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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 dengi8-6.6 mA cm2) applied during the
radiolytic degradation of AO7 and NB solutions only led to slight enhancement in their degradation rate constants, but altered significantly the
degradation mechanisms. On the other hand, application of a magnetic field (0.4 T) in irradiation processes slightly enhanced the degradation
kinetics without leading to any change in degradation mechanisms.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction sulfanilic acid and 1-amino-2-naphthfdl,2]. Direct reduc-
tion of NB by Fé€ to anilines was used as an in situ remedia-
Over the past century, conventional biological processestion for NB-rich waterd3,4]. Advanced oxidation processes
have played an incomparable role in the treatment of wa- based on the generation of highly reactive and oxidizing hy-
ters and wastewaters. However, they are not efficient for the droxyl radicals either catalytically or non-catalytically, such
remediation of waters rich in biorefractory contaminants, as photocatalysis, Fenton’s reaction, sonolysis, wet air oxida
such as Acid Orange 7 (AO7) and nitrobenzene (NB), two tion and ionizing radiation, as well as various combinations
typically biorefractory compounds widely present in efflu- of them have been employed for the mineralization of azo
ents from chemical industries. Consequently, intense effortsdyes[5—9] and NB[10-18]
have been made to find efficient and cost-effective treat- Among the methods above, ionizing radiation has proven
ment methods for such effluents. AO7, due to its high pro- to be a promising approach because of its several unique
duction yield and wide presence in effluents, is frequently advantages. First, it can work at ambient temperatures and
chosen as the model for azo dyes, while the significance of normal pressures. Secondly, it needs no additional chemicals
NB in industries makes it an important target in degradation and consequently does not lead to further pollution. Thirdly,
research. complete mineralization of contaminants can be achieved
Both oxidative and reductive methods have been employedproviding that sufficient irradiation dose is supplied. How-
for the treatment of AO7/NB-laden wastewaters. The reduc- ever, the energy required to realize complete mineralization of
tion of AO7 by elemental iron (F® led to the formation of ~ organic contaminants, especially those with aromatic struc-
tures, is so large that ionizing radiation loses its advantages
in terms of operational costs. Therefore, it might be more
* Corresponding author. Tel.: +86 551 3607592; fax: +86 551 3601592, easonable to employ ionizing radiation with the combina-
E-mail addresshgyu@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 ofy-ray irradiation with ozonatiofil9] 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-

direct current

— kryptol

sample solution
|~ P

cus our efforts on the evaluation of the effects of an electric magnetic bar
or magnetic field on the radiolytic degradation of AO7 and

NB, two model biorefractory contaminants in industrial ef- | stirrer
fluents.

Fig. 1. Schematic diagram of the setup for generating an electric field.
2. Experimental

2.1. Materials 2.4. Analytical approach

AO7, NB, ethyl acetate (EA), KkPQi, NaHPOs Quantitative determination of AO7 and NB was carried
12H,0, NaClQ,, anhydrous magnesium sulfate (MGBO oyt by using an HPLC (HPLC-1100, Agilent Co.) with a
all purchased from Shanghai Chemical Reagent Company’Hypersil-ODS inverse phase column under@oven tem-
were of analytical reagent grade. Methanol was chromato- heratyre with an isocratic elution and detected at 254 nm. The
graphic purity grade. Except that EA was redistilled be- 1qpije phase for AO7 determination was composed of 60%
fore use, the other reagents were used without further aihanol and 40% phosphate buffer of 33 mmot (pH 7.0)

purification. and that for NB determination was of 60% methanol and 40%
) doubly distilled water.
2.2. Sample preparation GC-MS analyses were performed to identify the degra-

. dation products. Before subjecting to analysis, the 80 mL ir-
_Throughout the experiments, the samples were preparedggiated sample solutions were extracted triply with 20 mL
with water doubly distilled using a quartz distillatory, and e jsgilled EA. The resulting organic phases were decanted,
were contained in 250 mL Pyrex glass vials. All solutions 4,4 were then dehydrated by Mg$for 24 h. Thereafter, the
were in equilibrium with ambient atmosphere. The pH of all - 54anic phases were concentrated and then stored for GC-MS
solutions was in the range of 6.0—7.0 without any adjustment. analysis. A GC system (Agilent 6890) with a 30:10.25 mm
No additional salts were dosed to AO7 solutions, whereas pg_g5 capillary column coupled to an MS (Micromass Co.)

all NB solutions were kept at an identical ionic strength by through an El interface was used. Helium was used as the

addition of NaClQ. carrier gas. Sample analysis, exact mass measurement, and
o ) elemental composition determination were performed using
2.3. Irradiation experiments the OpenLynx software within MassLynx. The compounds

) . . were identified by comparing with NIST library spectra.
A 89Co-y-source with an activity of about 60KkCi

(2.22x 10 Bq) was used for irradiation. The dose rates var-
ied with the distance betweéfiCo column and sampling
sites, and were determined using Fricke dosimity. The
sample solutions were irradiated at certain dose rates and
sampled at given time intervals.

Fig. 1shows schematically the setup for electro-irradiation
experiments. Kryptols from dry batteries were used as anode
and cathode. The current density was maintained constant
by means of a DC power supply. For the investigation on
magnetic effect, the solutions were sandwiched between two
permanent magnets (8.5 en6.5 cmx 2.0 cm) which were
arranged in parallel (S—N//S—N, S and N refer to south and
north magnetic poles, respectively) as illustratedrig. 2

All experiments were conducted in duplicate or triplicate at
ambient temperatures. Fig. 2. Schematic diagram of the setup for generating a magnetic field.

samplé solution
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3. Technical background triplet state, the recombination of radicals in spurs might be
abated. Consequently, the utilization efficiency of radicals
Irradiation of water with ionizing radiation, e.gysrays, generated from water radiolysis could be increased. In other

leads to the formation of a suite of species, including hydroxyl words, the presence of a magnetic field might be beneficial

radicals ¢OH), hydrated electrons {g), hydrogen atoms to the radiolytic degradation of agueous contaminants.

(H*), and small amounts of +and HO», in which®*OH and

€aq_ account together for90% of the total radical yield un-

der neutral conditionf22]. The initial reactive species are 4. Results and discussion

generated in isolated volume elements in the directions of

rays called “spurs”. Only the fraction of species that escape  The effects of an electric or magnetic field on the radiolytic

into the bulk solution contributes to the degradation of sub- degradation of AO7 and NB were evaluated in terms of both

strates. The remaining species recombine as the spurs expandegradation kinetics and mechanisms.

through diffusion, which is called as “cage effect”. The concentrations of AO7 and NEB) both decayed ex-
As a powerful oxidant, the hydroxyl radical adds to unsat- ponentially with irradiation timet}in the presence or absence

urated bonds at rates near the diffusion-controlled limit and of an electric or magnetic field. The profile of@h~ t showed

readily abstracts H from-€H bonds. In contrast g~ acts as a good linearity, demonstrating that their degradation kinet-

a nucleophile in its reactions with organic molecules of more ics was pseudo first-order. The first-order degradation rate

positive reduction potentials. The hydrogen atom is the conju- constants K1) were estimated from the slopes ofQn-t.

gate acid of g, and itis the major reducing speciesin acidic Typically, the regression coefficients were larger than 0.990

solution. H reacts with organic compounds by abstracting H for the 7-data points determined within 2.5 h for AO7 or 5h

from saturated molecules and by adding to centers of unsatufor NB irradiation.

ration. In this respect it resemblI®®H, although the latter is As presented iffable 1 taking the contributions of direct

more reactive and less selective in abstraction reacf8]s electrolysis of AO7 and NB into account, the introduction of
Electrochemical method, similar to ionizing radiation, is a DC current exerted no significant effect on the radiolytic

also a clean approach that reactive species are generated dinetics of the substrates. However, drastic effects of a DC

consumed within the electrodes. For example, the electroly- current on the degradation mechanisms of AO7 or NB were

sis of water generates oxygen and hydrogen gases in anodebserved.

and cathode, respectively, with reactive oxygen and hydrogen  Fig. 3 shows the GC chromatograms of the EA extracts

atoms as the intermediatf&4]. The electrode reactions of  from the irradiated AO7 solutions. For the extracts obtained

water with neutral electrolytes can be described as follows: from electro-irradiated solution (Sample A), several peaks

Anode reaction: were observed, whereas no peaks in the GC chromatogram
P B of the extracts from the directly irradiated solution (Sam-
H20() — 2H@q)" + 502(g) + 2€ ple B), except the one marked with an asterisk which was

from an inner reference, cyclohexanone. This result implies
that the degradation products in Sample B were nonvolatile
2H20() + 26 — 20H(g)~ + Hz(g) or were of low extractability to organic solvents. Through
MS analysis, the products in Sample A were identifieg-as
Nevertheless, the electrochemical treatment has some disbenzoquinone, diacetyl phthalate and nitrobenzene, as sum-
advantages, e.g., it is expensive in comparison with somemarized inTable 2 These three compounds were oxidation
other methods. Introduction of a low density of DC elec- productg7], but none of them were detected in the directly
tric current to irradiated solutions might be able to make full irradiated solution. The introduction of a DC current to the
use of the advantages of both electrochemical and radiolytic AO7 solution led to the electrolysis ofd® into H, and Q
methods and accordingly to overcome their shortcomings. on cathode and anode respectively with hydrogen and oxy-
A prolonged lifetime of radicals was observed in a mag- gen atoms as intermediates. Observable gas bubbles were
netic field due to enhanced singlet-triplet transitions in the released from the carbon electrodes. It is likely that the com-
spin state of radical@5]. By maintaining the radicals inthe  bined role of reductive hydrogen atoms with the oxidative

Cathode reaction:

Table 1
Thek; values of AO7 and NB in direct radiolysis and in the presence of an electric or magnetic field (initial concentration of contaminants:380g L1,
[NB]o=120mg L1, dose rate: 55 Gy mirt)

Experiment ki (min~1)

AO7 NB
Direct radiolysis 0.0183-0.0003 0.0093% 0.0005
Radiolysis with a DC electric current (2.8 mA ¢ 0.0228+0.0009 (0.004% 0.0121+40.0011 (0.0023)
Radiolysis in a magnetic field (0.4 T) 0.0194.0003 0.009& 0.0005

2 Thek; values in direct electrolysis.
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Fig. 4. The GC chromatograms of the extracts Samples C artd=BH,

Fig. 3. The GC chromatograms of the extracts from Samples A atvd Blf, dose rate = 55 Gy mitt).

dose rate =55 Gy mirt).

species led to the formation pfbenzoquinone, diacetyl ph- DC current, but the degradation products were substantially

thalate and nitrobenzene. The role of hydrogen atoms, whichdifférent, implying that new active species were produced
were produced from water electrolysis (the yield of hydrogen directly from water electrolysis or from the interaction be-
atom in water radiolysis is rather low), might be a key factor tween the_ initial species generated from the radiolysis and
in preventing AO7 from being rapidly oxidized to products €lectrolysis of water. . o

of low volatility or of low extractability to organic solvents. The electrochemical reduction of refractory organics, in-

However, further efforts are needed for the better understand-cluding NB, has been studied extensividg]. A variety of
ing of the degradation mechanisms. products have been reported as the result of electrochemi-

The degradation products of NB solutions irradiated in the €&l réduction of NB, including phenylhydroxylamine (PhN-
presence and absence of an electric field provided powerfulHOH), aniline (PhNH), azoxybenzene (PIN=N(O)-Ph)
support for the interpretation about the electric effects given @nd azobenzene (PN=N-Ph)[27]. A schematic descrip-
aboveFig. 4shows the GC chromatograms ofthe EA extracts tion of the reaction steps was outlined as successive 2e steps
from irradiated NB solutions. Both the extracts obtained from [24]:
electro-irradiated solution (Sample C) and from the directly

2e2H* 2e2H* 2e2H*
irradiated solution (Sample D) present several peaks in thePhNG; o PhNO — PhNHOH o PhNH,

GC chromatograms. The products identified from these chro-

matograms are summarizediable 3 For the directly irra- In our previous work on the reductive radiolysis of NB
diated solution, oxidizing radicafOH played the dominant  aqueous solution&6], all of the products mentioned above
role in the degradation of NB. As a result, the products were were observed. This provides support for the successive 2e
almostidentical to those obtained from highly oxidative con- steps mechanisms proposed.

ditions as presented in our previous w{2g]. The same radi- As shown inTable 3 both oxidative and reductive products
cals were generated from water radiolysis in the presence of awere 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 mfABample A)

RT2 Mmib BP° Main fragments Formula Compound

2.33 108 108 82,54 §H40, p-Benzoquinone
3.24 123 77 93,51 §H50oN Nitrobenzene
7.89 223 149 205, 167, 104, 76 14811404 Diacetyl phthalate

@ Retention time in the GC chromatogram in units of min.
b Molecular ion.
¢ Base peak in the MS spectra.
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Table 3
Products of an irradiated NB solution in the presence of a DC current of density of 5.6 m#X8ample 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 HsON 4-Hydroxy-benzonitrile
3.79 93 93 66 GH7N Aniline
5.25 123 77 93, 65, 51 £Hs0oN Nitrobenzene
5.70 139 139 122,109, 92, 81 68503N o-Nitrophenol
8.34 121 121 96, 66 70N n-Phenyl-formamide
10.61 139 139 93, 81, 65 4&E503N m-Nitrophenol
1140 139 139 109, 93, 81, 65 68503N p-Nitrophenol
12.08 182 77 152, 105, 51 16H10N2 Azobenzene
13.90 198 198 170, 121,93, 77 18H100N2 2-Phenylazophenol
14.53 198 77 169, 141, 105, 91 18H100N2 Azoxybenzene
16.10 214 107 196, 52 5H1002N>2 Nitrosobenezene dimer
17.24 214 214 167, 139, 115 16H1002N> 2-Nitro-n-phenyl-benzenamine
Sample D
3.77 94 94 66, 39 eHsO Phenol
5.26 123 77 93, 65, 51 £Hs0oN Nitrobenzene
571 139 139 122,109, 92, 81 68503N o-Nitrophenol
7.56 155 155 107, 93, 79, 52 68504N 4-Nitrocatechol
8.38 121 121 96, 66 #H70N n-Phenyl-formamide
9.96 168 168 122,92, 76, 75, 68404N2 1,3-Dinitrobenzene
10.44 139 139 93, 81, 65 dEHsO3N m-Nitrophenol
10.97 155 155 125, 97, 81, 52 68504N 2-Nitrohydroquinone
1121 139 139 109, 93, 81, 65 6Els03N p-Nitrophenol

NB. In this case, the reductive products were predominated.be responsible for the enhanced degradation efficiency in the

However, in a control experiment with only electrolysis un- presence of an electric field. The magnetic effect on the radi-

der given conditions, no products were detected by GC—MS olytic degradation of AO7 and NB might be associated with

analysis, demonstrating that the low density DC current ap- an enhanced escaping capability of radicals from spurs to the

plied was not sufficient to degrade NB effectively, but that bulk solution. No magnetic effect on the degradation mech-

it posed a significant effect on the radiolytic degradation of anisms of AO7 and NB was observed, whereas significant

NB. effects on the degradation mechanisms were observed in the
The presence of a magnetic field only led to a slight in- presence of a DC current.

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 Acknowledgment
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