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Abstract

This study investigated the decolorization of the Reactive Red 2 in water using advanced oxidation processes (AOPs): UV/ISTD,,
UV/TiO, +SnG, O3, O3+ MnO,, UV/O; and UV/G; + TiO, + SnG. Kinetic analyses indicated that the decolorization rates of Reactive Red 2
could be approximated as pseudo-first-order kinetics for both homogeneous and heterogeneous systems. The decolorization rate at pH 7 exc
pH 4 and 10 in UV/TIQ and UV/TIO, + SnG, systems, respectively. However, the rate constants in the systems (incluglinigr@onstrated
the order of pH 10>pH 7>pH 4. The UVITIG SnQ and Q + MnO, systems exhibited a greater decolorization rate than the Uy/ai@

O3 systems, respectively. Additionally, the promotion of rate depended on pH. The variation of dye concentration influenced the decoloriz
tion efficiency of heterogeneous systems more significant than homogeneous systems. Experimental results verified that decolorization
desulfuration occurred at nearly the same rate. Moreover, the decolorization rate constants at pH 7 in various systems followed the orde
UV/O3 = O3+ MnO, = UV/O3 + TiO, + SNG, > O3 > UV/TiO, + SNQ = UV/TIO, > UV/SNO,.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction nism of UV/TiO, [12] and the reactions causing dye degradation
can be summarized as folloj&]:
The strong color of textile effluent creates both environmen-

tal and aesthetic problems. Azo dyes, which contain one or morg Q2 +hv— TiOx(ece— +hve+) 1)
azobonds, are the most widely used synthetic dyes and generatfyo,(hyz,) + H,O — TiO+Ht + OH® )
are major pollutants in dye wastewaters. Due to their toxicity and

slow degradation, these dyes are classified as environmentailjO2(hve+) + OH™ — TiO2 + OH® 3

hazardous materials. Research and development of advan fb . —e

o X . _ O TiO2 4+ O 4
oxidation processes (AOPs) for textile effluent have made sig- 2(ece-) + 02— 2452 @)
nificant progress during recent years, particularly the;Teébd O~ + HT — HO»* (5)
Ogz-based process¢s—10]. AOPs primarily involve the gener-

ation of a very powerful and non-selective oxidizing agent, thed¥e + OH* — degradation products 6
hydroxyl radical (OH), for destroying hazardous pollutants. gye + hyg, — oxidation products (7)
The principle of photocatalytic degradation is well known since

UV illumination onto a photocatalyst excites to produce an elecdye + ecs— — reduction products (8)

tron and hole pair with a high-energy state, which migrate to the
particle surface and initiate various chemical redox reactionﬁo
[11]. The previous literature has discussed the detailed mech%:,31

However, the rapid recombination of photoproduced elec-

ns and holes in semiconductors significantly reduces photo-

talytic efficiency. To enhance the photocatalytic efficiency of
semiconductors, Serpone et H3] proposed an interparticle

* Corresponding author. Fax: +886 5 5334958. electron transfer process (IPET), which couples two semicon-

E-mail address: chunghsinwu@yahoo.com.tw (C.-H. Wu). ductors with different redox energy levels to increase charge
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separation for the corresponding conduction and valance band&ble 1 _ _
This process can enhance photocatalytic reaction efficiencgiructure and properties of Reactive Red 2 (&h)

[8,13,14] C.l. number 18200

The literature has reported ozonation of water with or with- Nf'
out UV [7,10,15-17] O3 may attack the dyes via two different 8 N
reaction pathways: (1) direct ozonation by the ozone molecul&tructure Nﬂj&i“‘_&
and (2) radical ozonation by highly oxidative free radicals such Y

NaO,S SO;Na
as hydroxyl radicals, which are formed by ozone decomposi-
Formula GoH10Cl2NeN207S,

tion in the aqueous solutidi6]. However, this method can be ;0 1ecular weight (g/mol) 615
costly owing to the production cost ofs@nd also because of ;.. (nm) 538

the low solubility in aqueous solutions. These difficulties have
stimulated research on how to improve ozonation efficiency for

various applications, such as U(¥] and catalytic ozonation out further purification.Table 1summarizes the structure and
[18,19] Combining Q with UV achieves a net enhancement properties of Reactive Red [8]. For the supply of chloride

of dyes degradation due to direct and indirect production ofons, sodium chloride (Merck) was chosen. Other experimen-
hydroxyl radicals following @ decomposition and $D, for-  tal chemicals were analytical grade. Water used was deionized
mation, respectivel{15]: and double distilled with MINIQ. A dielectric barrier discharge
(DBD) reactor was used for ozone generation. Moreover, a

1
Oz +hv— Oz +0O(D) ) stainless steel wire (5.0 mm diameter) as inner electrode was
O(D) + H,0 — OH®* + OH° (10)  Suspended along thg axis of a Pyrex-glass tube (inner diameter:
20.0 mm). The effective length of the DBD reactor was 137 mm.
O('D) + H20 — H20; (11)  Glass pellets with a diameter of 5mm were used as the packing
HoOp +hy — OH®* + OH® (12) materials, and were placed in the plasma region between two

electrodes. High voltage was applied to the inner electrodes.
UV, TiO, and HO, can promote the degradation of Reactive The DBD reactor employed the same power consumption (8 W)
Red 2 by photocatalytic oxidatioj20]. Neppolian et al[21]  under a gas flow rate of 500 ml/min. The ozone feeding then
performed the photocatalytic degradation of Reactive Yellowwvas fixed at 2060 ppm in this work. The schematic diagram of
17, Reactive Red 2 and Reactive Blue 4 usingsTiZn0O, ZrQ»,  the ozone generator and photoreactor was presenteias
WO3 and CdS. CdS is less active than Fi@nd ZnO. ZrQ and  The inner diameter and height of the photoreactor were 143
WOs3 are not associated with any significant photodegradation afind 230 mm, and those of the quartz tube were 36 and 210 mm,
the dyes. Hu et a[5] verified that decolorization and desulfura- respectively.
tion occurred at almost the same rate in the first step of the pho-
todegradation of Reactive Red 2. Although several works have.2. Decolorization experiments
compared the degradation efficiency of various azo dyes using
different commercial or synthetic photocataly{§20,21] com- Decolorization experiments were performed in a 3-1 hollow
parisons of homogeneous and heterogeneous advanced oxidglindrical glass reactor. The inner tube was made of quartz
tion systems for the decolorization of azo dyes has attractedith an 8 W, 365 nm UV-lamp (Philips) placed inside it to pro-
relatively little attention. Accordingly, the present study utilized vide the irradiation source. Light intensity of the UV-lamp was
TiO,, SNG and G as catalysts to degrade Reactive Red 2. Thet.32 mW/cn?. In heterogeneous systems, the total photocatalyst
decolorization efficiencies of various systems were comparedised was 0.5 g/l in all experiments. In the coupled systems, the
This work investigated the effect of IPET on decolorizing azoweight ratio of photocatalyst was 1:1. The reaction system was
dye in the suspension of coupled-photocatalyst and the influstirred constantly at 300 rpm and aerated air at a flow rate of
ence of MnQ in the Q; systems. Moreover, the influence of 500 ml/min to keep the photocatalysts suspended. The Reactive
decolorization efficiency by the variation of dye concentrationRed 2 concentration was 20 ppm in all experimental runs, and
in homogeneous and heterogeneous systems was also evaluatie. solution pH was controlled at 4, 7 or 10 using HN&hd
Finally, the experiments with chloride ions additives were perNaOH via an automatic titrator. A 15-ml aliquot was withdrawn
formed to determine the effects of chloride ions concentratioirom the photoreactor at pre-determined intervals. The photocat-

in the UV/O; system. alyst suspension was separated by centrifugation at 5000 rpm for
10 min, then filtrated using a 0.2@n filter. Decolorization of

2. Materials and methods Reactive Red 2 was detected using a spectrophotometer (HACH
DR/4000U) at 538 nm. Additionally, anion concentration was

2.1. Materials detected via ionic chromatography (Metrohm 790 Personal IC,

column: Metrosep A Supp 5) to determine the sulfate and chlo-

TiO, was obtained from Degussa P-25 and gmn@s pur-  ride dissociation concentrations during decolorization. Vapor-

chased from Riedel-de Haen. The photocatalysts were usegation, adsorption, and direct photolysis reactions were also

directly without treatment. The model azo dye Reactive Readtonducted to compare the decolorization efficiency of Reactive
2, obtained from Aldrich Chemical Company, was used with-Red 2 with that in photocatalytic reactions. Ia-Base systems,
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Fig. 1. Diagram of the ozone generator and photoreactor.
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O3 was aerated into the reactor at a flow rate of 500 ml/mingap energy (4.13 eV) of SnOwhich is insufficient for initiating

Except for no photocatalyst being added, the other procedurgshotocatalytic reaction after UV irradiation (365 n[8). Fig. 3

and agents were the same as for heterogeneous systems.  shows the decolorization efficiency of Reactive Red 2 by the
O3-based processes at different pH. PlottingCi(C) against

3. Results and discussion time provides the decolorization rate constakjgFig. 4). The

k values of azo dyes in heterogeneous and homogeneous pho-
3.1. Decolorization of azo dye in heterogeneous and tocatalytic systems fit a pseudo-first-order kinetic, and several
homogeneous systems investigations found that the dye decolorization rates generally

can be approximated as pseudo-first-order kingfi¢3,5,6,8]

Owing to no significant degradation occurring in the vapor-The decolorization efficiency of heterogeneous and homoge-
ization, adsorption, and direct photolysis reactions, the disapieous photocatalytic systems thus can be compared via the
pearance of Reactive Red 2 could be attributed to photocatalytialues Table 2.
reactionsFig. 2shows the decolorization efficiency of Reactive  In heterogeneous photocatalytic systems, the decolorization
Red 2 (20 ppm) by heterogeneous AOPs under different condrate at pH 7 exceeded that at pH 4 and 10 in UVAT&hd
tions. Fig. 2 reveals that the catalytic activity of Sa@n this ~ UV/TiO2+SnQ, systems, respectivelyTgble 2. Interpreting
study was negligible. This phenomenon is attributed to the bantlow pH influences dye decolorization efficiency in heteroge-

Table 2
Decolorization rate constants, (1~1) of Reactive Red 2 in different systems
Systems pH 4 pH7 pH 10
k r? k 2 k 2
UV/TiO> 0.29 0.994 0.33 0.983 0.29 0.982
uv/snG, <0.01 - <0.01 - <0.01 -
UV/TiO2 +SnG 0.20 0.987 0.34 0.996 0.32 0.981
O3 1.84 (2.68) 0.975, 0.984 3.55 0.902 7.63(7.79) 0.994, 0.885
O3 +MnO 4.51 0.986 5.36 0.938 6.13 0.998
UV/O3 5.23 0.974 5.71 0.985 8.38 0.996
UV/O3+TiO2 +SnG 5.17 (4.99) 0.983, 0.994 5.20 0.924 8.31(8.33) 0.996, 0.930

Note: Values in parentheses denote the dissociation rate constants of sulfate in different reaction systems.
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Fig. 3. Decolorization of Reactive Red 2 (20 ppm) by thelased processes
Fig. 2. Decolorization of Reactive Red 2 (20 ppm) by heterogeneous AOPsinder different conditions: (a) pH 4, (b) pH 7 and (c) pH 10 (total photocata-
under different conditions: (a) pH 4, (b) pH 7 and (c) pH 10 (total photocata-lyst=0.5 g/l, G flow rate = 500 ml/min and'= 25°C).
lyst=0.5 g/l andr'=25°C) (b) and (c) cited from W{8]).

(0.29 1y and UV/Sn@. The improvement in charge separation
neous systems is very difficult owing to its multiple roles. Theachieved by coupling two semiconductor systems with different
pH influences not only the surface properties of the photocatenergy levels increases the rate of photocatalytic degradation.
alyst, but also dye dissociation and OH radical formation. TheSeveral researchers have demonstrated that the photocatalytic
point of zero charge (pzc) of T#¥XDegussa P25) is at pH 6.8. activity of the coupled semiconductor system exceeded that of
Moreover, the photocatalyst surface is charged positively undesingle semiconductor systerfs13,14] Although SnQ exhib-
pH <pHyz.. The azo dye used in this study was anionic dye,ited low activity because the UV light energy was insufficient
and was negatively charged owing to the sulfonate groups undéws excite it in a single semiconductor system, Sre@ted as
experimental conditions. Accordingly, electrostatic interactionsa suitable photogenerated-electrons scavenger in the coupled
between the photocatalyst surface and dye anions lead to adsogemiconductor system.
tion formation at low pH. In contrast, little adsorption formed on
the surfaces of Ti@at pH 10. However, in alkaline solution OH

radicals can be more easily generated by oxidizing more hydrox- ,/ll" / + UV/TIO,

ide ions available on the photocatalyst surface, thus enhancing ,.jl" / . 3://T'02+S"02

the process efficiencf]. Thereby, the Reactive Red 2 decol- 3 s : 8{/*/3"“02

orization efficiency by UV/TiQ + SnQ, was pH 7 > pH 10 > pH S & o UV/Oy+ TiOs + Sn0»

4. Because several reaction mechanisms can contribute to dye < » %, '_"_‘;‘Bxgligj i“‘s‘:;aoff (linean

decolorization, for example OH radical attack, direct oxidation = £ { —0; (linear)

by the positive holes, and direct reduction by the electrons, the | ) '.f.lg;’/c’;f‘(‘ffgegg‘ea”

effect of pH on decolorization efficiency differed from that of Py ——=UV/Os+ TiO; + $nO; (linear)

photocatalysts and photodegradation model substj@ltes 60 .‘_k,,,,_;w»—“f"‘“ i
Comparing theresults listedtable 2could demonstrate that 0 Haze==tTT :

IPET significantly improved dye decolorization efficiency under 0 20 40 60 80 100 120140

alkaline conditions. At pH 10, thievalue of Reactive Red 2 for Time (min)

UV/TiO2 +SnQ; (0.32111) was larger than that of UV/Ti© Fig. 4. The pseudo-first-order rate constants of different systems at pH 7.
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1 TiO2 +SnQ > 03+ MnO, > O3 and the pH effects illustrated
—— pil 4 (0 min) the trend pH 10> pH 7 > pH 4T@ble 2. The solution pH alters
0.8 I ¢ --—- pH 4 (60 min) the chemical composition of the ozone; for example OH radicals
. \\ ——— pH 7 (0 min) were formed from ozone decomposition at high pH, while the
2 06§ f\ \ == - pH7 (60 min) molecular ozone remains the same as for main oxidant at a low
= | pH 10/(0 min) pH. Alaton et al[4] indicated that increasing the ozonation sys-
-§ | - pH 10 (60 min) tem pH would increase the OH radical production rate because
of the following reactions:
O3+0OH™ — O37* + OH* (13)
300 O37*—>0°*"+0 (24)
(a) Wavelength (nm) o+ H* — OH° (15)
: : Ozone has oxidation potential of 2.07 V, while the OH radical
! ) has oxidation potential of 2.80V, notably direct oxidation is
08 - T aom slower than radical oxidation. Therefore, thevalues of dye
1 ———- pH 4 (60 min) . . ’ !
| . increased with the pifL,9].
g 06+ — e mm.) Ozonation combined with UV radiation is considered a more
g \ T pHTEOmI effective process for remove organics than ozonation alone.
E 04 | Y — PH 'O(Om"f) The combined process is more effective because UV radiation
< ' \*\ = = pH 10/(60 min) enhances the ozone decomposition, yielding freer OH radicals
o L and thus producing a higher ozonation rate. #ixalue of Reac-
tive Red 2 at pH 4 for UV/@ (5.23 1) significantly exceeded
o | that for Q; (1.84 hr1). The ozonation process in the acid con-
200 400 600 800 dition mainly occurs via the direct oxidation reaction, which
(b) Wavelength (nm) is selective. Accordingly, UV promotion is more significant
in the acidic than in the alkaline condition. Several researches
! 'l also indicated that UV improved ozonation efficiefi¢yl 0,15]
| —— pH 4 (0 min) However, Shu and Huarjfj7] demonstrated UV did not signifi-
08 | \ ———- pH 4 (60 min) cantly enhance the degradation ability of the ozonation reaction,
3 —— pH 7 (0 min) since UV light is highly absorbed by azo dyes, only limited
_§ 061 - - = pH 7 (60 min) amounts of free radicals can be produced to decompose azo
s dyes.
L 04r The k& value of UV/Q; exceeded those of
UV/O3+TiO2+SnG in the experimental conditions. This
0.2 | finding can be explained as follows: a significant quantity of UV
light may be absorbed by the photocatalyst particles, and thus
0200 00 6 - 500 reduces the decolorization efficiency; that is a UV-screening
effect of photocatalyst particld20]. Restated, the path length
(c) Wavelength (nm)

of photons entering the solution decreased with increasing con-
Fig. 5. UV-vis spectral changes of Reactive Red 2 (20 ppm) in various syseentration of photocatalyst particles. Since the decolorization
tems: (a) UV/Q, (b) O3+MnO; and (c) UVITIC, +Sn(y (total photocata-  ghility of UV/O3z exceeded that of UV/TiQ this effect reduces
lyst=0.5g/l, G flow rate =500 ml/min, reaction time = 60 min afig- 25°C). the photoactivity for OH radical formation.
Exceptforthe UV lightenhancing the efficiency of ozonation,
The absorption spectral changes of Reactive Red 2 in |gV/O several investigations also reported that a heterogeneous cat-
O3+MnO, and UVITIO, +SnQ systems are displayed in alytic ozonation process achieved similar promotion of ozona-
Fig. 5. Reactive Red 2 showed a major absorption peak at 538 nition [18,19] This study found that Mn@catalytic ozonation
and it decreased after 60 min photocatalytic reaction. The maiaf Reactive Red 2 at pH 4 had a greatevalue than ozona-
absorption peak declined, but some intermediates may have beton alone, but catalytic efficiency is not observed at pH 10. The
generated after photocatalytic reaction but this study did not furexperimental results indicated that the solution pH is a dominant
ther elucidate this possibility. However, the EC 50 values, aftemfluence on MnQ catalytic ozonation. Thevalue of Reactive
the decolorization of the solution of Reactive Red 2, indicatedRed 2 increases clearly when ozonation at acid condition in the
that the intermediates produced in photocatalytic degradatiopresence of Mn@might due to a surface manganese-dye com-
were not toxid5,20]. plex, whichis easily decolorized by ozone. The characteristics of
In the Gs-based processes, decolorization rate constanthie MnG, catalytic ozonation can be attributed to the formation
in various systems followed the order UW@ UV/O3+  of surface complexes that are oxidized by dissolved ozone also
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having been proposed by previous studie19] Andreozziet g 7. pecolorization of Reactive Red 2 under different initial dye con-
al.[18] found that the plg,c of MNO, was 5.6 and Mn@exhib-  centrations and reaction systems (total photocatalyst=0.5 g, flaw
ited almost no catalytic activity during oxalic acid ozonation atrate =500 mi/min, pH 10 an#i=25°C).

pH exceeding the plic of MnO;.

Fig. 6presents the effect of NaCl concentration in the UY/O quantity of UV light may be absorbed by the high concentra-
system at pH 7. The experimental results displayed that thtton dye molecules rather than by the photocatalyst particles,
decolorization efficiency was nearly the same in the NaCl conand thus reducing the decolorization efficiency, namely, the dye
centration between 0 and 5g/l. The results of homogeneousas a UV-screening effect. Hence, this effect thus reduces the
systems differed from those of heterogeneous systems. Wanggtotoactivity of photocatalyst for OH radical formation. Sec-
al. [22] indicated that the NaCl and N&0O, additions showed ond, there are more dyes and reaction intermediates compete
inhibitive effect to the reaction at pH 3. For chloride and sulfatewith the OH radicals and the reaction active sites of the pho-
ions, Degussa P25 Tihad strong adsorption and reduced thetocatalyst in high initial concentration. Since the quantity of
reaction sites due to the presence of TizOHn homogeneous photocatalyst is constant, OH radical formation on the photocat-
systems, the adsorption of chloride ions can be neglected; theralyst surface is also constant. Accordingly, the relative number
fore, the addition of chloride ions did not influence the reactionof OH radicals attacking the dye molecules and its reaction

Comparing thek values of Reactive Red 2 in Ti®and intermediates decreases with increasing in the initial dye con-
Os-based processes under different conditions reveal that theentration. These results imply that as the initial concentration
k values in Q-based processes exceed those ohTh@se pro-  of dye increases, the requirement of photocatalyst needed for
cesses by at least one order. Also, the energy inputted intg TiO decolorization also increases. The effects of the dye and reac-
base processes and ozone alone systems was the same (8 Wén intermediates competing with the OH radicals were similar
nevertheless, the oxidation agent in ozone alone systems (frégeheterogeneous (UV/Ti+ SnG) and homogeneous gand
ozone + OH radicals) might exceed that in 7i#0ase processes UV/O3) systems. The UV-screening effect of the dye was the
(OH radicals only). The results suggested that the decolorizatiosame in heterogeneous and homogeneous systems; however, the
efficiency per energy input in £based processes was higher UV-screening effect of the photocatalyst was stronger in the het-

than in TiQ-base processes. erogeneous systems. Accordingly, the inhibitive effects of a high
dye concentration were stronger in the heterogeneous system

3.2. Effects of azo dye concentration variation in (Fig. 7). Furthermore, the direct ozonation of dye molecules in

heterogeneous and homogeneous systems homogeneous systems was important in the addition of a high

concentration of dye; hence, adding a high dye concentration

The effect of initial dye concentration on the rate of dye negligibly inhibited.
decolorization was examined by varying the initial concentra-
tion of Reactive Red 2 20 and 40 ppm at pH 10 in heterogeneous3. Evolution of sulfate dissociation in heterogeneous and
(UVITiO2 + SNnG) and homogeneous @and UV/Qs) systems,  homogeneous systems
and the results as illustrated Kig. 7. The pseudo-first-order
decolorization rate constant of 20 and 40 ppm Reactive Red 2 The temporal evolution of sulfate in heterogeneous
was calculated as 0.32 and 0.14'Hin UV/TiO2+SnG, 7.63  (UV/O3+TiO,+SnG) and homogeneous (D systems at
and5.53h'in Ozand 8.38and 5.831 in UV/O3, respectively. pH 4 and 10 is displayed ifFig. 8 The k values of Q
It can be found that, as the dye concentration increase, the dec¢?.63 1) and UV/Q;+TiO2+SnG (8.31h1) were simi-
orization rate constant decreases. Several studies have reportad to the dissociation constants of sulfate in (7.79h 1)
similar observation§20,21,23] This can be explained by two and UV/Q;+TiO»+SnG (8.33h 1) at pH 10, respectively
explanations for this phenomenon exists. First, a significanfTable 9. The results verified that decolorization and desul-
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7 4. Conclusion

This study examined the decolorization of Reactive Red 2 in

s 5T — P: Té(()é)) TiO,- and G-based systems under different conditions. The
& sl e §H4(UV‘,O;+ TiOs+ $n0,) decolorization rate constants of React?ve Red 2 iq heteroge-
b —e— pH 10 (UV/O,+ TiO,+ Sn0,) neous and homogeneous photocatalytic systems fit a pseudo-
z 3 ioichiometric cone. first-order kinetics. Moreover, the Reactive Red 2 decoloriza-

tion efficiency by UV/TIQ + SnG, was pH 7>pH 10>pH 4.
Although SnQ displayed low activity because the UV light
energy was insufficient to excite it in a single semiconductor
system, Sn@performed as a suitable photogenerated-electrons
scavengerinthe coupled semiconductor system. In thiea8ed
processesk values in various systems followed the order of
Fig. 8. Dissociated concentration of sulfate during decolorization reacUV/O3z = UV/O3+ TiO2 + SNnQ = Oz + MnO, > Oz and the pH
tion (Reactive Red 2=20ppm, total photocatalyst=0.5g/ls @ow  effects exhibited the trend of pH 10> pH 7 > pH 4. UV radiation
rate =500 mi/min and'= 25°C). enhanced the ozone decomposition, yielding freer OH radicals
resulting with higher ozonation rate. The experimental results
furation occurred at almost the same rates in the first step aflso confirmed the rates of decolorization and desulfuration were
photodegradation. Consequently, the initial step of Reactive Realmost identical in the first step of photooxidation. This work
2 can be proposed to be cleaving the bonds of the C—S in Reactifeund that MnQ catalytic ozonation of Reactive Red 2 at pH
Red 2, leading to sulfate ion formation. Several studies inves4 had a highek value than ozonation alone, but catalytic effi-
tigating dyes with sulfonate groups in photocatalytic reactionsiency is not observed at pH 10. This study suggested that the
also indicated that sulfonate group removal is an early step idecolorization efficiency per energy inputin-®ased processes
the degradation procefs 8,20,24—26] exceeded that of Ti@base processes.
The Reactive Red 2 decolorization converts organic carbon
to COp and its intermediates, and while that of nitrogen, sulfur, Acknowledgement
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