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Abstract

The decolorization and mineralization of Acid Red 27 (AR27), an anionic monoazo dye of acid class, was investigated using UV radiation
in the presence of D, in a tubular continuous-flow photoreactor as a function of oxidant concentration, reactor length, flow rate and light
intensity. The removal efficiency of AR27 depends on the operational parameters and increases as the initial concent@tiamdfight
intensity are increased but it decreases when the flow rate is increased. The AR27 degradation was followed through HPLC, UV-vis and COD
analyses. The results of these analyses showed that the final outlet stream from the photoreactor was completely mineralizedOphe UV/H
process was also able to mineralize nitrogen and sulfur heteroatoms into N6;~, NO,~ and SQ?~ ions, respectively. The nitrogen of
azo group was transformed predominantly to Nkbns. Decreasing the flow rate results in the reduction of COD and promotion gf SO
at the final outlet stream of the photoreactor.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction these dyes, are toxic and nonbiodegradable, therefore, cannot
be treated efficiently using conventional treatment processes
Dye pollutants from textile industry are an important [4].
source of environmental contamination. It is estimated that  Advanced oxidation processes (AOPS) provide a promis-
1-15% ofthe dye is lost during dyeing and finishing processesing technique for treatment of textile industry wastewater
and is released in wastewat¢t$. The release of these col- [5-11] Homogenous advanced oxidation process employ-
ored wastewaters poses a major problem for the industry asing hydrogen peroxide with UV light has been found to be
well as a threat to the environmeff®]. Among the 10000  very effective in the degradation of dyld®,13] This process
different dyes and pigments available, azo dyes constituteinvolves the production of hydroxyl radical$@H) that are
over 50% of all textile dyes used in the indusiy. Some of extremely reactive and strong oxidizing ageBf £ 2.8 V)
capable of mineralizing organic contaminants. Reaction of
* Corresponding author. Tel.: +98 411 5255825/3393146; hydroxyl radicals gen?rated in the presence of an organic
fax: +98 411 3340191, substrate may occur via one of the three general pathways:
E-mail addressnezamdaneshvar@yahoo.com (N. Daneshvar). (1) hydrogen abstraction; (2) electrophilic addition and (3)
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electron transfefl0]. The UV/H,O, process in comparison 30W UV-C lamps
to other methods of water treatment has additional advan-
tages such as no formation of sludge during the treatment —k
and high removal rates of chemical oxygen demand (COD) I E e
[14].
Many studies used bath photoreactor, which was irradiated (
by a UV lamp from above the solution or immersion lamps T{;ﬁ;‘;‘_’gjﬁfgz\_\* i
[5-9]. In our previous work, we reported the effect of op- |
erational parameters on photooxidative degradation of Acid T~
Red 27 (AR27) by UV/HO, process in a batch photoreactor L
[12], so the aim of the present work is the photooxidative agr27
degradation of higher concentration of AR27 in a tubular ~*
continuous-flow photoreactor and examination of the effect
of operational parameters, such as oxidant concentration, re-
actor length, flow rate and light intensity, at decolorization
and degradation of this dye. Finally, to follow the mineral- Magnetic
ization of AR27 in this photoreactor HPLC chromatograms, Surer
UV-vis spectra, inorganic ions evolution and COD reduction Fig. 2. Schematic diagram of tubular continuous-flow photoreactor. For de-
were recorded at different lengths of photoreactor. tails refer to text.
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was 5 cm and variation in the distance caused the change of
2. Experimental the light intensity.

2.1. Materials 2.3. Procedures

Acid Red 27, a monoazo anionic dye, was obtained from For photooxidative degradation of AR27, a solution con-
Boyakh Saz Company (Iran). Its chemical structure is given faining known concentrations of dye anc® was pre-
in Fig. 1 The hydrogen peroxide solution (30%) was pur- Pared and then 21 of the prepared solution was transferred
chased from Merck (Germany). Solutions were prepared by INto & Pyrex beaker and agitated with a magnetic stirrer

dissolving the requisite quantity of the dye in double distilled during experiment. The solution was pumped with a peri-
water. staltic pump through the irradiated quartz tubes and AR27

concentration at the inlet and outlet was analyzed with a
UV-vis spectrophotometer (Ultrospec 2000, Biotech Phar-
macia, England) at 521 and 254 nm. The absorbance at
521 nm is due to the color of the dye solution and it is
used to monitor the decolorization of the dye. The ab-
sorbance at 254 nm represents the aromatic content of AR27
and absorbance decrease at 254 nm indicates the degrada-
tion of aromatic part of the dygl4]. The changes in the

p . .

. ) absorption spectra of AR27 at different lengths of photore-
to the bottom. The radiation source consists of four mercury _ 0000 ovao 4 o0 o double-beam UVovis spectropho-
UV lamps (30 W, UV-C, manufactured by Philips, Holland) ; :

. . . . tometer (Shimadzu 1700) in the wavelength range from
in vertical arrays, which were placed in front of the quartz 190-700 nm

tubes. The distance between the lamps and the quartz tubes Chemical oxygen demand was measured by the dichro-

mate reflux method15]. The formation of SG*~, NH4",
NO3~ and NQ~ ions was determined by turbidimetric, di-

2.2. Photoreactor

All experiments were carried out in a tubular continuous-
flow photoreactor. A schematic diagram has been shown
in Fig. 2 The photoreactor comprises four quartz tubes
(24.4mm i.d., 26 mm o.d., 87 cm long), which were serially
connected by means of transparent rubber tubes from the to

OH SO,Na e . .
rect nesslerization and manual cadmium reduction methods,
respectively16].

NaO.S O N— N O High-performance liquid chromatograms were recorded
on an HPLC (Perkin-Elmer Series 200). A Spheri-5 RP-18
column with dimension of 220 mm 4.6 mm and with 5am
particle size and UV-vis detector with the wavelength set
at 254nm were used. The mobile phase was a mixture of

SONa acetonitrile—water 30/70 (v/v) at a flow rate of 0.9 ml mtn

The light intensity in the center of the photoreactor was
Fig. 1. Chemical structure of AR27 (C.I. 16185). measured by a Lux-UV-IR meter (Leybold Co.).
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Fig. 3. Effect of the initial concentration of 40, at decolorization (a) and degradation (b) of AR27. [AR27150 mg L, flow rate =43 mImirn?,

lo=43Wnr2.

3. Results and discussion

3.1. Influence of operational parameters at
decolorization and degradation of AR27

3.1.1. Effect of the initial concentration obB,

The decolorization and degradation efficiency versus pho-
toreactor length at different initial concentrations of®}
(150-1300 mgt1) have been summarized Fig. 3a and b,
respectively. The decolorization and degradation efficiency
increases with increasing B, concentration from 150 to
650 mg L. The enhancement of decolorization and degrada-
tion of AR27 in this course is due to an increase in the hy-
droxyl radical concentration. Further increase is(H con-
centration resulted in only slight acceleration of the decol-
orization and degradation rate. At high®, concentration,
hydroxy! radical efficiently reacts with D, and produces
HO.* (Eqg. (1)), als®OH radicals generated at high concen-
tration react with H@®* (Eq. (2)) or dimerize to KO, (Eq.
(3)). It is obvious that H@® radicals are less reactive than
*OH radicals, therefore leading to negligible contribution in

the dye removd17,18]

H20; + *OH % HO,® + H,0 1)
k1 =2.7x10'M~1s1[17],
*OH + HO,* % H,0 + O, 2
ko=6.6x 10°M~1s71[18],

*OH +°*OH —) H>0o 3)

k3=5.5x 1°M~1s71[17].

Fig. 3a shows decolorization of AR27 (150 md) in the
presence of 650 mgt of H,O, completed in 200 cm from
photoreactor length, but as shownhig. 3 for complete
degradation of AR27 photoreactor length must be around
340cm.

3.1.2. Effect of the flow rate
The decolorization and degradation efficiency versus pho-
toreactor length at different flow rates have been summarized
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Fig. 4. Effect of the flow rate at decolorization (a) and degradation (b) of AR27.

[AR2130 mg 1, [H202]0 =650 mg 12, Ip=43Wni 2.
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in Fig. 4aand b, respectively. The results indicate that with de-
creasing flow rate from 47 to 19 ml mifh, removal efficiency

is increased, so that the complete decolorization and degra-
dation were obtained at around 100 and 180 cm from pho-

toreactor length, respectively. This is logical, because with

decreasing flow rate the residence time of the reactant in-

creases in the reactor.

3.1.3. Effect of the light intensity
The effect of the light intensity at the decolorization and
degradation of AR27 was shown fifig. 5. The results show
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that the removal percent steadily increased with increasingFig. 6. COD changes versus photoreactor length at two different flow rates.
. . oo . . . . - - 1 - 1 = 2
the light intensity linearly. The increase in the light intensity [AR27lo=150mg 1™, [H202]0=650mg ™, lo =58 W™,

from 13.55 to 58.5 W m? increases the decolorization from
16.8 to 81% and degradation from 7.9 to 46.5% for 86 cm
of photoreactor length (first outlet from photoreactor). The
results show that the UV light intensity plays an important
role in degradation of AR27. This is due to effective role
of light intensity in the formation of high amounts 8®H
from H»O; in the solution, which can be used for decoloriza-
tion and degradation of AR27 (E@)). The linear relation

between removal percent and light intensity shows that UV

light intensity used in this work is in the low regi¢h4].

Ho0, + hu —% 2°OH (4)
3.2. Mineralization and final products of degradation of
AR27

Mineralization of AR27 in UV/HO, process at different
lengths of photoreactor was studied with a 150 mMgAR27
solution in the presence of 650 mgfl hydrogen peroxide.
Mineralization was studied by COD loss, changes in HPLC
chromatograms and UV-vis spectra and als@BONH,™,
NOs~ and NQ~ evolution at different lengths of photoreac-
tor.

COD values have been related to the total concentration
of organics in the solution and the decrease of COD reflects®*OH + H* — H»0
the degree of mineralization as a function of photoreactor
length.Fig. 6shows the decrease of COD versus photoreactor

length at two different flow rates. Results indicate that the
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Fig. 5. Effect of the light intensity at decolorization and degra-
dation of AR27. [AR27j=150mglt?t, [H20,]o=650mglt?, flow
rate =43 mlmir®, photoreactor length = 86 cm.

amount of COD declined with photoreactor length but final
COD at flow rate of 43 mI mint is fairly high. For decreasing
final COD in outlet stream of the photoreactor, flow rate was
dropped to 11.5 mlmint. In this flow rate, final COD value

in outlet stream from photoreactor is very low. This results
show complete mineralization can be obtained in fairly low
flow rates.

The evolution of S@~ ions is presented iffig. 7 for
two different flow rates. According to the AR27 molecular
structure inFig. 1the three sulfonic groups connected with
the two kinds of naphthalene ringsig. 7 shows the initial
slope at both flow rates is positive, indicating thats30
ions are initial products, directly resulting from the initial
attack on the sulfonic groups. Some othe30Oons can be
evolved from the degradation of intermediates—sSOThe
release of SG¥~ ions could be due to an initial attack by
*OH radicals.

R-SO;~ +°*OH — R-OH + SO;*~ (5)
SO3*” +OH™ — SO4% +H° (6)

The hydrogen atom Hcan subsequently react with hy-
droxyl radicalq19]:

(7

Results irFig. 7show that final quantity of S£3~ at flow
rate of 44 mimirr! is 25.6 mg 1, whereas its amount at the
end of the photoreactor can be reached to 37.27thglth
decreasing flow rate to 11.5 mlmih. The final concentra-
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Fig. 7. SQ? evolution versus photoreactor length at two different flow
rates. [AR273 = 150 mg 1, [H202]o =650 mg L, 1o=58 W ni 2.
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g 10 Expected vahue pected value at 172 cm from photore_actor length. Decreasing
g g e the amount of NH* was observed in further photoreactor
g 7 L lengths. This is as a result of oxidation of liHo NO3~ and
g0 NO2~ [22]. No significant NQ~ ions were detected during
=500 T monium the photooxidative degradation of AR27 at different lengths
é E; —a— Niite of photoreactor.

@ f The changes in the UV-vis absorption spectra of AR27 so-
g 0 i rd i lutions during the photooxidative degradation run at different
% 0 100 200 300 400 photoreactor lengths have been shown inRtge 9. The de-

z Photoreactor length (cm) crease of the absorption peak of AR2%&t521 nminFig. 9

indicates a rapid degradation of azo dye. The decrease is also
Fig. 8. N-containing mineralization 1products evolution vlersus pho- meaningful with respect to the nitrogen-to-nitrogen double
toreactor_length. - [AR2g[=150mgl™, - [H202]0=650mgl™,  flow bond (N=N-) of the azo dye, as the most active site for ox-
rate =43 mlminm=, lo =58 Wn1~. . . . )

idative attack. As can be seen frdtig. 9a, final outlet stream

from photoreactor is completely decolorized, but absorption
tion of SQy2~ produced in outlet stream cannot reach to an spectrum in the UV-region was not disappeared. With de-
expected value, which is in agreement with other findings. creasing the flow rate to 19 mlmif absorption spectrum
This could be explained by the formation of sulfur dioxide in the UV-region for final outlet stream of the photoreactor
[20,21] is considerably reducedFig. %). Final absorption spectrum

The evolution of NH*, NO3~ and NG~ as N-containing in UV-region can be related to the remaineg®d, which is

mineralization products versus photoreactor length are givenused in high concentration and it has a strong absorption at
in Fig. 8 The nitrogen mass balance, obtained with consid- this region. The absorption spectrum of®} exhibits a slow
ering NH;*, NOs~ and NQ~ concentrations, almost cor-  and steady rise from 400 to 185 nm, and at 254 nm the molar
responds to the final expected stoichiometric value at flow absorptivity is about 19 I mott cm=1 [23].
rate of 43 mImirrL. As can be seen froffig. 8 the main N- These results are in good agreement with HPLC chro-
containing mineralization product of photooxidative degra- matogramsKig. 10. As can be seen frorRig. 10a, HO>
dation of AR27 is NH*, and its value reaches to an ex- only slightly was consumed throughout the decolorization
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Fig. 9. UV-vis spectral changes of AR27, recorded during the dye degradation at different photoreactor lengths: (1) 0cm, (2) 86 cm, (3) 172cm, (4) 258c
and (5) 335 cm. [AR2=150mg L, [H20,]o=650mgt?t, 1g=58 W nT2.

(a) Flow rate = 44 ml min" (b) Flow rate = 19 ml min"'
AR27

H.0,
(1) 2) (3) (4) (5) (1 (2) 3 4 5
_IL\ F“ |||J|. W | Ul. Hk &) (4 L\M«i’

Fig. 10. HPLC chromatograms of the AR27, recorded during the dye degradation at different photoreactor lengths. (1) 0 cm, (2) 86 cm, (3) 172 am, (4) 258 c
and (5) 335cm. [AR2%=150mg L, [H20,]o=650mg L, 1g=58 W12,
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process. The catalytic behavior 0f8&, has been observed
by other author$24]. The results inFig. % andFig. 1
show that after complete decolorization of AR27, depletion
in H,O2 concentration was acceleratdedg. 10a and b re-
veal that complete mineralization of AR27 could be achieved
when flow rate was below 19 ml mif.

4. Conclusions

UV/H20, process can be used for complete decoloriza-
tion and mineralization of AR27 as a monoazo anionic

dye from acid class at high concentration in a continuous-

flow photoreactor. Removal efficiency of AR27 in this pho-
toreactor increases with increasing®p concentration and
light intensity. With decreasing flow rate, final COD was
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tion peaks mainly disappeared. Final mineralization products

were NH;*, NO3~, NO,~ and SQ?~ ions. The nitrogen
of azo group was transformed predominantly tofkbns.
With decreasing the flow rate from 44 to 11.5 mlminfi-
nally produced SGF~ in outlet stream increases from 25.6 to
37.27 mgt! and final COD decreases to very low amounts.
The final optimum operational parameters for complete
decolorization and mineralization of AR27 (150 mg)

in this photoreactor are as follows: §8,]o=650mgt?,
lo=58W m 2 and flow rate = 19 mI mint.
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