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Decolorization of azo dye acid black 1 by the UV/H2O2 process and
optimization of operating parameters
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Abstract

An advanced oxidation process, UV/H2O2, was applied for decolorization of a di-azo dye (acid black 1). The effects of operating parameters
such as hydrogen peroxide dosage, UV dosage and initial dye concentration, on decolorization have been evaluated. The acid black 1 solution
was completely decolorized under optimal hydrogen peroxide dosage of 21.24 mmol/l and UV dosage of 1400 W/l in less than 1.2 min. The
decolorization rate followed pseudo-first order kinetics with respect to the dye concentration. The rate increased linearly with volumetric
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V dosage and nonlinearly with increasing initial hydrogen peroxide concentration. It has been found that the degradation rate
ntil an optimum of hydrogen peroxide dosage, beyond which the reagent exerted an inhibitory effect. For real case application, a
arameter plot of rate constant was developed. To evaluate the electric power and hydrogen peroxide consumption by UV/H2O2 reactor, 90%
olor removal was set as criteria to find the balance between both factors.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Textile industry is one of the most important industries
mong Taiwan’s economic development contribution in last

ew decades. There are about 10,000 kinds of dyes used in
extile industry. The industry wastewater was concerned be-
ause of its quality and quantity, so that Taiwan EPA issued
he stricter effluent standards to enforce the decolorization
nd elimination of pollutants in wastewater before discharg-

ng into surface water body. Therefore, technologies of dye
astewater decolorization become more and more important

o follow the regulatory enforcement.
High levels of environmental contamination are produced

n effluents of textile dyeing and finishing industries, due to
igh color intensity and chemical oxygen demand (COD).
ome azo dyes, dye precursors, and their degradation prod-
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ucts such as aromatic amines were known to be carcino
by Brown and DeVito[1]. Textile dyestuffs with complicate
aromatic structures resisted the degradation in conven
biological wastewater treatment system. The United S
Environmental Protection Agency’s (U.S. EPA) Water
gineering Research Laboratory first reported that 11 o
18 studied azo dyes were substantially unaffected by the
vated sludge process[2]. Some other studies[3–4]showed the
similar results that azo dyes were very difficult to be bio
graded under aerobic conditions. Some biological treat
processes using anaerobic condition were studied to e
tively decolorize azo dyes[5–6]. However, most of the tex
tile industries employed traditional activated sludge pro
for their wastewater treatment in Taiwan. Thus, textile ind
tries have difficulties meeting the new color regulation u
their aerobic biological and chemical coagulation treatm
technology[7]. That implies textile dyeing industries sho
pursue efficient technique as pre-treatment or polishing
cesses to decolorize the highly colored wastewater. C
quently, the alternative and innovative technologies of
304-3894/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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refractory azo dyes have to be explored urgently. In general,
by adsorption onto activated carbon or chemical coagulation
were employed to deal with dye wastewater[8,9]. However,
these treatment methods mainly transferred the contaminant
from wastewater into solid wastes that the spent activated car-
bon and coagulant sludge need further and ultimate disposal
eventually. Thus, textile industries were compelled to con-
sider the alternative technologies for dealing with wastewa-
ter problems in order to meet the effluent standards and cost
economical as well.

One of the advanced oxidation processes (AOPs), which
combine UV radiation and hydrogen peroxide (UV/H2O2),
may provide a better solution for textile effluents. AOPs are
widely used to decompose various hazardous organics in in-
dustrial wastewater and groundwater. The extensive literature
in this field has been reviewed by Venkatadri and Peters[10].
In the system, the free radicals (OH•) are dominant species
with the potential ability to oxidize most of organic contami-
nants, which are mineralized into carbon dioxide and water in
wastewater. The formation of free radicals is fairly affected
by the amount of UV radiation absorbed by H2O2, initial
concentration of hydrogen peroxide, and initial concentra-
tion of contaminants. Sometimes, to reach effectiveness of
treatment requires large light power and oxidant dosage so
that cost increases in comparison with traditional treatments
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2. Experimentation

2.1. Materials

Hydrogen peroxide was obtained from Fluka Chemical
(30% w/w). The acid black 1 (AB1) was obtained from
Aldrich Chemical Co. and used without further purification.
The characteristics such as wavelength, molecular weight,
dye contents and structure of AB1 are given inTable 1.
Reagents for the measurement of hydrogen peroxide were
all ACS analytical reagent grade from Fisher Scientific Co.,
and the stock solution was refrigerated and stored in the dark.

2.2. Apparatus

The New England Photochemical Co. Model RPR-
100 photochemical reactor, which fitted with 16 RPR-
1849/2537̊A low pressure mercury arc UV lamps
(wavelength 253.7 nm, 35 W per lamp) along the inner wall
of reactor, was employed in this study. Thus, a total of 560 W
input power may be applied in a 500 ml quartz stirred ves-
sel. The UV intensity readings for 253.7 nm were 12,800
and 21,000�W/cm2 at reactor center and 2 in. from lamp
base on manufacturer’s test report, respectively. Photons were
measured as 1.65× 1016 s−1 cm−3. A UVP made UVX ra-
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uch as coagulation and adsorption. Thus, optimizing
perating parameters, the UV/H2O2 process can be a fe
ible and economical method. UV/H2O2 process appears
osses distinct advantages such as powerful oxidation a
igh decomposition efficiency of hazardous organics, s
equirements of reactor volume, no sludge production,
ow toxic intermediates. During the last decade, some
estigators have reported the successful applications o
V/H2O2 process of dye wastewater treatment. Shu e

11] demonstrated that the UV/H2O2 process was able to d
olorize acid red 1 (AR1) and acid yellow 23. They also fo
hat initial hydrogen peroxide concentration was a very
ortant operating parameter, which affected the pseudo
rder reaction rate. Besides, an optimal molar ratio of
rogen peroxide to dye concentration (H2O2/dye) of AR1
as about 416, while 500 demonstrated by Colonna e

12]. Similarly, Galindo and Kalt[13] showed the optima
atio of H2O2/dye of acid orange 7 to be calculated as 17
oreover, there were some other similar observations o

imal H2O2/dye ratio for various dyes by the research
14–18].

The aim of this work was to evaluate the possibility
reatment alternative for AB1 dye wastewater by UV/H2O2
rocess. Also, the operating parameters such as hyd
eroxide dosage, UV dosage, and initial dye concentr
ere determined to find the optimum conditions. Besi

ate constants were obtained and discussed relationshi
he operation parameters. Meanwhile, setting criteria of
olor removal was used to evaluate both of the best utiliz
actors of electric power and hydrogen peroxide consum
y the UV/H2O2 reactor.
iometer was used to make sure the UV lamps were in
onditions. The completely mixing of solution was achie
sing nitrogen bubbling. The pH was monitored by a pH c

roller and monitor device.
A quartz vessel, which contained 400 ml tap water w

arious dye concentration, and hydrogen peroxide do
as reacted in the photo-oxidation reactor with various
osages. Samples were withdrawn at time intervals and

yzed by the spectrophotometer.

.3. Analyses

Optical absorption spectrum of AB1 was determined
ray DMS-300 spectrophotometer. The concentration c

ation can be quantified by absorption analysis of the ch
erized wavelength of 618 nm for AB1 by linear regress
ydrogen peroxide concentration was determined by s

rophotometer method based on the method, which was
osed by Masschelein et al.[19]. By adding 1.0 ml of Co(II
eagent and 1.0 ml of hexa-meta-phosphate solution to 80 m

able 1
he characteristics of acid black 1

zo dyes Formula λmax

(nm)
MW Dye contents

(%)
cid black 1 C22H14N6Na2O9S2 618 616.50 85

hemical structure .
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sample and making up to 100 ml with saturated bicarbon-
ate solution, a green color is developed for the measurement
of the absorbance at 260 nm. The hydrogen peroxide con-
centration was obtained with respect to absorbance by linear
regression of calibration curve.

3. Results and discussion

The experimental tests for AB1 decolorization were stud-
ied by various operating parameters such as UV light in-
tensity, initial concentrations of hydrogen peroxide and dye.
AB1 was one of eleven non-biodegradable dyes studied by
EPA[2] and identified as the most difficult to be decolorized
among eight azo dyes by the ozonation[20].

3.1. Reaction rate expression

The decolorization of AB1 over time as function of UV
light intensity in a 400 ml bench scale photochemical reactor
was shown inFig. 1. Meanwhile the initial concentration of
hydrogen peroxide was 7.08 mmol/l and that of AB1 was
20 mg/l (2.758× 10−2 mmol/l). The major decolorization
rate expression of AB1 can be expressed as follows:

−dCA = k1CACOH• + k2CACHO2
• (1)

w e,
C
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d qui-
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t
c

oxidation potential of peroxyl radical is much less than hy-
droxyl radical, and it is negligible. Therefore, the rate ex-
pression equation is then simplified into a pseudo-first order
kinetic model.

−dCA

dt
= kobsCA (2)

wherekobs represents a pseudo-first order kinetic constant.
By integrating the both sides, the equation can be expressed
as follows:

− ln

(
CA

CA0

)
= kobst (3)

whereCA0 represents initial concentration of AB1. Base on
the above rate expression equations, the logarithmic changes
in normalized AB1 concentration (CA/CA0) with time were
shown inFig. 2. The observed pseudo-first order rate con-
stants of UV/H2O2 reaction were calculated by linear regres-
sion, 0.6755 and 1.1232 min−1 for UV intensity of 700 and
1400 W/l, respectively. The square of the relative coefficients
(R2) of six experimental tests by linear regression was in the
range from 0.982 to 0.998. The straight lines can be obtained
by plotting−ln(CA/CA0) versus time shown inFig. 2so that
explained a pseudo-first order reaction assumption was rea-
sonable.
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hereCA represents AB1 concentration,t expresses tim
HO2

• denotes the peroxyl radical concentration, andCOH•
enotes the hydroxyl radical concentration. Assuming
roxyl radical and peroxyl radical concentration reach e

ibrium instantaneously with excess hydrogen perox
hus, theCOH• andCHO2

• can be viewed as a constant. T

ig. 1. The normalized concentration (CA/CA0) of AB1 vs. time as a func
ion of volumetric UV dosage while 2.758× 10−2 mmol/l of initial dye
oncentration and 7.08 mmol/l of hydrogen peroxide concentration.
.2. Effect of initial hydrogen peroxide concentration

The observed pseudo-first order rate constants (kobs) of
he dye decolorization versus hydrogen peroxide do
ere plotted inFig. 3 while UV intensity varied from
75 to 1400 W/l. The hydrogen peroxide concentration
toichiometricaly over-dosaged and was measured t
elatively unchanged during the experiments. There ex
aximum rate constants particularly when hydrogen pe

de concentrations of 21.24–28.32 mmol/l and high UV
ensity of 1400 W/l. Increasing of H2O2 concentration great
han 28.32 mmol/l, the decolorization rate slowly decrea
owever, the rates nearly accelerated while UV dosages

ower than 700 W/l, and the hydrogen peroxide conce
ions were greater than 21.24 mmol/l. Explanation of
cenario was that increasing photolysis of H2O2 by incre-
enting its concentration may be counterbalanced by•

cavenging by H2O2. That means excess H2O2 reacts with
H• and competes with dye in the solution while the phot

is is processing at the same time. Therefore, the optimu
ydrogen peroxide concentration observed for the maxim
B1 decolorization was between 21.24 and 28.32 mm
here was a secondx-axis made byCH0/CA0 scale and labe

ng which expressed the importance of initial concentra
atio of hydrogen peroxide to dye. Here,CH0 denotes initia
oncentration of hydrogen peroxide. We found the optim
atio ofCH0/CA0 was from 500 to 800. The observations
ptimalCH0/CA0 also were mentioned the ratioCH0/CA0 of
51 and 826–1100 by Cisneros et al.[17] and Ince[15], re-
pectively.
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Fig. 2. The first order rate expression of AB1 vs. time as a function of volumetric UV dosage while 2.758× 10−2 mmol/l of initial dye concentration and
7.08 mmol/l of hydrogen peroxide concentration.

Fig. 3. Observed pseudo-first order rate constants vs. initial hydrogen peroxide concentration at various volumetric UV dosages.
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3.3. Effect of volumetric UV light dosage

The experiments were conducted to verify the observed
decolorization mainly caused by the photo-oxidation reac-
tion. While in the presence of hydrogen peroxide without
UV radiation, the decolorization was nearly negligible. Once
combining UV radiation and hydrogen peroxide, AB1 could
be decolored in a relatively high reaction rate because of the
hydroxyl radical generation from coupling of UV irradiation
and hydrogen peroxide.Fig. 4shows an approximately linear
relationship betweenkobs and UV dosage. Theoretically, the
higher dye decolorization rate in the higher UV lamp power
is in the result of faster formation of OH• free radical. Thus,
thekobs increases by UV dosage increasing, while the same
initial H2O2 concentration. The well-known disadvantage of
the UV/H2O2 process is the poor absorption of H2O2 in the
UV region. The amount of UV radiation absorbed by H2O2
plays an important role in the formation of plentiful OH•
in the solution. Since the photolysis of H2O2 is enhanced
to produce abundant OH• in the dye solution to be used for
decolorization.

F
c
2

Fig. 4. Observed pseudo-first order rate constants vs. volumetric UV dosage
at initial hydrogen peroxide concentration of 21.24 mmol/l.
ig. 5. The observed first order rate constant as function of initial AB1 concentration. UV dosages were 350, 700, 1050, and 1400 W/l and initial dye
oncentrations were 2.758× 10−2, 4.137× 10−2, and 5.516× 10−2 mmol/l, respectively, while the hydrogen peroxide concentrations of 14.16, 21.24, and
8.32 mmol/l.
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3.4. Effect of initial dye concentration

The effect of initial dye concentration (CA0) on the decol-
orization rate (kobs) was shown inFig. 5by plotting the rate
constants versusCA0. Meanwhile, the experimental condi-
tions were three initial dye concentrations of 2.758× 10−2,
4.137× 10−2, and 5.516× 10−2 mmol/l, also the fixed con-
centration ratio of hydrogen peroxide to dye (CH0/CA0) of
513.4 for each experimental test, and four UV dosage (350,
700, 1050, and 1400 W/l) employed as well. It is interested
to find thatkobs declines significantly by raising initial dye
concentration while UV dosage of 1400 W/l, yet was only
slightly affected while 350 W/l. The results were similar to the
observations by other investigators that the declining pseudo-
first order rate constants with respect to increasing initial dye
concentrations[21].

3.5. Selection of operating parameters

Although the decolorization rate was affected by initial hy-
drogen peroxide concentration and UV dosage significantly,
yet the selection of operating parameters considers both the
economic and technological feasibility. Therefore, a contour
plot was generated in order to observe the first order rate
constant which shows as a function of hydrogen peroxide
c -
c h pro-
v ertain
e ting
r ogen
p 3-D
p ox-
i

F ing par lumet
d tion wa

which also help the evaluation of best rate constant within
given parameters. The decolorization rate increased as a func-
tion of increasing UV dosage. However, increasing hydrogen
peroxide until extremely high dosage, the inhibitory effect
performed and deducted the rates oppositely. To help textile
industries meeting ADMI < 550 effluent color standard, 90%
color removal was used to evaluate the power and retention
time needed for decolorizing AB1. Besides, the retention time
needed can be estimated while we set 90% color removal of
AB1 because that power consumed by UV/H2O2 reaction can
be obtained by multiplying the UV dosage and retention time.
Fig. 7a indicates power needed for 90% color removal versus
hydrogen peroxide dosage. From the plot, higher hydrogen
peroxide dosage needed lower power for 90% color removal
so that for hydrogen peroxide dosage of 42.48 mmol/l only
needed about 25.3× 10−3 to 35.3× 10−3 kWh/l of elec-
tric power. As for hydrogen peroxide dosage of 3.54 mmol/l,
a power consumption as high as 75.8× 10−3 kWh/l was
needed for same removal efficiency. In other words, at the
same hydrogen peroxide dosage, the reactor equipped with
higher power UV lamp has higher color removal efficiency
but needs lower energy consumption.Fig. 7b presents the
retention time needed for 90% color removal as function of
hydrogen peroxide and UV dosage. Both the more dosage
of hydrogen peroxide and UV, the less time achieved the
9 rgy
o ach
9 UV
d only
s ydro-
g l/l.

tric
p , the
oncentration and UV dosage inFig. 6a. The lines of isocon
entration represent the observed rate constants, whic
ide the future user easily determine constants under c
xperimental conditions. From this figure, the best opera
egion was located while the higher UV dosage and hydr
eroxide concentration in the range of 20–35 mmol/l. A
lot of kobs versus initial concentration of hydrogen per

de and volumetric UV dosage can be presented inFig. 6b,

ig. 6. (a) The contour plot of operating parameters. (b) A 3-D operat
osages and hydrogen peroxide concentrations. Initial dye concentra
ameters plot. The observed first order rate constant as function of voric UV
s 2.758× 10−2 mmol/l.

0% color removal. The reactor equipped with low ene
f 175 W/l UV light source needs more than 10 min to re
0% color removal. Yet, only needs less than 5 min while
osage was higher than 700 W/l. Also, the retention time
lightly changes for all cases of UV dosages once the h
en peroxide concentration was higher than 21.24 mmo

Moreover, plotting both the retention time and elec
ower needed for 90% color removal versus UV dosage
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Fig. 7. (a) The electric power consumed for 90% color removal vs. hydrogen peroxide concentration at various UV dosages. (b) The retention time neededfor
90% color removal vs. hydrogen peroxide concentration at various UV dosages. Initial dye concentration was 2.758× 10−2 mmol/l.

F
1

ig. 8. The comparison of retention time and electric power needed for 90%
0−2 mmol/l and hydrogen peroxide concentration was 21.24 mmol/l under th
color removal as function of UV dosage. Initial dye concentration was 2.758×
e optimal condition.
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optimal operating conditions of them can be obtained while
the hydrogen peroxide dosage of 21.24 mmol/l (the optimum
from Section 3.2), as shown inFig. 8. Both the retention
time and electricity needed for 90% color removal decrease
with increasing of UV dosage. It continuously falls with slow
rate, while UV dosage was higher than 700 W/l and 90% color
removal, yet the electric power needed changes finitely. Thus,
700 W/l was chosen as the optimal UV dosage, because that
though the operation cost of electricity consumption was the
same within 700, 1050, and 1400 W/l, but the equipment cost
of 700 W/l significantly was lower than the others.

4. Conclusion

The experimental results showed that the UV/H2O2 pro-
cess can be a suitable pretreatment method for complete
decolorization of dye wastewater from textile industries un-
der the optimal operating conditions. The decolorization
rates of AB1 were determined and affected significantly
by the UV dosage, hydrogen peroxide dosage, and ini-
tial dye concentrations. Meanwhile, the results showed the
90% decolorization of AB1 can be reached within 21.4 min,
while hydrogen peroxide concentration varies from 3.75
to 42.8 mmol/l and UV dosage of 175–1400 W/l. It is not
cost effective to use hydrogen peroxide dosage more than
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