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Abstract

An advanced oxidation process, U\WBL, 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
UV dosage and nonlinearly with increasing initial hydrogen peroxide concentration. It has been found that the degradation rate increased
until an optimum of hydrogen peroxide dosage, beyond which the reagent exerted an inhibitory effect. For real case application, an operation
parameter plot of rate constant was developed. To evaluate the electric power and hydrogen peroxide consumptiofCayéaétbr, 90%
color removal was set as criteria to find the balance between both factors.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ucts such as aromatic amines were known to be carcinogenic
by Brown and DeVitd1]. Textile dyestuffs with complicated
Textile industry is one of the most important industries aromatic structures resisted the degradation in conventional
among Taiwan’s economic development contribution in last biological wastewater treatment system. The United States
few decades. There are about 10,000 kinds of dyes used irEnvironmental Protection Agency’s (U.S. EPA) Water En-
textile industry. The industry wastewater was concerned be- gineering Research Laboratory first reported that 11 out of
cause of its quality and quantity, so that Taiwan EPA issued 18 studied azo dyes were substantially unaffected by the acti-
the stricter effluent standards to enforce the decolorization vated sludge procef]. Some other studig8—4]showed the
and elimination of pollutants in wastewater before discharg- similar results that azo dyes were very difficult to be biode-
ing into surface water body. Therefore, technologies of dye graded under aerobic conditions. Some biological treatment
wastewater decolorization become more and more importantprocesses using anaerobic condition were studied to effec-
to follow the regulatory enforcement. tively decolorize azo dye—6]. However, most of the tex-
High levels of environmental contamination are produced tile industries employed traditional activated sludge process
in effluents of textile dyeing and finishing industries, due to for their wastewater treatment in Taiwan. Thus, textile indus-
high color intensity and chemical oxygen demand (COD). tries have difficulties meeting the new color regulation using
Some azo dyes, dye precursors, and their degradation prodtheir aerobic biological and chemical coagulation treatment
technology[7]. That implies textile dyeing industries should
mspondmg author. Tel.: +886 4 26318652/4111; pursue efficient teghnique as pre-treatment or polishing pro-
fax: +886 4 26525245, cesses to decolorize the highly colored wastewater. Conse-
E-mail addresshyshu@sunrise.hk.edu.tw (H.-Y. Shu). guently, the alternative and innovative technologies of the
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refractory azo dyes have to be explored urgently. In general,2. Experimentation

by adsorption onto activated carbon or chemical coagulation

were employed to deal with dye wastewd®®]. However, 2.1. Materials

these treatment methods mainly transferred the contaminant

from wastewater into solid wastes that the spent activated car- Hydrogen peroxide was obtained from Fluka Chemical
bon and coagulant sludge need further and ultimate disposal30% w/w). The acid black 1 (AB1) was obtained from
eventually. Thus, textile industries were compelled to con- Aldrich Chemical Co. and used without further purification.
sider the alternative technologies for dealing with wastewa- The characteristics such as wavelength, molecular weight,
ter problems in order to meet the effluent standards and costdye contents and structure of AB1 are givenTable 1

economical as well. Reagents for the measurement of hydrogen peroxide were
One of the advanced oxidation processes (AOPs), whichall ACS analytical reagent grade from Fisher Scientific Co.,
combine UV radiation and hydrogen peroxide (U¥®3), and the stock solution was refrigerated and stored in the dark.

may provide a better solution for textile effluents. AOPs are
widely used to decompose various hazardous organics inin-3 2 - Apparatus
dustrial wastewater and groundwater. The extensive literature

in this field has been reviewed by Venkatadri and Pl The New England Photochemical Co. Model RPR-
In the system, the free radicals (QHare dominant species 100 photochemical reactor, which fitted with 16 RPR-
with the potential ability to oxidize most of organic contami-  1849/2537A low pressure mercury arc UV lamps
nants, which are mineralized into carbon dioxide and water in (ayelength 253.7 nm, 35 W per lamp) along the inner wall
wastewater. The formation of free radicals is fairly affected of reactor, was employed in this study. Thus, a total of 560 W
by the amount of UV radiation absorbed by®, initial  input power may be applied in a 500 ml quartz stirred ves-
concentration of hydrogen peroxide, and initial concentra- ge| The UV intensity readings for 253.7 nm were 12,800
tion of contaminants. Sometimes, to reach effectiveness of gng 21,00QW/cn? at reactor center and 2in. from lamp
treatment requires large light power and oxidant dosage SOpase on manufacturer's testreport, respectively. Photons were
that cost increases in comparison with traditional treatments jeasured as 1.65 106 s~ cm—3. A UVP made UVX ra-
such as coagulation and adsorption. Thus, optimizing the giometer was used to make sure the UV lamps were in good
operating parameters, the UV/8; process can be a fea-  conditions. The completely mixing of solution was achieved
sible and economical method. UV/B, process appears t0  ysing nitrogen bubbling. The pH was monitored by a pH con-
posses distinct advantages such as powerful oxidation ability,rq|ler and monitor device.

high decomposition efficiency of hazardous organics, small A quartz vessel, which contained 400 ml tap water with
requirements of reactor volume, no sludge production, and yarious dye concentration, and hydrogen peroxide dosage,
low toxic intermediates. During the last decade, some in- yas reacted in the photo-oxidation reactor with various UV

vestigators have reported the successful applications of theggsages. Samples were withdrawn at time intervals and ana-
UV/H20; process of dye wastewater treatment. Shu et al. jyzeq by the spectrophotometer.

[11] demonstrated that the UV#®, process was able to de-
colorize acidred 1 (AR1) and acid yellow 23. They also found
that initial hydrogen peroxide concentration was a very im-
portant operating parameter, which affected the pseudo-first
order reaction rate. Besides, an optimal molar ratio of hy- Cr
drogen peroxide to dye concentrationo(®b/dye) of AR1
was about 416, while 500 demonstrated by Colonna et al.
[12]. Similarly, Galindo and Kalf13] showed the optimal
ratio of H,O,/dye of acid orange 7 to be calculated as 1754.
Moreover, there were some other similar observations of op-
timal H>Oo/dye ratio for various dyes by the researchers
[14-18]

The aim of this work was to evaluate the possibility of Table 1
treatment alternative for A_Bl dye wastewater by Uy T";‘]e iharacterisﬁcs of acid black 1
process. Also, the operating parameters such as hydrogen
peroxide dosage, UV dosage, and initial dye concentration”?° 9ves Formula Amax MW |:!>)>/e contents
were determined to find the optimum conditions. Besides, .iqplack 1 GoH14NeN206S, glrg) 616.50 (82
rate constants were obtained and discussed relationship with N OH
the operation parameters. Meanwhile, setting criteria of 90% - \
color removal was used to evaluate both of the best utilization chemical structurozN©N:Nj<>©?N =N@.
factors of electric power and hydrogen peroxide consumption 055 503
by the UV/HO, reactor. Acid Black 1

2.3. Analyses

Optical absorption spectrum of AB1 was determined by a
ay DMS-300 spectrophotometer. The concentration corre-
lation can be quantified by absorption analysis of the charac-
terized wavelength of 618 nm for AB1 by linear regression.
Hydrogen peroxide concentration was determined by spec-
trophotometer method based on the method, which was pro-
posed by Masschelein et §.9]. By adding 1.0 ml of Co(ll)
reagent and 1.0 ml of hexaetaphosphate solution to 80 ml
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sample and making up to 100 ml with saturated bicarbon- oxidation potential of peroxyl radical is much less than hy-
ate solution, a green color is developed for the measurementdroxyl radical, and it is negligible. Therefore, the rate ex-
of the absorbance at 260 nm. The hydrogen peroxide con-pression equation is then simplified into a pseudo-first order
centration was obtained with respect to absorbance by linearkinetic model.

regression of calibration curve. dCa
ada gy 2
dr obsCaA ( )
3. Results and discussion wherekops represents a pseudo-first order kinetic constant.

) o By integrating the both sides, the equation can be expressed
The experimental tests for AB1 decolorization were stud- 44 follows:

ied by various operating parameters such as UV light in-

tensity, initial concentrations of hydrogen peroxide and dye. _ |, (ﬂ) = kobd ©)
AB1 was one of eleven non-biodegradable dyes studied by Cho

EPA[2] and identified as the most difficult to be decolorized

: whereCag represents initial concentration of AB1. Base on
among eight azo dyes by the ozonat[2].

the above rate expression equations, the logarithmic changes
. . in normalized AB1 concentratiorC/Cpap) with time were
3.1. Reaction rate expression shown inFig. 2 The observed pseudo-first order rate con-
o ) ) stants of UV/B 05 reaction were calculated by linear regres-
The decolorization of AB1 over time as function of UV sion, 0.6755 and 1.1232 mif for UV intensity of 700 and
light intensity in a 400 ml bench scale photochemical reactor y 460wy, respectively. The square of the relative coefficients
was shown |rF|g: 1 Meanwhile the initial concentration of (R?) of six experimental tests by linear regression was in the
hydrogen peroxide "‘Z’as 7.08mmol/l and that of AB1 was ange from 0.982 to 0.998. The straight lines can be obtained
20mg/l (2.758x 10~“mmol/l). The major decolorization  p hiotting—In(Ca/Cao) versus time shown ifig. 2so that

rate expression of AB1 can be expressed as follows: explained a pseudo-first order reaction assumption was rea-
dCa sonable.
~a - k1CACohe + k2CACHo,* 1)

whereCa represents AB1 concentratiohgxpresses time, 3.2. Effect of initial hydrogen peroxide concentration

Cho,* denotes the peroxyl radical concentration, &ghe

denotes the hydroxyl radical concentration. Assuming hy-
droxyl radical and peroxyl radical concentration reach equi-
librium instantaneously with excess hydrogen peroxide.
Thus, theCone andCro,+ can be viewed as a constant. The

The observed pseudo-first order rate constakyis)(of
the dye decolorization versus hydrogen peroxide dosage
were plotted inFig. 3 while UV intensity varied from
175 to 1400 WI/I. The hydrogen peroxide concentration was
stoichiometricaly over-dosaged and was measured to be
relatively unchanged during the experiments. There existed

1.0 O UV-1200 wattel E maximum rate constants particularly when hydrogen perox-
| O UV-1050 watts/l | 1 ide concentrations of 21.24-28.32 mmol/l and high UV in-
0-9 & A UV-700 watts/l | tensity of 1400 W/I. Increasing of#D, concentration greater
v UV-525 watts/Il ] . .
0.8 o UV-350watts!l | ] than 28.32 mmol/l, the decolorization rate slowly decreased.
O UV-175wattsl | 3 However, the rates nearly accelerated while UV dosages were

lower than 700 W/I, and the hydrogen peroxide concentra-
tions were greater than 21.24 mmol/l. Explanation of this
scenario was that increasing photolysis afQd4 by incre-
menting its concentration may be counterbalanced by OH
scavenging by BHO». That means excess;B, reacts with
OH°* and competes with dye in the solution while the photoly-
sis is processing at the same time. Therefore, the optimum of
hydrogen peroxide concentration observed for the maximum
AB1 decolorization was between 21.24 and 28.32 mmol/I.
There was a secondaxis made byCo/Cag scale and label-
ing which expressed the importance of initial concentration
ratio of hydrogen peroxide to dye. Hef@,o denotes initial
concentration of hydrogen peroxide. We found the optimum
ratio of Co/Cap Was from 500 to 800. The observations of
Fig. 1. The normalized concentratioBA/Cao) of AB1 vs. time as a func- optimal Co/Cap also were mentioned the rati@o/Cao of

tion of volumetric UV dosage while 2.758 10-2mmol/l of initial dye 851 and 826-1100 by Cisneros et[alr] and Ince[15], re-
concentration and 7.08 mmol/l of hydrogen peroxide concentration. spectively.

Time (min)
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Fig. 2. The first order rate expression of AB1 vs. time as a function of volumetric UV dosage while2.7682 mmol/l of initial dye concentration and
7.08 mmol/l of hydrogen peroxide concentration.
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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

2.5 [

The experiments were conducted to verify the observed
decolorization mainly caused by the photo-oxidation reac-

0 Cyo=21.24 mmol/l
o C,,=7.08 mmol/

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 peroxid€ig. 4shows an approximately linear
relationship betweekypsand UV dosage. Theoretically, the
higher dye decolorization rate in the higher UV lamp power
is in the result of faster formation of OHree radical. Thus,
thekgpsincreases by UV dosage increasing, while the same
initial HoO, concentration. The well-known disadvantage of
the UV/HO, process is the poor absorption 0§®b in the

UV region. The amount of UV radiation absorbed by®4

Observed pseudo-first order rate constant, k., (min™)

plays an important role in the formation of plentiful ®H —

200 400

in the solution. Since the photolysis o8, is enhanced 0

600 800 1000 1200 1400

to produce abundant CHn the dye solution to be used for
decolorization.

Volumetric UV Dosage (watts/l)

Fig. 4. Observed pseudo-first order rate constants vs. volumetric UV dosage
at initial hydrogen peroxide concentration of 21.24 mmol/l.

3 d g ! d T g d 4 g T d g y d T
_ C,/C=513.4 —0— UV-350 watts/I
e —0— UV-700 watts/I
= —4&— UV-1050 watts/I
- —O— UV-1400 watts/I
8
X
I '
7]
C
o
o
2
o
@
e
o
b
D
c
[}
2]
o
O O\o\o
0 " | " " 1 " " 1 " " "
0.02 0.03 0.04 0.05 0.06

Initial dye concentration, C,, (mmol/l)

20 25 30 35

Initial dye concentration, C,, (mg/l)

Fig. 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
concentrations were 2.758 1072, 4.137x 102, and 5.516x 10-2mmol/l, respectively, while the hydrogen peroxide concentrations of 14.16, 21.24, and

28.32 mmol/l.
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3.4. Effect of initial dye concentration which also help the evaluation of best rate constant within
given parameters. The decolorization rate increased as a func-

The effect of initial dye concentratioCf) on the decol- tion of increasing UV dosage. However, increasing hydrogen
orization rate Kopg) Was shown irFig. 5 by plotting the rate peroxide until extremely high dosage, the inhibitory effect
constants versu€ag. Meanwhile, the experimental condi- performed and deducted the rates oppositely. To help textile
tions were three initial dye concentrations of 2.36802, industries meeting ADMI < 550 effluent color standard, 90%
4.137x 1072, and 5.516x 10-2mmol/l, also the fixed con-  color removal was used to evaluate the power and retention
centration ratio of hydrogen peroxide to dy@4o/Cag) of

time needed for decolorizing AB1. Besides, the retentiontime
513.4 for each experimental test, and four UV dosage (350, needed can be estimated while we set 90% color removal of

700, 1050, and 1400 W/I) employed as well. It is interested AB1 because that power consumed by UY¥@ reaction can

to find thatkops declines significantly by raising initial dye  be obtained by multiplying the UV dosage and retention time.
concentration while UV dosage of 1400 W/I, yet was only Fig. 7a indicates power needed for 90% color removal versus
slightly affected while 350 W/I. The results were similartothe hydrogen peroxide dosage. From the plot, higher hydrogen
observations by other investigators that the declining pseudo-peroxide dosage needed lower power for 90% color removal
first order rate constants with respect to increasing initial dye so that for hydrogen peroxide dosage of 42.48 mmol/l only
concentration§21]. needed about 25.3 1073 to 35.3 x 10-3kWh/l of elec-

tric power. As for hydrogen peroxide dosage of 3.54 mmol/l,

3.5. Selection of operating parameters a power consumption as high as 75810 3kwWh/l was

needed for same removal efficiency. In other words, at the
Although the decolorization rate was affected by initial hy- same hydrogen peroxide dosage, the reactor equipped with

drogen peroxide concentration and UV dosage significantly, higher power UV lamp has higher color removal efficiency
yet the selection of operating parameters considers both thebut needs lower energy consumptidfig. 7b presents the
economic and technological feasibility. Therefore, a contour retention time needed for 90% color removal as function of
plot was generated in order to observe the first order rate hydrogen peroxide and UV dosage. Both the more dosage
constant which shows as a function of hydrogen peroxide of hydrogen peroxide and UV, the less time achieved the
concentration and UV dosagehig. 6a. The lines ofisocon-  90% color removal. The reactor equipped with low energy
centration represent the observed rate constants, which proef 175 W/l UV light source needs more than 10 min to reach
vide the future user easily determine constants under certain90% color removal. Yet, only needs less than 5 min while UV
experimental conditions. From this figure, the best operating dosage was higher than 700 W/I. Also, the retention time only
region was located while the higher UV dosage and hydrogenslightly changes for all cases of UV dosages once the hydro-
peroxide concentration in the range of 20—35 mmol/l. A 3-D gen peroxide concentration was higher than 21.24 mmol/l.
plot of kops Versus initial concentration of hydrogen perox- Moreover, plotting both the retention time and electric
ide and volumetric UV dosage can be presenteHiin &b, power needed for 90% color removal versus UV dosage, the
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optimal operating conditions of them can be obtained while [3] N.H. Ince, D.T. Gnenc, Tradability of textile azo dye by UV4@,,
the hydrogen peroxide dosage of 21.24 mmol/l (the optimum Environ. Technol. 18 (1997) 179-18S.
from Section 3.3, as shown inFig. 8 Both the retention ~ [41' Y- Pagga, D. Brown, The degradation of dyestuffs: part Il. Be-

. e haviours of dyestuffs in aerobic biodegradation tests, Chemosphere
time and electricity needed for 90% color removal decrease ;¢ (1986) 47;'_491 g P

with increasing of UV dosage. It continuously falls with slow (51 B, manu, S. Chaudhari, Decolorization of indigo and azo dyes in
rate, while UV dosage was higher than 700 W/l and 90% color semicontinuous reactors with long hydraulic retention time, Proc.
removal, yet the electric power needed changes finitely. Thus, =~ Biochem. 38 (2003) 1213-1221.

700 W/l was chosen as the optimal UV dosage, because that [6] R. Bras, M.I.A. Ferra, H.M. Pinheiro, I.C. Goncalves, Batch tests for

th h th fi t of electricit ti th assessing decolourisation of azo dyes by methanogenic and mixed
oug € operation cost ot electricity consumption was the cultures, J. Biotechnol. 89 (2001) 155-162.

same within 700, 1050, and 1400 W/I, but the equipment cost [7] c.m. kao, M.S. Chou, B.W. Fang, B.R. Huang, Regulating col-
of 700 W/ significantly was lower than the others. ored textile wastewater by 3/31 wavelength admi methods in Taiwan,
Chemosphere 44 (2001) 1055-1063.
[8] S.H. Lin, Adsorption of disperse dye by powdered activated carbon,
4. Conclusion J. Chem. Technol. Biotechnol. 7 (4) (1993) 387-391.
[9] T. Crowe, C.R. O'Melia, L. Little, Coagulation of disperse dyes,

. Am. Dyestuff Reporter 67 (12) (1978) 52-57.
The experimental results showed that the Ux@H pro- [10] R. Venkatadri, R.W. Peters, Chemical oxidation technologies: ul-

cess can be a suitable pretreatment method for complete  raviolet light /hydrogen peroxide, Fenton's reagent, and titanium
decolorization of dye wastewater from textile industries un- dioxide-assisted photocatalysis, Hazard. Waste Hazard. Mater. 10
der the optimal operating conditions. The decolorization (1993) 107-149. o
rates of AB1 were determined and affected significantly [11] H-Y. Shu, C.R. Huang, M.C. Chang, Decolorization of mono-azo
. .o dyes in wastewater by advanced oxidation process: a case study of

t?y the UV dosag_e, hydrogen pemx'de dosage, and ini- acid red 1 and acid yellow 23, Chemosphere 29 (1994) 2597-2607.
tial dye concentrations. Meanwhile, the results showed the[12] G.m. Colonna, T. Caronna, B. Marcandalli, Oxidative degradation of
90% decolorization of AB1 can be reached within 21.4 min, dyes by ultraviolet radiation in the presence of hydrogen peroxide,
while hydrogen peroxide concentration varies from 3.75 Dyes Pigm. 41 (1999) 211-220. _
to 42.8mmol/l and UV dosage of 175-1400 W/I. It is not [13] C. Galindo, A. Kalt, UV—H0, oxidation of monoazo dyes in aque-

. . ous media: a kinetic study, Dyes Pigm. 40 (1998) 27-35.
cost effective to Pse hydrogen p_erOX|de do§age mo.r(_a than[14] N.H. Ince, D.T. ®@nenc, Treatability of textile azo dye by UV4By,
21.24 mmol/l. Ultimately, the optimal operation conditions Environ. Technol. 18 (1997) 179-185.
can be determined while UV dosage of 700 W/l and hydro- [15] N.H. Ince, Critical effect of hydrogen peroxide in photochemical dye

gen peroxide dosage of 21.24 mmol/l to reach the best color ~ degradation, Water Res. 33 (1999) 1080-1084.

removal efficiency. [16] M. Neamtu, |. Siminiceanu, A. Yediber, A. Kettrup, Kinetics of
decolorization and mineralization of reactive azo dyes in aqueous
solution by the UV/HO, oxidation, Dyes Pigm. 53 (2002) 93—
99.
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