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H3yuena decmpykuyus Kpacumensn Kuciomuozo opamuyicesoz2o-7 (AO7)e eoonvix pacmeo-
pax npu eo3oeiicmeuu uona ycenesza (111), akmuesayuu npoyecca okucienus uoHom nepcynvhama
(PS, SO&%) u so30eiicmeuu euoumozo uzayyenus (Vis) 420 um). Hecnedosan sgpgpexm nozno-
wienua paouxanoe ¢ ucnoavizosanuem manona (EtOH), mpem-oymunosozo cnupma (TBA) u
azuoa HAmMpuUs ¢ Ueblo YCMaHosIeHUs Moo, Ymo 2uopokcunvuoti paouxan (-OH) sensemcs oc-
HoeHbIM akmusnbim okucaumenem AOT, npusodawum K e2o obecyeeuusanuio, 6 mo epems Kax
cynvpam paduxan (SQv) u cunznemusiii kucnopoo (*0z) maxce enocam ceoii 6x1a0 é npoyecc
odecmpykuyuu kpacumensn. Ilpomescymounsvie npooykmul peakyuu onpeoenanu ¢ nOMOuibio me-
mooda macc-Cnekmpomempuu ¢ uonusayuei nekmpopacnoviienuem (ESI-MS), ¢ pezyromame
ue20 Obl71 NPednoIHCceH 8ePOAMHLLI Mexanuzm decmpykuuu. Boickazano npeononoscenue o mom,
YUMo HA HAYATLHOU CIMAOUU PAOUKAl AMAKyem amom azoma Kpacumens, npu IMom é pe3yJib-
mame 00HOo8peMennozo paspuiea 08yx ceazeil C-N kpacumens decmpykmupyem na n-ghenoncyo-
dokucromy u 1,2-napmaxunon. /lanee umeem mecmo nociedyouiee OKuUcCjaeHue IMUX NPoOyK-
moe ¢ nomepeii zpynnovt —SO;” . Ha 3akniouumenshblx cmaousax 6 pe3yibmane packpblmus yeH-
mpanbHOo20 KObUa 00pasyiomca ayukiudeckue KapooKcuibHble KUCI0myl, U OdibHellee OKUC-
JleHue, 04e8UOHO, NPUBOOUM K 00pa308aHuI0 HPOCMBIX KapOOKCUNbHbIX Kuciom. Pesynomamot
ucc1e006anus mozym 0vlme ROJIEIHBIMU 0713 CO30AHUA RPOCMOUL, IhheKmuenoli u IKOHOMUUH O
cucmemul 0ecCmpyKyuu mpyorHo ouopaznazaemozo azoxkpacumens. /lanvt pekomenoayuu no op2a-
Hu3auuu Ihhekmueno20 KOHMPOA Ka4ecnmea OmeoOUMOIl MexXHOI02UYECKOT 600bl U NPOOYKHIO8
ee 00padbomKu HA JIOKATLHBIX OYUCHIHBIX COOPYIHCEHUAX NPOMBIUTIEHHOZ0 RPEONRPUAMUA C UETIbIO
npeoomepauieHus NONAOAHUS 8PEOHBIX OUOTOZUUECKUX euiecme 6 2uopocgepy.

KaroueBrble c10Ba: IECTPYKIUS KPACUTEINS, KPACUTENb KHCIOTHBIM OPAH)KEBBIN 7, aKIIETITOPHI paiuKa-
JIOB, IPOMEXYTOYHBIE MPOITYKTHI PEAKIINH, TIYTh AECTPYKIIUN, MUHEPATHU3aIUs
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The degradation process of Acid Orange 7 (AO7) guaous solutions by iron(lll) under
activation by persulfate (PS,.8¢%) oxidation and Visible (Vis) light ¥420 nm) exposure has
been studied. The radical scavenging effect wasmixeed by using ethanol (EtOH), tert-butyl
alcohol (TBA) and sodium azide to state that thedngxyl radical (-OH) is regarded as the pre-
dominant reactive oxidant for the AO7 decolorizatiowhile the sulfate radical (S©) and singlet
oxygentO,) are also make their contribution to dye's degrattm. The reaction intermediates
were determined by electrospray ionization-masscsmenetry (ESI-MS) analysis, and a probable
degradation pathway mechanism has been proposedids$ suggested, that firstly an initial suc-
cessive radical attacks the N atom of the dye, vadecompose to p-phenolsulfonic acid and 1,2-
naphthaquinone through the contemporaneous breaktwb C-N bonds. Afterwards, subsequent
oxidation of these products and loss of the —S@roup are observed. Finally, the acyclic car-
boxylic acids are formed from the central ring-opierg, and then the further oxidation to simple
carboxylic acids is evident. The work can providsieple, effective and economic system for the
treatment of non-biodegradable azo dye. The recomdsions were proposed on organization
of an effective quality control of technological wer discharge and products of its processing at
the local wastewater treatment facilities of industl plants for prevention of the ingress of haz-
ardous biological substances to the hydrosphere.

Key words: dye's degradation, Acid Orange 7, radical scavengeaction intermediates, degradation
pathway, mineralization
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INTRODUCTION The efficiency of different systems including irdij(
-nder Vis light irradiation (F&/Vis), Fe"'/PS, PS/Vis
and Fé'/PS/Vis has been evaluated. It was found that
tion by persulfate (PS,.S¢?) oxidation and Visible the efficiency of F&/PS and PS/Vis system was low,

(Vis) light (-420 nm) exposure was performed by u&nd only about 48% of AO7 was oxidized within 20
min of experiment time under F&/is system action,

Earlier the degradation of Acid Orange
(AQ7) in aqueous solutions by iron(lll) under aativ
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and it was further improved to almost 95% within Analysis

20 min by F&/PS/Vis system. Various process-de- To monitor the degradation process of AO7,
pendent parameters, such as PS!,Flye concentra- solution samples were taken out at predetermimeel ti
tion as well as initial pH were investigated toiopte intervals and measured immediately on a METASH
the process. As results indicated, the dye's dagmad UV-5500PC spectrophotometer under the maximum
efficiency increased with the increase of PS antd Feabsorption wavelength (484 nm) to record the temipor
concentration over the tested range. UV-vis spectral variations of the dye. The relategic-

As a common oxidant, HO- radical has a redagon progress was monitored using the UV-vis absorp
potential of 1.8-2.7 V vs. NHE (normal hydrogencele tion spectra of AO7 in terms of the percentagehaf-p
trode) [1]. While SQ" radical demonstrates the samgodegraded azo-dye, which was calculated from the
or even higher redox potential equal to 2.5-3.1sV Vfollowing Equation (2):

NHE [2], which is generated in PSAfeprocess pecolorization efficiency (%) = (&~ G) / Co100, (2)

through qu;_ation (+1) [3]- o - where Gis the absorbance at 484 nm for AO7 at reac-
Fe'+S,05">Fe+SQ - +SQ* k=27 M's* (1) on time t and Gis the related initial absorbance.
In this work, the primary reactive oxidants and The formation of short-lived radicals during

the finite degradation products of AO7
Fe**/PS/Vis process were investigated to prop
ways for degradation of AO7.

in théx7 decolorization was detected by ESR spin-trap-
ose palling technique at room temperature using a Bruker
ESR A-300 spectrometer with the following parame-

EXPERIMENTAL ters: center field 3516 G, sweep width 100 G, micro
Materials wave frequency 9.86 G, modulation frequency 100 kHz

Acid Orange 7 (AO7, GH1iN.NaQ:S) was microwave power 1 mW.
purchased from Aladdin Industrial Corporation. The intermediate products during AO7 degra-

Iron(3+) nitrate nonahydrate (Fe(M@9HO), so- dation reaction were analyzed by mass spectrometry,
dium persulfate (N&,0s), tert-Butyl alcohol (TBA, and the experiments were performed on an Esquire LC
AR), ethanol (EtOH, AR) and other chemicals were aén trap mass spectrometer (Bruker Daltonics, Breme
analytical grade if not noticed otherwise and warte Germany) equipped with an orthogonal geometry ESI
tained from Sinopharm Chemical Reagent Co., Ltdource. Nitrogen was used as the drying (3 L/mma) a
Acetonitrile was also purchased from Sinopharmebulizing (6 psi) gas at 30Q.°The spray shield was
Chemical Reagent Co., Ltd. (Shanghai, China) baét to 4.0 kV and the capillary cap was set tok¥.5
with HPLC grade. The spin trap reagent 5, 5-dimethyScanning was performed from m/z 90 to 400 in the
1-pyrroline-N-oxide (DMPO) was purchased fronmstandard resolution mode at a scan rate of 13 kBafs
Sigma Chemical Co. All chemicals were used as résre analysis, each sample was diluted ten times.
qelved without further purlﬂca'tlor'l. The samplesol RESULTS AND DISCUSSION
tions were prepared using deionized water (Aquapro,
USA) throughout the experiments. Radical detection

Degradation procedures In order to understand the reaction mechanism,

All batch experiments were conducted in @he formation of short-lived radicals during AO7-de
100 mL undivided glass beaker containing 50 mL s@olorization was detected by ESR spin-trapping-tech
lution at about 25 °C without irradiation or undeadi- nique. The measured ESR spectra before and after re
ation by a direct exposure Vis light power sup@if- action are displayed in Fig. 1.
XM-500W) from Beijing Trusttech Co.(China). After ‘ |
the desired amounts of AO7 and PS in 50 mL of the A ] j‘
aqueous solution were added into the reactor,ghe-r  "i|" 1 #r\’“‘""“\“u“"‘c‘\!‘M\(\J“
tion was initialized by adding e Each reaction solu- SRR

tion was constantly agitated by a magnetic stimerdel —omin
78-1, Hangzhou Instrument Motors Factory, China). WNWMMWMWWWWWW
A stock solution of AO7 with the initial con-

centration (G) 20 mg/L was prepared freshly with de-;45o 3480 3500 3520 3540 3560
ionized water before each run. Since PS is an@&cidi

oxidant, the addition of PS led to a significantrdase

of pH, and the experiment was conducted at aciéic m (1), 20 2)

dium (pH 3'46’ no anUStment)' Before the begman’Hc. 1.3I1P criekTpsI DMPOZCHI/IHOBOI‘O YJIaBJIUBaHUS ISl UH-
of reaction, PS solution and ¥eolution were added TepBaios Bpemen, mut: 0 (1), 20 (2)

to the reactor.

Magnetic field (G)

Fig. 1. DMPO spin-trapping ESR spectra at diffetene, min: 0
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inhibited the degradation process. These resutis pr
The ESR spectrum of DMPO-OH or DMPO-vide evidence that - OH is the major radical spguées
SQywas not observed but a narrow spectrum appearadpating in the AO7 decolorization process, a-S
to be the DMPO oxidation product, DMPO-X, whichandO; are also involved, but its contribution is minor
might come from the reaction of DMPO with -OHcompared with - OH.

and/or S@ radicals. Photodegradation Products and Proposed
Effect of radical scavengers Pathways
To evaluate the contribution of the free radi- Direct-infusion electrospray ionization mass

cals, three kinds of radical scavengers were erggloy spectrometry (ESI-MS), which has been the technol-
ethanol (EtOH), tert-butyl alcohol (TBA) and sodiurmmogy of the choice for detection and identificatadre-
azide (NaN). As indicated in Fig. 2, the addition ofactants, products, and intermediates in solutiéh, [
1 M EtOH significantly suppressed the oxidation-prowvas applied to screen for intermediate productsdur
cess with AO7 removal efficiency declining from 95%A07 degradation with Vis/F&PS system.

to 41% in 20 min reaction. EtOH contains a-hydrogen ,,
which can rapidly quench both $Cand - OH. The re- 0 min 1(327)
action constants of EtOH with 30and -OH are 1.6- [
7.7-16M1tstand 1.2-2.8- 1FaM1 s, respectively [4]. osf
Consequently, the presence of EtOH led to the con-
sumption of reactive radicals and the decrease-of r
moval efficiency. -OH can be generated via the-reac %“[
tion of SQ-- and water. In order to investigate the con- o2}
tribution of - OH to the AO7 removal in Vis/B&S 00 |
process, TBA was introduced. TBA can quickly 10 min
guench - OH with the reaction constant 3.8-7.5M® Lor
st, which is much more than the rate constant of TBA os|
with SQ:-~ (4.0-9.1-10M* s?). Hence TBA is gener-
ally used as - OH scavenger [4]. As observed inZEig.
the addition of 1 M TBA inhibited the oxidation pro %4

0.6

0.6

4(193)

cess moderately with removal efficiency of AO7 de% 02}
creased from 95% to 69% in 20 min reaction. The a&= | *I™ o »
dition of 0.4 g/L sodium azide, which is a scavergfe £  |20min \
both oxygen and hydroxyl radicals [5], results In a g *°r
most complete inhibition of the degradation process s}
1,0 g 0.6 7
4 0.4}
0,84 2
ol Ll
0,6 b1 A I H\H’ s J ‘\\ L Lh‘u‘h bl MJ\ \\\‘M ‘H\‘ M\L. "
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Fig. 2. The effect of radical scavengers: None 101),EtOH (2), 0% PR 200 20 200 350 200
1M TBA (3), 0.4 g/L NaN (4) m/z
Puc. 2.3 eKTHBHOCTh IPHCYTCTBHA aKUCNTOPOB Pa/IMKATIOB! Fig. 3. ESI (-) mass spectra of AO7 solution urdizgradation

orcyrersue (1), IM EtOH (2), M TBA (3), 0,4 g/L NaN (4) with Vis/Fe*/PS system at different time (min): 0 (a), 10 @),
Compared with the control experiment, the ad- (¢), 30 (d). The peak values: 327 (1), 113 (2), (3193 (4)
dition of 1 M TBA resulted in 26% AO7 decay drop, "¢ 3, ES! vacc-cnextpul ¢ orpunanessiol vompaueit pac
. % AO7 decav drob was obtained by the addiT-Bopa AOT7 npu ero necrpykuuu B cucreme Vis/Fe*/PS s nn-
while 54% y p y Tepsanos Bpemenn: 0 (a), 10 (b), 20 (c), 30 (d)lonoxeHus mu-

tion of 1 M EtOH, and besides, sodium azide almost koB: 327 (1), 113 (2), 173 (3), 193 (4)
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Fig. 3 displays the representative spectra in tlggient oxidation of these products and loss of &=
negative ion model from 0 to 30 min. group. Finally, the acyclic carboxylic acids were

The molecular weight of AO7 was 350 withformed from the central ring-opening, and then were
the structure shown in Fig. 5, and in aqueous ismiut further oxidized to simple carboxylic acids. Thegam-
the RS@Na groups in the dye will dissociate intoization of an effective quality control of techngical
RSQ™ and N4a ions. At the beginning of the reactionwater discharge and products of its processinget t
an intense ion of m/z 327 corresponding to AO7 [Miecal wastewater treatment facilities of industrial
Na]- was observed as expected. After 20 min tregiants prevent the ingress of hazardous biologicht
ment, the intensity of AO7 at m/z 327 decreased sigtances to the hydrosphere. This quality contrafis
nificantly, indicating that it was degraded intorsoin-  particular significance when the reuse of treated
termediate products. The signal peaks at m/z 123, lwastewater and of wastewater processing products is
and 193 showed up. According to the values of mM& 1 provided [10].
and the suggested structures, this product care-be r
garded as p-phenolsulfonic acid (p-PSA), whichtman 126 min
found as a common product that comes from the de- 1o}
struction of AO7 to those reported previously [}, 8 45|
The intermediate product could then be continuaily
idized to the ions of m/z 193, and m/z 113 may come
from the loss of —S© group. With the reaction pro-
ceeding AO7 was further degraded to the mentioned 02}
products as the relative intensity of these ionsdased 0.0 —-iLll
after 30 min. L a8y

Positive ionization mode was also tested to de- | 2(159)
tect positively charged species, and the results ag
shown in Fig. 4. At the beginning of the reactian, =
intense ion of m/z 373 was corresponded to AOZ o4} 5075)
[M+Na]*, which was identical with the result of [M—§ 02l
Na] at m/z 327. After 30 min of incubation, new peaks '
at m/z 181, 165, 219, 261 and 275 were observesl. Th 20 min
ions m/z 181, 219 and 165 could be attributed to1,2 *°[

1(373)

0.6

041

'ntel%

0.6

165,
oo .(\ P R A ““I‘ T m “\‘m‘\ bk ‘. Lo

naphthaquinone and its further oxidized compounds. °&f 5

Besides, m/z 275 may be the product with the rddica os}

attacking and further oxidation of the ion m/z 26@5. 0al I

From the +MS data at different reaction times, alsw oal s 7(261)

found that the amount of 1,2-naphthaquinone ine@as e dlad g 6‘(‘""19“) n ‘“ L LH‘ L m‘ )
to the highest value at 10 min and then decreased. e

cording to the literature, the toxicity of naphtbawpne 10¢ 7 5
from AO7 degradation is even higher than that ef th (4|

azo dye [9]. Fortunately, the compound can be asil |

degraded by Vis/F&PS system. It should be noted 4 .

that the observation of ions after a long reactiome o4

does not mean the later of their appearing asetexd 02f

tion of ions by ESI-MS is not only related with @sn- o0 L ssdadl m i

centration but also with its degree of ionization. ey -

Cpnsequently, a reaCtlon sequence for phOtoFig. 4. ESI (+) mass spectra of AO7 solution uragradation
degradation of AO7 by Vis/F&PS system was pro- with vis/Fé/PS system at different time (min): 0 (a), 10 @),
posed on the above analyses of ESI-MS data, and ig), 30 (d). The peak values: 373 (1), 159 (2), (35181 (4),
shown in Fig. 5. First, an initial successive ratiiat- 275 (5), 219 (6), 261 (7)
tacked on the N atom of the dye, which decomporsed Puc. 4. ESI -Macc-CeKTpb! C IOIOKHUTENbHON HOHK3aLHer pac-
p-PSA and 1,2-naphthaquinone through the contemp@:°P? AQ7 pu ero sectpyxiun s cicteme Vis/ FEIPS s wi-

TepBanos Bpemenu: 0 (a), 10 (b), 20 (c), 30 (d)lonoxeHus mu-
raneous break of two C-N bonds. Afterwards, subse- xos: 373 (1), 159 (2), 165 (3), 181 (4), 275 (5), 26} 261 (7)
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H\‘\ / \N4®780 N
sNa

Tautomerization

azo form
hydrazone form
m/z 350.03 (+MS) \ /

O

OH

HO3S Q N=—=NH Q ° Ho—Osog‘
O O m/z 173 (-MS)

m/z 275 (+MS) m/z 181 (+MS)

HO,

HO \ SOz

HO3S Q o}
m/Z 261 (+MS) m/z 219 (+MS)

L/

HO NS > HO/\/\/\/O-

miz 165 (+MS) m/z 113 (-MS)

m/z 193 (-MS)

Fig. 5. The scheme of proposed pathway for theadtzgion of AO7 by Vis/F&/PS process
Puc. 5. Cxema npemioxkenHoro Mexanusma aerpagamuu AO7 B npouecce Vis/FE/PS
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