation of TOC content of the
dyestuffs that has to be considered for the full-scale applica-
tions of AOTs. With the aim to contribute to the clarification
of the above mentioned facts, the present study aimed to com-
paratively evaluate the efficiency of applying UV, UV/H2O2
and UV/H2O2/Fe(II) processes for photodegradation and also
mineralization of three common dyestuffs (C.I. RB5, C.I.
DR28, C.I. DY12) which are currently widely used in textile
industry.
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Fig. 1. Schematic diagram of the lab-scale photochemical reactor.

adjusted using sulfuric acid solution when needed. Aque-
ous solutions of dyestuffs were prepared with distilled
water.

2.2. Photoreactor

All experiments were performed in a well stirred, batch,
cylindrical photoreactor with a total volume of 2.2 L. The
reactor is made of glass and does not contain any metal
parts. The outside of the reactor was covered with an alu-
minium sheet. At the top, the reactor has inlets for feed-
ing reactants, and ports for measuring temperature and
withdrawing samples. The reactor was open to air with a
Teflon-coated magnetic stirring bar placed at the bottom to
provide proper mixing. The UV irradiation source was a
16 W low-pressure mercury vapour lamp (maximum emis-
sion at 254 nm) encased in a quartz tube. Because the light
source produces heat, the lamp was surrounded with a water-
cooling jacket, made of glass, to maintain a constant tem-
perature. The lamp was axially centered and immersed in
the dye solution.Fig. 1 illustrates the schematic diagram of
the laboratory-scale photochemical installation used in the
study.
. Experimental

.1. Reagents

C.I. RB5, C.I. DR28, C.I. DY12 are widely used text
yestuff in the Turkish textile industry and were obtai

rom far-east as commercially available dyes and used
ut further purification. Characteristics of the dyes used

isted in Table 1. The H2O2 solution (35%, w/w), H2SO4
98–99%) and ferrous sulfate heptahydrate (FeSO4·7H2O)
sed as a source of Fe(II) were analytical grade and
hased from Merck. The 1000 mg l−1 Fe(II) stock solution
as prepared for further dilution to obtain a solution
esired concentration. The pH of aqueous solutions

able 1
ain characteristics of the dyes used

C.I. RB5

olor index no. 20505
ynonyms Remazol Black B
olecular formula C26H25N5O19S6Na4

hemical structure
olecular weight (g mol−1) 991.82

max (nm) 597
urity (%) ∼55
C.I. DY12 C.I. DR28

24895 22120
Chrysophenine yellow Congo red

C30H26N4O8S2Na2 C32H24N6O6S2Na2

680.70 696.67
405 497
∼65 ∼85
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2.3. Experimental procedure and analytical methods

For a standard reaction run, 2 L aqueous solution of
100 mg l−1 dye concentration was used. Experiments with
UV and UV/H2O2 were conducted at pH 7 without buffer-
ing. Following the adjustment of dyestuff concentration in the
solution and pH, it was poured into the reactor. Then, hydro-
gen peroxide of a desired amount was injected in the reactor
before the beginning of each run for UV/H2O2 process. For
the photo-Fenton process (UV/H2O2/Fe(II)), the pH value
of the solution was set to 3 by adding required amounts of
H2SO4 solution before a given weight of iron salt was added.
The iron salt was mixed very well with the prepared dye so-
lution before the addition of a given volume of H2O2. The
time at which the ultraviolet lamp was turned on was consid-
ered time zero or the beginning of the experiment which was
taking place simultaneously with the addition of hydrogen
peroxide. The temperature of the solution was kept constant
at 25± 2◦C throughout all experiments.

Samples were taken at predetermined time intervals to
measure absorbance, TOC and pH. The samples were ana-
lyzed immediately to avoid further reaction. A spectropho-
tometer of Novaspec II (Pharmacia Biotech.) was used to
measure the absorbance. Absorbance measurements were
performed at the wavelength corresponding to maximum ab-
s ts
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Fig. 2. Variation of residual color with irradiation time in UV/H2O2 process
as a function of initial hydrogen peroxide concentration (pH 7, HP: hydrogen
peroxide) for: (a) C.I. RB5, (b) C.I. DR28 and (c) C.I. DY12.

same optimal concentration for RB5 was also found by some
other authors[4]. C.I. DR28 showed more resistance than the
others and the maximum decolorization efficiency obtained
for C.I. DR28 was around 70% at a H2O2 concentration of
50 mM after 120 min of irradiation.
orbance of each dye given inTable 1. TOC measuremen
ere carried out using a DOHRMAN DC 190 model TO
nalyser. pH was measured by using NEL pH 890 pH m

. Results and discussion

.1. Decolorization studies

Initial results demonstrated that neither H2O2 (10 mM, pH
, data not shown) nor UV alone was able to appreciabl
olorize C.I. RB5, C.I. DY12 or C.I. DR28 (100 mg l−1). The
ombination of UV/H2O2 was, therefore, necessary for
roduction of OH• radicals to initiate the decolorization
oncerning dyes. In order to observe the effect of oxi
oncentration on the rate of degradation of three dyestu
V/H2O2 process, experiments were carried out by var

he dose of H2O2 from 1 to 100 mM. The results are illu
rated inFig. 2a–c, respectively. As can be seen fromFig. 2,
irect photolysis (in the absence of H2O2) of all dyes after 2 h
f irradiation was almost negligible, 2, 3 and 1% for C.I. R
.I. DR28 and C.I. DY12, respectively within the limits
ccuracy of analysis. The decolorization efficiency, howe
as enhanced by the addition of H2O2 due to the OH• radicals
enerated during photochemical reactions. The results
howed dependence of the decolorizing degree on the
oncentration of the hydrogen peroxide. The resistan
estruction by hydroxyl radicals was, however, differen
ach dye. It was possible to achieve almost complete d
rization in 60 min for C.I. RB5 (99%) and C.I. DY12 (98%
t H2O2 concentrations of 25 and 10 mM, respectively.
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More than 50% of the color removal was observed in the
first 15 min for C.I. RB5 and C.I. DY12. The decolorization
efficiency for C.I. DR28 after 15 min at 50 mM H2O2 was
only around 7%.

Variation of pH during degradation was also different for
each dye. The C.I. RB5 and C.I. DY12 solutions became
acidic as the pH dropped to a constant value of 3–3.5 after
45 min of irradiation. The pH value for C.I. DR28, however,
was still around 5.5 after 120 min of irradiation. Decrease
in pH is in accordance with those obtained by Georgiou et
al. [15] and the reason of the decrease in pH can be mainly
explained by two factors one of which is the oxidized inter-
mediates that are mostly organic acids and the second factor
is the production of perhydroxyl anion (HO2

−) and H+ pro-
duced according to the following reaction:

H2O2 → HO2
− + H+ (1)

However, since the above reaction takes place in the alkaline
pH (pKa 11.7) but the experiments have been done in natural
or acidic pH, it can be concluded that the dissociation of H2O2
has a minor effect in pH decrease. Therefore, slight decrease
in pH for C.I. DR28 can be explained with the incomplete
destruction of C.I. DR28.

Another point which worth to note was the dependence of
efficiency on the H2O2 concentration. As mentioned before,
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Fig. 3. Variation of residual color with irradiation time in UV/H2O2/Fe(II)
process as a function of initial catalyst (Fe(II)) concentration (pH 3, H2O2:
25 mM) for: (a) C.I. RB5, (b) C.I. DR28 and (c) C.I. DY12.

set of experiments. The Fe(II) concentration in photo-Fenton
process was varied between 0.5 mg l−1 (1 × 10−2 mM) and
25 mg l−1 (0.45 mM).Fig. 3a–c illustrates the effect of initial
Fe(II) concentration on the residual color for C.I. RB5, C.I.
DY12 and C.I. DR28, respectively. The decolorization effi-
ciency increased with increasing Fe(II) concentration. The
he efficiency increased with increasing H2O2 concentration
owever, increasing the H2O2 concentration enhanced t
xidation process up to a certain point at which H2O2 started

o inhibit the destruction of the dyestuff which is thou
o be due to the reaction of excess H2O2 with OH• radicals
Reactions (2) and (3)) and thus, decreasing the amou
ydroxyl radicals which will react with the organics:

H• + H2O2 → H2O + HO2 (2)

H• + HO2 → H2O + O2 (3)

t is already well established that H2O2 itself acts as an effe
ive OH• scavenger at concentrations that are specific fo
ollutant in question. This is encountered during the des

ion of not only dyes but also many organic compound
ell [16]. Therefore, after a certain concentration of H2O2, no
ignificant increase in decolorization efficiency was obse
or all dyes. Further elevating H2O2 concentration, even le
o decreases in color removal efficiencies (Fig. 2a–c). It can
e concluded that a H2O2 dose higher than 25, 10 and 50 m

or C.I. RB5, C.I. DY12 and C.I. DR28, respectively cor
ponds to an unprofitable consumption of H2O2.

The experiments with photo-Fenton process were ca
ut at acidic pH (pH 3). Because under acidic pH, OH• is

he predominant reactive oxidant and under alkaline pH
roperoxyl radicals do not have as high oxidizing powe
H• [17]. Another reason for better results at lower pH

he increased iron solubility. Addition of Fe(II) to UV/H2O2
rocess as the catalyst greatly enhanced the decolori
ate relative to UV/H2O2 process. The H2O2 concentration
as kept constant at 25 mM for all dye solutions for
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results indicate that the removal of color during the initial
reaction period was quite fast in the presence of ferrous ion.
The maximum efficiencies obtained and the corresponding
Fe(II) concentrations after 5 min of irradiation were 98%,
5 mg l−1; 88%, 5 mg l−1; and 85%, 25 mg l−1 for C.I. RB5,
C.I. DY12 and C.I. DR28, respectively. In a study, recently
carried out for the photo-Fenton oxidation of C.I. DY12 using
a 8 W low-pressure mercury vapor lamp, similar removal ef-
ficiencies were achieved at longer irradiation times (20 min)
and quite higher Fe(II) concentrations (Fe(II): 500 mg l−1,
H2O2: 1500 mg l−1), although the concentration of C.I. DY12
was lower (50 mg l−1) [18]. And this was, most probably,
due to the higher power of the UV lamp used in this study
(16 W). It has also been pointed out in the same study that
with the increase in dye concentration, the time required
for degradation also increases. At low concentration of sub-
strate, the percentage conversion is higher compared that
at higher concentration, whereas the rate of degradation in-
creases with an increase in the initial concentration of sub-
strate[19].

The most resistant dye in photo-Fenton process was again
C.I. DR28 with only 26% removal efficiency at a Fe(II) con-
centration of 5 mg l−1 after 5 min of irradiation when com-
pared with the other two dyes. The increase in efficiency
and the decrease in required irradiation time with increasing
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catalyst concentrations. The main reason for this is because
the UV/H2O2 process of the second reaction stage further
carries on the removal of color. In the first reaction stage,
a lower Fe(II) dosage leads to a lower removal of color but
results in a higher residue of H2O2. The higher the H2O2
concentration remained in the first reaction stage, the higher
rate of color removal can be obtained in the second reaction
stage. The important insight brought up here is that the dosage
of H2O2 can govern the final removal efficiency of color in
the photo-Fenton process, if the reaction is carried on for a
sufficiently long time. Whereas, the ferrous dosage plays the
role of catalyzing the color removal within a shorter time
[14].

3.2. Mineralization studies

Since the intermediate products of some organic com-
pounds can be more toxic and/or non-biodegradable than
the original compound itself, complete destruction of such
compounds should also be considered. Dyes, most of which
are highly structured polymers with low biodegradability, are
typical example of such compounds. Therefore, in addition
to absorbance measurements for decolorization studies, TOC
analysis of the same samples were also performed.Fig. 4a–c
illustrates the effect of initial H2O2 dosage on mineralization
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atalyst concentration is due to that the higher the fer
osage, the more the OH• can be formed through Fent
eaction, thus leading to a higher rate of color remova
hould also be noted that the removal efficiency of C.I. D
ecreased from 88 to 64% as the concentration of Fe(II)

ncreased from 5 to 25 mg l−1 which is thought to be due
he production of excess OH• radicals and its reaction wi

2O2 (Reactions (2) and (3)). The question is why did
his happen in case of C.I. RB5 and C.I. DR28. The re
s, most probably, lying under the concentration of H2O2 ap-
lied. It is important to note that the optimal H2O2 concentra

ions in UV/H2O2 process were 25 and 50 mM for C.I. R
nd C.I. DR28, respectively. However, for C.I. DY12, t
oncentration was 10 mM. When the concentration of H2O2
pplied in photo-Fenton process (25 mM) was consider
an be concluded that the decrease in removal efficien
.I. DY12 was due to that the H2O2 has been applied equ

o or less than the optimal concentration for C.I. RB5
.I. DR28 but in excess for C.I. DY12 which led to O•
cavenging.

Most of the H2O2 dosage applied was consumed in the
tage of fast reaction i.e., Fenton reaction[20]. The H2O2
emained in the first reaction stage in turn will be dec
osed through UV photolysis and determine the rest of c
emoval[14]. Furthermore, the highest decolorization e
iency was observed to be close to 97% for C.I. RB5
.I. DY12 after 30 min of irradiation for all ferrous dosag
xcept for C.I. DY12 at 25 mg l−1 Fe(II). This points ou
hat the overall removal efficiency for all dyes makes
ifference after 30 min of irradiation, in spite of the init
emoval being quite different from each other for differ
f the three dyes in UV/H2O2 process. As in the case of dec
rization, the removal rate of TOC increased with increa

nitial H2O2 dosage. However, the rate of disappearanc
he reactant (i.e. decolorization) was noticeably faster
hat of TOC.

The maximum mineralization efficiencies obtained a
20 min of irradiation and the corresponding H2O2 dosage
ere 50%, 25 mM; 55%, 10 mM; and 12%, 50 mM for C
B5, C.I. DY12 and C.I. DR28, respectively. The same tr
s in the case of decolorization was observed when th

ial H2O2 concentration was further increased. First, mi
lization rates increased only slightly and at 100 mM H2O2,

he mineralization rates started to decrease. The decre
ineralization efficiency at 100 mM H2O2 when compare
ith the optimal values were 9 and 19% for C.I. RB5
.I. DY12, respectively, whereas removal efficiencies for
R28 at 50 and 100 mM H2O2 were almost same.
However, the maximum mineralization efficiencies

ained were not satisfactory and the reaction time requ
o reach these efficiencies were long. Therefore, in o
o increase the mineralization efficiency and to decreas
equired irradiation time, additional experiments were c
ucted with photo-Fenton process.Fig. 5a–c illustrates th
ffect of initial Fe(II) dosage on mineralization efficiency

hree dyestuffs. As it can be seen, in general, increasin
ial amount of iron in solution produce increasing rate
egradation. The reaction time required for almost com
ineralization of the dye solutions and the correspon
e(II) dosages were 45 min, 25 mg l−1; 60 min, 10 mg l−1;
nd 90 min, 25 mg l−1 for C.I. RB5, C.I. DY12 and C.I. DR28
espectively.
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Fig. 4. Variation of residual TOC with irradiation time in UV/H2O2 process
as a function of initial hydrogen peroxide concentration (pH 7) for: (a) C.I.
RB5, (b) C.I. DR28 and (c) C.I. DY12.

3.3. Kinetic studies

Although the fast degradation of dyes in some of the
experiments, especially in photo-Fenton process, required
pseudo-first-order kinetics assumption, most of the degra-
dation curves were found to obey first-order kinetics. There-

Fig. 5. Variation of residual TOC with irradiation time in UV/H2O2/Fe(II)
process as a function of initial catalyst (Fe(II)) concentration (pH 3, H2O2:
25 mM) for: (a) C.I. RB5, (b) C.I. DR28 and (c) C.I. DY12.

fore, all constants were determined based on the first-order
kinetics assumption (Eq.(1)). It was also assumed that
the hydroxyl radical concentration was higher than the dye
concentration:
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Fig. 6. A typical plot of ln(Ct/C0) vs. time to show that the kinetic studies
follows first-order reaction (process: UV/H2O2, pH 7, dye: C.I. RB5;C0:
100 mg l−1).

Table 2
First-order reaction rate constants and correlation coefficients of
decolorization

k (min−1) (r2)

C.I. RB5 C.I. DY12 C.I. DR28

H2O2 concentration (mM) (UV/H2O2 process)
1 0.0056 (0.99) 0.0063 (0.99) 0.0021 (0.99)
5 0.0222 (0.99) 0.0325 (1) 0.0033 (0.99)

10 0.0384 (0.99) 0.0771 (0.98) 0.0056 (0.99)
25 0.0634 (0.99) 0.0717 (0.99) 0.0078 (0.99)
50 0.0624 (0.99) 0.0477 (0.99) 0.0104 (0.99)

100 0.0617 (0.99) 0.0482 (0.98) 0.0109 (0.98)

Fe(II) concentration (mg l−1) (H2O2 = 25 mM; photo-Fenton process)
0.5 0.1131 (0.99) 0.0993 (1) 0.0063 (0.97)
1 0.1596 (0.99) 0.1036 (0.98) 0.0110 (0.99)
5 –a –a 0.0172 (0.97)

10 –a –a 0.0310 (0.98)
25 –a –a –a

a Reaction rate was very fast. There was only one data between the start
of the experiment and the complete disappearance of the color.

ln

(
Ct

C0

)
= −kt (1)

whereC0 is the initial dye concentration,Ct the concentration
of dye at timet andk the overall rate constant (time−1).

Fig. 6 illustrates the typical plot of ln(Ct/C0) versust for
the photodegradation of C.I. RB5 with UV/H2O2p process.
Having the straight-line behaviour, this plot confirms the first-
order reaction kinetics.

Similar plots were created for three dyes for different con-
centrations of H2O2 and Fe(II) and the determinedk values
are given inTable 2.

4. Conclusion

• The results have shown that the removal efficiency both
in terms of decolorization and mineralization is negligible
when UV or H2O2 are used alone.

• Effective decolorization by UV/H2O2 process is possible,
however, with poor mineralization efficiency and long ir-
radiation periods.

• The experimental results also demonstrated that the photo-
Fenton process could be a suitable pre-treatment method
for complete decolorization, and also mineralization of di-
lute effluents from textile dyeing and finishing processes,
once the optimum operating conditions are established.
Furthermore, photo-Fenton process greatly reduces the re-
quired irradiation times for decolorization and mineraliza-
tion with respect to UV/H2O2 process. The H2O2 dosage
controls the overall efficiency of both color and TOC re-
moval, while the Fe(II) dosage plays a role of acceler-
ating the removal, especially during the initial reaction
period.

• The decolorization and mineralization efficiencies were
found to increase with increasing H2O2 and Fe(II)
concentrations, however, the marginal benefit be-
came decreasing with further increasing of both in
UV/H2O2 and photo-Fenton processes, respectively due
to the scavenging effect of excess H2O2 and OH•
radicals.

• Under the conditions studied, the initial rate of conversion
was very high as compared to the rate later in the reaction.

• C.I. DR28 was more resistant to photodegradation with
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respect to C.I. RB5 and C.I. DY12.
The kinetics of decolorization was found to follow fir
order reaction rules.
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