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Abstract

Effects of an electric or magnetic field on the radiolytic degradation of two biorefractory contaminants, Acid Orange 7 (AO7) and ni-
trobenzene (NB), were evaluated in this work. A continuous DC electric current with a low density (∼2.8–5.6 mA cm−2) applied during the
radiolytic degradation of AO7 and NB solutions only led to slight enhancement in their degradation rate constants, but altered significantly the
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egradation mechanisms. On the other hand, application of a magnetic field (0.4 T) in irradiation processes slightly enhanced the
inetics without leading to any change in degradation mechanisms.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Over the past century, conventional biological processes
ave played an incomparable role in the treatment of wa-

ers and wastewaters. However, they are not efficient for the
emediation of waters rich in biorefractory contaminants,
uch as Acid Orange 7 (AO7) and nitrobenzene (NB), two
ypically biorefractory compounds widely present in efflu-
nts from chemical industries. Consequently, intense efforts
ave been made to find efficient and cost-effective treat-
ent methods for such effluents. AO7, due to its high pro-
uction yield and wide presence in effluents, is frequently
hosen as the model for azo dyes, while the significance of
B in industries makes it an important target in degradation

esearch.
Both oxidative and reductive methods have been employed

or the treatment of AO7/NB-laden wastewaters. The reduc-
ion of AO7 by elemental iron (Fe0) led to the formation of

∗ Corresponding author. Tel.: +86 551 3607592; fax: +86 551 3601592.

sulfanilic acid and 1-amino-2-naphthol[1,2]. Direct reduc
tion of NB by Fe0 to anilines was used as an in situ reme
tion for NB-rich waters[3,4]. Advanced oxidation process
based on the generation of highly reactive and oxidizing
droxyl radicals either catalytically or non-catalytically, su
as photocatalysis, Fenton’s reaction, sonolysis, wet air o
tion and ionizing radiation, as well as various combinat
of them have been employed for the mineralization of
dyes[5–9] and NB[10–18].

Among the methods above, ionizing radiation has pro
to be a promising approach because of its several un
advantages. First, it can work at ambient temperatures
normal pressures. Secondly, it needs no additional chem
and consequently does not lead to further pollution. Thi
complete mineralization of contaminants can be achi
providing that sufficient irradiation dose is supplied. Ho
ever, the energy required to realize complete mineralizati
organic contaminants, especially those with aromatic s
tures, is so large that ionizing radiation loses its advant
in terms of operational costs. Therefore, it might be m
reasonable to employ ionizing radiation with the comb
E-mail address:hqyu@ustc.edu.cn (H.-Q. Yu). tion of other methods. Synergistic effects on contaminant
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destruction have been achieved through combinations of ra-
diation with conventional treatment methods, such as com-
bination of�-ray irradiation with ozonation[19] and com-
bination of electron beam irradiation with biotransformation
[20].

Both electric current and magnetic field are environmen-
tally friendly energies. The effects of them on the radiolytic
degradation of biorefractory contaminants, to our knowledge,
have not been investigated yet. Therefore, in this work we fo-
cus our efforts on the evaluation of the effects of an electric
or magnetic field on the radiolytic degradation of AO7 and
NB, two model biorefractory contaminants in industrial ef-
fluents.

2. Experimental

2.1. Materials

AO7, NB, ethyl acetate (EA), KH2PO4, Na2HPO4·
12H2O, NaClO4, anhydrous magnesium sulfate (MgSO4),
all purchased from Shanghai Chemical Reagent Company,
were of analytical reagent grade. Methanol was chromato-
graphic purity grade. Except that EA was redistilled be-
fore use, the other reagents were used without further
p
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Fig. 1. Schematic diagram of the setup for generating an electric field.

2.4. Analytical approach

Quantitative determination of AO7 and NB was carried
out by using an HPLC (HPLC-1100, Agilent Co.) with a
Hypersil-ODS inverse phase column under 30◦C oven tem-
perature with an isocratic elution and detected at 254 nm. The
mobile phase for AO7 determination was composed of 60%
methanol and 40% phosphate buffer of 33 mmol L−1 (pH 7.0)
and that for NB determination was of 60% methanol and 40%
doubly distilled water.

GC–MS analyses were performed to identify the degra-
dation products. Before subjecting to analysis, the 80 mL ir-
radiated sample solutions were extracted triply with 20 mL
redistilled EA. The resulting organic phases were decanted,
and were then dehydrated by MgSO4 for 24 h. Thereafter, the
organic phases were concentrated and then stored for GC–MS
analysis. A GC system (Agilent 6890) with a 30 m× 0.25 mm
DB-5 capillary column coupled to an MS (Micromass Co.)
through an EI interface was used. Helium was used as the
carrier gas. Sample analysis, exact mass measurement, and
elemental composition determination were performed using
the OpenLynx software within MassLynx. The compounds
were identified by comparing with NIST library spectra.

eld.
urification.

.2. Sample preparation

Throughout the experiments, the samples were prep
ith water doubly distilled using a quartz distillatory, a
ere contained in 250 mL Pyrex glass vials. All soluti
ere in equilibrium with ambient atmosphere. The pH o
olutions was in the range of 6.0–7.0 without any adjustm
o additional salts were dosed to AO7 solutions, whe
ll NB solutions were kept at an identical ionic strength
ddition of NaClO4.

.3. Irradiation experiments

A 60Co-γ-source with an activity of about 60 k
2.22× 1015 Bq) was used for irradiation. The dose rates
ed with the distance between60Co column and samplin
ites, and were determined using Fricke dosimetry[21]. The
ample solutions were irradiated at certain dose rates
ampled at given time intervals.

Fig. 1shows schematically the setup for electro-irradia
xperiments. Kryptols from dry batteries were used as a
nd cathode. The current density was maintained con
y means of a DC power supply. For the investigation
agnetic effect, the solutions were sandwiched betwee
ermanent magnets (8.5 cm× 6.5 cm× 2.0 cm) which wer
rranged in parallel (S–N//S–N, S and N refer to south
orth magnetic poles, respectively) as illustrated inFig. 2.
ll experiments were conducted in duplicate or triplicat
mbient temperatures.
 Fig. 2. Schematic diagram of the setup for generating a magnetic fi
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3. Technical background

Irradiation of water with ionizing radiation, e.g.,�-rays,
leads to the formation of a suite of species, including hydroxyl
radicals (•OH), hydrated electrons (eaq

−), hydrogen atoms
(H•), and small amounts of H2 and H2O2, in which•OH and
eaq

− account together for∼90% of the total radical yield un-
der neutral conditions[22]. The initial reactive species are
generated in isolated volume elements in the directions of�-
rays called “spurs”. Only the fraction of species that escape
into the bulk solution contributes to the degradation of sub-
strates. The remaining species recombine as the spurs expand
through diffusion, which is called as “cage effect”.

As a powerful oxidant, the hydroxyl radical adds to unsat-
urated bonds at rates near the diffusion-controlled limit and
readily abstracts H from CH bonds. In contrast, eaq

− acts as
a nucleophile in its reactions with organic molecules of more
positive reduction potentials. The hydrogen atom is the conju-
gate acid of eaq

−, and it is the major reducing species in acidic
solution. H• reacts with organic compounds by abstracting H
from saturated molecules and by adding to centers of unsatu-
ration. In this respect it resembles•OH, although the latter is
more reactive and less selective in abstraction reactions[23].

Electrochemical method, similar to ionizing radiation, is
also a clean approach that reactive species are generated or
c roly-
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triplet state, the recombination of radicals in spurs might be
abated. Consequently, the utilization efficiency of radicals
generated from water radiolysis could be increased. In other
words, the presence of a magnetic field might be beneficial
to the radiolytic degradation of aqueous contaminants.

4. Results and discussion

The effects of an electric or magnetic field on the radiolytic
degradation of AO7 and NB were evaluated in terms of both
degradation kinetics and mechanisms.

The concentrations of AO7 and NB (C) both decayed ex-
ponentially with irradiation time (t) in the presence or absence
of an electric or magnetic field. The profile of lnC∼ t showed
a good linearity, demonstrating that their degradation kinet-
ics was pseudo first-order. The first-order degradation rate
constants (k1) were estimated from the slopes of lnC∼ t.
Typically, the regression coefficients were larger than 0.990
for the 7-data points determined within 2.5 h for AO7 or 5 h
for NB irradiation.

As presented inTable 1, taking the contributions of direct
electrolysis of AO7 and NB into account, the introduction of
a DC current exerted no significant effect on the radiolytic
kinetics of the substrates. However, drastic effects of a DC
c ere
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AO7

D 0.0
R 0.02
R 0.
onsumed within the electrodes. For example, the elect
is of water generates oxygen and hydrogen gases in
nd cathode, respectively, with reactive oxygen and hydr
toms as the intermediates[24]. The electrode reactions
ater with neutral electrolytes can be described as follo
node reaction:

2O(l) → 2H(aq)
+ + 1

2O2(g) + 2e−

athode reaction:

H2O(l) + 2e− → 2OH(aq)
− + H2(g)

Nevertheless, the electrochemical treatment has som
dvantages, e.g., it is expensive in comparison with s
ther methods. Introduction of a low density of DC e

ric current to irradiated solutions might be able to make
se of the advantages of both electrochemical and radio
ethods and accordingly to overcome their shortcomin
A prolonged lifetime of radicals was observed in a m

etic field due to enhanced singlet–triplet transitions in
pin state of radicals[25]. By maintaining the radicals in th

able 1
hek1 values of AO7 and NB in direct radiolysis and in the presence of a

NB]0 = 120 mg L−1, dose rate: 55 Gy min−1)

xperiment

irect radiolysis
adiolysis with a DC electric current (2.8 mA cm−2)
adiolysis in a magnetic field (0.4 T)
a Thek1 values in direct electrolysis.
urrent on the degradation mechanisms of AO7 or NB w
bserved.

Fig. 3 shows the GC chromatograms of the EA extr
rom the irradiated AO7 solutions. For the extracts obta
rom electro-irradiated solution (Sample A), several pe
ere observed, whereas no peaks in the GC chromato
f the extracts from the directly irradiated solution (Sa
le B), except the one marked with an asterisk which

rom an inner reference, cyclohexanone. This result im
hat the degradation products in Sample B were nonvo
r were of low extractability to organic solvents. Throu
S analysis, the products in Sample A were identified ap-
enzoquinone, diacetyl phthalate and nitrobenzene, as
arized inTable 2. These three compounds were oxida
roducts[7], but none of them were detected in the dire

rradiated solution. The introduction of a DC current to
O7 solution led to the electrolysis of H2O into H2 and O2
n cathode and anode respectively with hydrogen and
en atoms as intermediates. Observable gas bubbles
eleased from the carbon electrodes. It is likely that the c
ined role of reductive hydrogen atoms with the oxida

ric or magnetic field (initial concentration of contaminants: [AO7]0 = 350 mg L−1,

in−1)

NB

183± 0.0003 0.0093± 0.0005
28± 0.0009 (0.0042a) 0.0121± 0.0011 (0.0024a)
0194± 0.0003 0.0098± 0.0005
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Fig. 3. The GC chromatograms of the extracts from Samples A and B (t= 3 h,
dose rate = 55 Gy min−1).

species led to the formation ofp-benzoquinone, diacetyl ph-
thalate and nitrobenzene. The role of hydrogen atoms, which
were produced from water electrolysis (the yield of hydrogen
atom in water radiolysis is rather low), might be a key factor
in preventing AO7 from being rapidly oxidized to products
of low volatility or of low extractability to organic solvents.
However, further efforts are needed for the better understand-
ing of the degradation mechanisms.

The degradation products of NB solutions irradiated in the
presence and absence of an electric field provided powerful
support for the interpretation about the electric effects given
above.Fig. 4shows the GC chromatograms of the EA extracts
from irradiated NB solutions. Both the extracts obtained from
electro-irradiated solution (Sample C) and from the directly
irradiated solution (Sample D) present several peaks in the
GC chromatograms. The products identified from these chro-
matograms are summarized inTable 3. For the directly irra-
diated solution, oxidizing radicals•OH played the dominant
role in the degradation of NB. As a result, the products were
almost identical to those obtained from highly oxidative con-
ditions as presented in our previous work[26]. The same radi-
cals were generated from water radiolysis in the presence of a

Fig. 4. The GC chromatograms of the extracts Samples C and D (t= 3 h,
dose rate = 55 Gy min−1).

DC current, but the degradation products were substantially
different, implying that new active species were produced
directly from water electrolysis or from the interaction be-
tween the initial species generated from the radiolysis and
electrolysis of water.

The electrochemical reduction of refractory organics, in-
cluding NB, has been studied extensively[24]. A variety of
products have been reported as the result of electrochemi-
cal reduction of NB, including phenylhydroxylamine (PhN-
HOH), aniline (PhNH2), azoxybenzene (PhN=N(O) Ph)
and azobenzene (PhN=N Ph) [27]. A schematic descrip-
tion of the reaction steps was outlined as successive 2e steps
[24]:

PhNO2
2e,2H+
−→
−H2O

PhNO
2e,2H+
−→ PhNHOH

2e,2H+
−→
−H2O

PhNH2

In our previous work on the reductive radiolysis of NB
aqueous solutions[26], all of the products mentioned above
were observed. This provides support for the successive 2e
steps mechanisms proposed.

As shown inTable 3, both oxidative and reductive products
were observed in the combined radiolysis and electrolysis of

Table 2
Products of an irradiated AO7 solution in the presence of a DC current of density of 2.8 mA cm−2 (Sample A)

R a b c in frag

2 2, 54
3 3, 51
7 05, 167 e
T MI BP Ma

.33 108 108 8

.24 123 77 9

.89 223 149 2
a Retention time in the GC chromatogram in units of min.
b Molecular ion.
c Base peak in the MS spectra.
ments Formula Compound

C6H4O2 p-Benzoquinone
C6H5O2N Nitrobenzene

, 104, 76 C12H14O4 Diacetyl phthalat
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Table 3
Products of an irradiated NB solution in the presence of a DC current of density of 5.6 mA cm−2 (Sample C) and those of the directly irradiated solution (Sample
D)

RT MI BP Main fragments Formula Compound

Sample C
3.56 119 119 91, 64 C7H5ON 4-Hydroxy-benzonitrile
3.79 93 93 66 C6H7N Aniline
5.25 123 77 93, 65, 51 C6H5O2N Nitrobenzene
5.70 139 139 122, 109, 92, 81 C6H5O3N o-Nitrophenol
8.34 121 121 96, 66 C7H7ON n-Phenyl-formamide

10.61 139 139 93, 81, 65 C6H5O3N m-Nitrophenol
11.40 139 139 109, 93, 81, 65 C6H5O3N p-Nitrophenol
12.08 182 77 152, 105, 51 C12H10N2 Azobenzene
13.90 198 198 170, 121, 93, 77 C12H10ON2 2-Phenylazophenol
14.53 198 77 169, 141, 105, 91 C12H10ON2 Azoxybenzene
16.10 214 107 196, 52 C12H10O2N2 Nitrosobenezene dimer
17.24 214 214 167, 139, 115 C12H10O2N2 2-Nitro-n-phenyl-benzenamine

Sample D
3.77 94 94 66, 39 C6H6O Phenol
5.26 123 77 93, 65, 51 C6H5O2N Nitrobenzene
5.71 139 139 122, 109, 92, 81 C6H5O3N o-Nitrophenol
7.56 155 155 107, 93, 79, 52 C6H5O4N 4-Nitrocatechol
8.38 121 121 96, 66 C7H7ON n-Phenyl-formamide
9.96 168 168 122, 92, 76, 75, C6H4O4N2 1,3-Dinitrobenzene

10.44 139 139 93, 81, 65 C6H5O3N m-Nitrophenol
10.97 155 155 125, 97, 81, 52 C6H5O4N 2-Nitrohydroquinone
11.21 139 139 109, 93, 81, 65 C6H5O3N p-Nitrophenol

NB. In this case, the reductive products were predominated.
However, in a control experiment with only electrolysis un-
der given conditions, no products were detected by GC–MS
analysis, demonstrating that the low density DC current ap-
plied was not sufficient to degrade NB effectively, but that
it posed a significant effect on the radiolytic degradation of
NB.

The presence of a magnetic field only led to a slight in-
crease in the degradation rate constants of AO7 and NB as
shown inTable 1. The slight enhancement might be associ-
ated with prolonged lifetime of radicals in the magnetic field
by the singlet–triplet transitions in the spin state of radicals
[25]. By maintaining the radicals in the triplet state, the mag-
netic field modifies the ratio between “cage” and “escape”
processes for the benefit of the latter. In other words, the de-
pletion of radicals due to random recombination in the cage
is reduced by the magnetic field. Consequently, an increased
fraction of radicals from water radiolysis could make contri-
butions to the degradation of AO7 or NB. However, no effect
of magnetic field on degradation mechanisms was found in
the radiolysis of AO7 or NB.

5. Conclusions

ag-
n in-
c with
n wa-
t itial
s ight

be responsible for the enhanced degradation efficiency in the
presence of an electric field. The magnetic effect on the radi-
olytic degradation of AO7 and NB might be associated with
an enhanced escaping capability of radicals from spurs to the
bulk solution. No magnetic effect on the degradation mech-
anisms of AO7 and NB was observed, whereas significant
effects on the degradation mechanisms were observed in the
presence of a DC current.
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