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ARTICLE INFO ABSTRACT
ArtiC{e history: The degradation of an endocrine disruptor (ED), the bisphenol A (BPA), was studied using Gliding Arc
Received 1 October 2007 Discharge (GAD). This kind of discharge generates a non-thermal plasma at atmospheric pressure and
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quasi-ambient temperature. The resulting plasma is the source of several chemical reactions that lead
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to the hydroxyl radical formation. Hydroxyl radicals, *OH, are very powerful and non-selective oxidizing

agents (Ey, 4. o 2-8 Vvs.normal hydrogen electrode) able to degrade compounds resistant to conventional
Keywords: ~OH/H, S
Glidarc discharge treatment. GAD belongs to the group of advanced oxidation processes (AOPs).
*OH Under different working gases such as air, argon, oxygen/argon mixture (20/80, v/v), a BPA aqueous
AOP solution (120 wM) was submitted to GAD. The evolution of BPA concentration was followed by high per-
Fenton reaction formance liquid chromatography (HPLC) method. The global oxidation of the organic matter was followed
BPA degradation by chemical oxygen demand (COD) measurement. The mineralization was determined from the total

organic carbon (TOC). The GAD treatment of the aqueous solution is accompanied by a massive produc-
tion of hydrogen peroxide. The addition of Fe (II) to the reaction allows a better elimination of the organic
matter through the production of additional *OH radicals, issued from the decomposition of hydrogen
peroxide according to Fenton reaction.

The optimized system — GAD with oxygen/argon (20/80) as working gas, in presence of Fe (II) - was
very efficient for BPA treatment: the compound disappeared after 30 min, the abatement of the COD was
total after 120 min and the TOC diminished by 70%.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction 054+e~— OCP) + O('D) + e~ (2)

- 4 2 -

The glidarc procedure is based on the production of a non- N2+e”— N(S) + N(°D) + e ()
thermal plasma generated by an electric arc [1]. Presented for the N(2D) + 0, — *NO + O (4)
first time by Czernichowski and co-workers [2,3], it was used for

industrial treatment of gases [4,5]. H® + Oz~ HOz* (5)

Further experiments showed that glidarc discharges could be HO5* + HO,* — Hy0,+0, (6)
adapted to solids, gases and liquids treatments [4,6-10].

This efficiency is due to the formation of reactive chemical HO»* + NO* — NO; +*OH (7)
species such as *OH, *NO, HO,*, H,0,, O generated as follow: *OH + *OH — H,0, (8)
H,O0 + e~ — H*® + *OH + e~ (1) NO, +*HO — HT +NO3~ 9)

NO* + *"HO — HNO, (10)

* Corresponding author at: Laboratoire des Sciences et Techniques de HNO; + H20; - HNO; +H20 (11)
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Several works showed the potential of this technique for the
elimination of pollutants from wastewaters:

(i) Degradation of various dyes, such as Orange II, yellow Supra-
nol 4 GL, Red Nylosane F3 GL, NET, Orange I (azoic dye), green
Malachite, Crystal Violet (triphenylmethane dye), Acid green
25 (anthraquinonic dye) [15-18].

(ii) Degradation of polymers rejected by industry [19].

(iii) Mineralization of the tributylphosphate, present in the nuclear
industry rejects [7].

(iv) Degradation of phenol in solution [20].

The bisphenol A (BPA) is a monomer used in epoxy resins syn-
thesis and in polycarbonates plastics production. Its plastic and
optic properties, its thermal and electric resistance, made it widely
used in industry. It is found in cans, medical equipment, plastic
bottles, tapes and paints [21,22].

As several industrial compounds, the BPA is widely spread in
the environment. It was detected at very high thresholds reach-
ing 44 x10719 to 53 x 108 molL-! in surface waters [23] and
5.7 x 1079 to 7.5 x 10> mol L~ in landfill leachates [24].

The bisphenol A was identified as endocrine disruptor (ED). It
triggers biochemical problems in living beings because it is a substi-
tute of natural estrogens [25-29]. It is implied in several endocrine
disrupting effect such as fish feminization, low spermatogenesis,
prostate and lung cancers [30,31].

Conventional wastewater treatments show some efficiency in
BPA elimination, but the destruction is not total, and could produce
secondary products far more dangerous than BPA itself [32].

In order to solve this problem, alternative treatments were
developed: advanced oxidation processes (AOPs) known for their
ability to oxidize and mineralize most of organic matter. These pro-
cesses (heterogeneous photocatalysis on semiconductor surface;
ozone photodecomposition; hydrogen peroxide photodecompo-
sition; ozone/hydrogen peroxide association; Fe (II)/hydrogen
peroxide association, etc.) rely on the production of highly reactive
and non-selective hydroxyl radicals [33].

The efficiency of AOPs was tested on wastewaters contaminated
by an endocrine disruptor compound such as BPA. The photocat-
alytic degradation of BPA was studied in TiO, aqueous suspension
under irradiation. It led to the complete mineralization in 20 h [34].
The elimination of three EDs, the bisphenol A, the ethinyl estra-
diol and the estradiol was achieved by direct UV photolysis and
UV/H,0, process. The combined system is more efficient than UV
alone for the three compounds [35].

Some authors mentioned the BPA treatment by Fenton pro-
cedure (Fe (II)/H,0,) association in which H,0, is generated by
electrochemistry with iron presence [36]. They showed that min-
eralization was complete for [Fe2*]/[BPA] ratio values between 3
and 4.

The photo-Fenton procedure (UV/Fe (II)/H,0, association) is
used also for BPA degradation; BPA conversion into CO, reached
90% in 36 h, whereas its disappearance was noticed after 9 min at
optimal conditions [37].

The purpose of the present work is to evaluate the potential of
using Gliding Arc Discharge (GAD) for the treatment of contami-
nated water by BPA. The study was done under different working
gases (air, argon and oxygen/argon mixture), in absence and pres-
ence of Fe (II).

The GAD technique we are studying for BPA degradation has the
following advantages:

(i) Itdoes not need additional chemicals and can be seen as a clean
technology, able to generate reactive species and to degrade
resistant pollutants.

(i) It generates ®*OH radicals.
(iii) It leads to H,0, formation and thus to additional ®OH radicals
by Fe2* addition.

2. Experimental
2.1. Materials and methods

Bisphenol A (Fig. 1), iron sulphate, potassium iodide, ammo-
nium heptamolybdate, and sodium hydroxide were purchased from
Aldrich. Silver sulphate, potassium dichromate and sulphuric acid
came from Acros Organics society. The acetonitrile (HPLC gradient
grade) was purchased from Fisher Scientific.

BPA solutions of 120 wM (28 mgL~1) were prepared with acid-
ified osmosis water at pH 3 with sulphuric acid. This acidification
allows identical pH conditions for all gases at the beginning of the
treatment.

The disappearance of BPA was followed by high performance
liquid chromatography (HPLC). The apparatus used was made by
Waters Associates 590 instrument, equipped with a C18-ABZ plus+
column (i.d.=4.6 mm, length=250mm) and a UV detector (model
486). The mobile phase is a mixture of water/acetonitrile (50/50,
v/v), the elution was done in isocratic mode (1 mLmin~1).

The COD was measured by the method based on the dichromate
standard procedure [38].The total organic carbon (TOC) was deter-
mined by LABTOC analyzer calibrated from a potassium phthalate
solution. The hydrogen peroxide quantities were determined by
iodometry [39].

Nitrites formation during humid air plasma treatment was fol-
lowed with a Shimadzu spectrophotometer UV-2101 PC.

2.2. Plasma-producing apparatus

The experimental apparatus of the glidarc plasma used is shown
in Fig. 2. Compressed gas is led through a bubbling water flask to
get water-saturated. The gas flow then passes between two semi-
elliptic electrodes connected to a 220 V/10kV high voltage Aupem
Sefli transformer. It produces an alternative potential difference
of 10kV and a current intensity of 100-150 mA, thus it delivers a
maximum power of 1.5 kW.

An electric arc forms between the two electrodes at minimal
divergence. The arc is pushed away from the ignition point by the
feeding gas flow and sweeps along the electrode gap to form a large
plasma plume. The plasma plume is disposed close enough to the
liquid target, so that it licks the liquid surface, and allows the chem-
ical reactions to take place at the plasma-solution interface, thus
generating highly reactive species.

A 300mL solution is placed into the 2000 mL Pyrex reactor
equipped with a cooling system to avoid evaporation. The treat-
ment is done in closed system fixing the functioning parameters.
The gas flow is fixed at Q=800L/h, the divergence between the
electrodes e=3mm, the diameter of the nozzle ®=1mm and
the distance between the electrodes and the target liquid surface
d=2cm.

HiCq  (CHs

~

HO OH

Fig. 1. Bisphenol A (2,2-bis(4-hydroxyphenyl)propane).
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Fig. 2. Glidarc apparatus photo and drawing.

2.3. Methodology

A BPA aqueous solution with an initial concentration equal
to 120 wM, was submitted to electric discharge under different
plasma-producing gases: air, argon, and oxygen/argon mixture
(20/80, v/v).

Acidified samples of the BPA solution were taken from the
reactor at regular time intervals. The disappearance of BPA under
treatment was followed by HPLC and the quantity of hydrogen per-
oxide formed was estimated by iodometry. The oxidation extend
and the mineralization were respectively determined by the COD
and the TOC measurements.

3. Results and discussion

3.1. The evolution of the hydrogen peroxide concentration
generated in solution by GAD

3.1.1. In an deionised water

Fig. 3 shows the evolution of hydrogen peroxide generated dur-
ing water treatment in absence of pollutant. This production of
H,0, results principally from the *OH radicals combination gen-
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Fig. 3. Effect of working gases on the H,0, formation in deionised water.

erated by the discharge. The quantity of H0, produced is linked
to the nature of the gas used. Indeed, the reactivity of each gas
depends on its thermodynamical parameters such as ionisation U;
and excitation U, tension values which are different from a gas to
another [40].

Fig. 3 shows that the use of helium allowed the production of
3880 wM H,0,. Pure argon and argon-oxygen mixture respectively
gave 2620 and 2562 M. However, air produced only 933 wM.

We notice in Fig. 3 that hydrogen peroxide formation is con-
tinuous and increasing for the first three gases. However, with
air we rapidly obtain (15min) a plateau for H,O, concentration.
This behaviour can be explained by the *OH radicals and hydro-
gen peroxide consumption through nitrogen species oxidation (Egs.

(9)-(11)).

3.1.2. Ina 120 uM BPA solution

The 120 wM BPA solution treatment with different gases (air,
argon, oxygen/argon mixture) shows an identical H,0, evolution
to the one obtained with deionised water (Fig. 4a-c).

H,0, formation is essentially due to *OH radicals combination
(Eq. (8)). However, there is another H, 0, formation pathway, which
happens during organic compounds degradation [41].

Burlica and Yan’s work showed that oxygen plasma generates
high quantities of H,0,. But these quantities are tiny in the case of
air plasma [9,10,19].

Burlica’s work on organic dye elimination by glidarc discharges
showed that the technique performance did not deeply vary with
air, oxygen or nitrogen used as plasma-producing gases. However,
argon gave bad results [9,10].

For economical reasons, we studied BPA degradation with air
and argon-oxygen mixture (80/20, v/v) only. This gas combination
allowed us to work in near air conditions while avoiding nitrites
formation that could interfere with spectrophotometeric analysis
and COD measurements.

3.2. Study of BPA elimination by GADpymid air

3.2.1. Study of BPA disappearance by HPLC

The use of humid air as working gas (in absence of iron) allowed
us to eliminate totally BPA in 30 min. Fig. 5 shows the disappearance
of BPA and the increasing formation of H,O, during the treatment
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Fig. 4. H,0, evolution in BPA solution and osmosis water with the different gases used. (a) Air treatment, (b) argon treatment and (c) oxygen-argon mixture treatment.

up to a plateau at 30 min explained by the reaction of hydrogen
peroxide with nitrites generated by GADpymid air-

UV/vis spectra (Fig. 6) show the presence of nitrites. Their
imprints are in the wavelength domain of 320-400 nm. The absorp-
tion band at 275 nm corresponds to bisphenol A and to the products
formed during the treatment.

We notice that absorbance corresponding to nitrites increases
in function of treatment time up to 30min and then decreases
because of their oxidation into nitrates. This phenomenon was
already observed during the treatment by humid air plasma of
water only without BPA [14].
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Fig. 5. Disappearance of BPA by GADymid air treatment and H, O, evolution.

On the other hand, nitrites react with BPA to give nitro and
dinitrobisphenol. These two compounds were detected by HPLC
(Chromatogram 2) and identified by BPA solution (pH 3) injec-
tion under stirring during 1h in presence of well defined nitrite
quantities. This protocol was used by Masuda et al. during the
study of oestrogen and mutagen activities of bisphenol A under
nitrites treatment [42]. The compounds obtained were identified
as 3-nitrobisphenol A and 3,3’-dinitrobisphenol A.

A similar work on phenol degradation by GADyymidair [20]
gave some analogous results. The authors noticed the bad effect
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Fig. 6. Nitrites accumulation in BPA solution treated by GADyymid air-
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Chromatogram 1. HPLC of BPA alone.

of nitrites responsible of p-nitrosophenol (CgH5NO,) and p-
nitrophenol (CgHs5NO3) formation.

The formation of nitrous and nitric acids (Egs. (10) and (11))
gives acid properties to humid air plasma. This was proved by the
study of pH evolution during the treatment of natural BPA solu-
tions. In these experiments the initial pH of 6.8 decreases to 1.4
and 3.9 respectively for 60 min of GADyymid air and GADoxygen-argon
treatment. In the case of oxygen/argon mixture, the decrease of pH
is due to H30" formed from reactions (12) and (13).

H,0 + e — Hy,O" +2e (12)
H,0* - *OH + H;0" (13)

Reaction (12) could happen in gas or liquid phase and is rapidly
followed by H30* and hydroxyl radicals formation [10]. However,
we acidified all the treated solutions at pH 3 in order to operate in
identical initial conditions of treatment.

3.2.2. Degradation and mineralization of BPA by GADpumid air

In order to establish the degree of BPA oxidation and mineral-
ization, we followed the COD and TOC evolution in function of time.
The complete oxidation reaction of BPA by oxygen is given by Eq.
(14):

Ci5H1602 + 1805 — 15CO, + 8H,0 (14)
The use of air gives a COD and TOC decrease of 47 and 70%, respec-
tively. The residual COD obtained is important because of the
F =
3,3’-dinitrobisphenol A - i: &
X
i B

3-nitrobisphenol A .-‘ i
|

Chromatogram 2. Compounds obtained by GADyiq ajr treatment after 15 min.

nitrites reaction with the dichromate used in the COD determina-
tion according to reaction (15):

3NO,™ +Cry072 + 8Ht — 3NO3~ +2Cr3* +4H,0 (15)
3.3. Study of BPA elimination by GADpymid airyre (1)

3.3.1. Study of BPA disappearance

Inall cases, the electric discharge in humid air allows an accumu-
lation of hydrogen peroxide in the solution. The hydrogen peroxide
is used in several AOPs: H,0, photodecomposition, O3/H,0, (per-
oxone) combination, Fenton system. Always, H,O, decomposition
leads to hydroxyl radicals formation. It is interesting to study the
glidarc effect with H,O, decomposition initiating *OH formation.
In this study, we chose a GAD/Fenton system combination.

The Fenton method is part of AOPs. The classic mechanism pro-
posed by Fenton is based on the *OH radicals formation [43,44],
but it is not excluded that FeO%* plays a role in the Fenton process
[45]; the Fenton reaction is still discussed in literature [46]. The
Fenton or Fenton-like processes are suitable for phenol degrada-
tion and non-biodegradable industrial products treatment in order
to prepare them for secondary biological treatments [47,48].

Fenton system uses iron ions and hydrogen peroxide, whose
reaction produces hydroxyl radicals (Eq. (10)), a powerful oxidizer
efficient for organic pollutants degradation. If *OH radical is the key
factor, the initiation step would be:

H,0, + Fe?* — Fe3* + OH™ +°*OH (16)

Afterwards, the *OH radicals could oxidize another Fe?* in Fe3*
(termination step: Eq. (17)) or oxidize other species present in the
solution (Eq. (18)) such as organic pollutants (RH):

Fe?* +°*OH — Fe3* + OH- (17)
RH(organics) + *OH — H,0 + R* — products (18)

The hydroxyl radicals could react with H,O, (propagation step)
to give hydroperoxyl radicals (Eq. (19)) or react between them to
form H, 0, (Eq. (8)):

H,0, +*OH — H,0 + OOH* (19)
*OH + *OH — H,0, (8)

The iron (III) ions produced by Eq. (16) react with HOO*® to regen-
erate a part of ferrous ions (Eq. (20)).

Fe3* + O0H* — Fe?t +H™ +0, (20)

The BPA was treated in presence of ferrous ions at respective
concentrations of 10~% and 103 M.

120

—— air
—a— air Fe10-4

100

80

60
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20

0 5 10 15 20 25 30 35
Time (min)

Fig. 7. BPA elimination by GADymiq 2ir With or without iron addition.
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Fig. 8. H,0,; evolution during GADy,iq air Of BPA, with or without iron.

In the case of humid air, the disappearance of BPA with or with-
out iron is practically identical as shown in Fig. 7. This indicates
that the GADpymid air/Fenton treatment does not improve BPA elimi-
nation.

It is probable that catalytic activity of Fe2* ions is negligible in a
humid air plasma treatment because of their eventual oxidation by
nitrites ions. The latter hinder them from reacting with hydrogen
peroxide. This fact is verified in Fig. 8, where it is possible to see
that the presence of Fe2* does not reduce the quantity of accumu-
lated hydrogen peroxide. On the contrary, the H,0, accumulated is
slightly superior in presence of Fe2*.

3.3.2. BPA degradation and mineralization

The treatment produces a COD decrease by 33% and a TOC
diminution by 74%. The mineralization is very important. However,
the oxidation is relatively weak (Fig. 9). This could be explained by
the presence of FeZ* and NO,~ reductor ions. The latter compete
with oxidizible organic substances towards dichromate, during
COD determination.

In order to avoid interference problems (nitrites/BPA and
nitrites/Fe2*ions) and nitrogen products formation during air use,
we retained argon/oxygen mixture for BPA treatment. This mix-
ture is close to air by its oxygen content and allows us to avoid
interferences caused by nitrites.

3.4. Study of BPA elimination by GAD gxygen/argon and
GADoxygen/argon/Fenwn

3.4.1. Hydrogen peroxide evolution
We compared H,0, evolution in a BPA solution respectively
treated by GADoxygen/argon and GADoxygen/argon/Fenton-

1,201
—— AITOC
—&— AI/COD
—a—Fe/AirTOC
—— Fe/Ai/COD

0,40

0,204

0,00 T T T T T T |
0 20 40 60 80 100 120 140

Time (min)

Fig. 9. COD and TOC evolution of BPA solution under GAD with and without iron
(103 M).

3000 -

—&—Plasma without Fe2+
—®—Plasma with Fe2+ 10-4 M
—®— Plasma with Fe2+ 10-3 M

0 10 20 30 40 50 60
Time (min)

Fig. 10. H>0; evolution during BPA treatment by GAD gyygen/argon With and without
iron.

Fig. 10 shows H,0, accumulation as a function of treatment
time. For GADgyygen/argon We Obtained a continuous evolution until
a concentration of 2620 M after 1 h. In presence of Fe?* at 10~4 M,
the H,0, accumulation diminished for more than half since it
reached 1000 M for the same treatment time. At 103 M of Fe?*,
H, 0, is not accumulated in a significative way. Its concentration is
only appreciable after 30 min and, it reached no more than 250 pM
after 1 h of treatment.

We noticed that the more the ferrous ions concentration
increases, the less the hydrogen peroxide is accumulated. This
behaviour is due to the H,0, consumption by Fe2* to form *OH
hydroxyl radicals (Eq. (16)).

3.4.2. Study of BPA disappearance

Fig. 11 shows BPA disappearance followed by HPLC with detec-
tion at 254 nm (Chromatogram 1).

The BPA concentration is reduced to half after 1h treatment
by GADgyygen/argon- IN presence of iron, the same result is obtained
in 15min treatment and the total disappearance is reached after
30 min.

We notice that for both ferrous ions concentrations 10~3 and
10~ M, the BPA disappearance rates are similar.

The BPA elimination efficiency and H,0, evolution are well
understood by comparison of treatments with and without iron
(11) (10—3 M). Fig. 12 shows BPA treatment by GAD oxygen/fargon/Fenton
and GADoxygen/argon-

The treatment by GADoyygen/argon triggers the BPA concentration
diminution from 120 to 54, 5 uM (54.6%) in 60 min, whereas the
hydrogen peroxide formation reaches 2623 wM (Fig. 12a).

The treatment of the same solution by GAD,yygen/argon/Fenton
leads to the total disappearance of BPA in 30 min treatment and a

120
—aA—Plasma without Fe2+
100 | —#— Plasma with Fe2+ 10-3M
—@—Plasma with Fe2+ 10-4 M
80
=
= 60|
<
&
= 40
20
0 : - - . - .
0 10 20 30 40 50 60
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Fig. 11. BPA disappearance by GADoyygen/argon With and without iron.
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Fig. 12. BPA disappearance and H;0, evolution. (a) GADgyygen/argon and (b) GADoxygen/argon/Fenton-

production of only 252 wM of hydrogen peroxide after 1 h treatment
(Fig. 12b).

We conclude from this comparative study that
GADoyygenfargon/Fenton 1S more efficient. Indeed during BPA elimi-
nation by GADgyygen/argon, W€ Notice a higher H,O, accumulation,
identical to its evolution in deionised water treatment and a
lower BPA diminution (Fig. 12a). However, in GADgyygen/argon/Fenton
treatment, the H,O, concentration is quasi non-existing at the
beginning of the treatment and remains 10 times weaker com-
pared to GADgyygen/argon, thus confirming its reactivity with ferrous
ions to form °OH radicals. In this treatment, we notice a fast
BPA diminution (Fig. 12b) up to a total disappearance (30 min).
After this time, we notice an increase in H,0O, accumulation
rate.

The treatment improvement by GAD gyygen/argon/Fenton 1S due to
the catalytic effect of ferrous ions that generated additional *OH
radicals in comparison to those produced by GAD.

3.4.3. BPA degradation and mineralization

Fig. 13 shows COD and TOC evolution in function of treatment
time by GADoxygen/argon and GADoxygen/argon/Fenton-

An abatement of 38% for the COD and 34% for the TOC
were obtained in 120min of GADgyygenjargon treatment, whereas
GADoyygen/argon/Fenton treatment gave better results reaching 100
and 70%, respectively.

The catalytic effect of ferrous ions in a solution treated by glidarc
discharge generates reactive species besides additional *OH due
to H,0, decomposition, thus accelerating bisphenol A and newly
formed products degradation. As mentioned about phenol degra-
dation in presence of iron [20], possible reactions between iron and
bisphenol A and between iron and degradation by products catalyze
the treatment. It could be as follows:

(i) Phenoxyl radical formation by Fe3* action on bisphenol A.

1 —+—TOC-Oa/Ar
0,9 —a— COD-Oz/Ar
0.8l —a—TOC-Oz/ArFe2+
(_g 0)7 —&— COD-Oy/Ar/Fe2+
=
5 06
X 95
[ el
g 04
s
So3
0,2
0,1
0 . .
0 20 40 60 80 100 120

Time (min)

Fig. 13. TOC and COD evolution of BPA treated by GADoyygen/argon With and without
iron (10=3 M).

(ii) Fe3* reduction by hydroxybenzene and quinone-intermediate.
(iii) Photolysis of Fe3*organic complexes—ligands (organic acids).

4. Energy consumption

One of the drawbacks of GAD treatment is the energetic con-
sumption. In order to evaluate it, a counter was placed on the
plasma-producing apparatus; the energy consumed was a linear
function of time treatment and was estimated to 0.8 kWh for
120 min treatment.

5. Conclusion

The formation of reactive chemical species such as *OH, *NO,
HO,*, H,0, from plasma at atmospheric pressure and ambient
temperature gives to glidarc oxidizing properties as demonstrated
in this study. Moreover, aromatic molecules with multiple —C=C—
bonds are very sensitive to this kind of oxidation.

In the oxygen/argon plasma without iron, a high propor-
tion of hydroxyl radicals recombine to give hydrogen peroxide,
whereas in oxygen/argon plasma with iron, H,0, formation gen-
erates additional *OH radicals besides those obtained by the
plasma, leading to an efficient and complete pollutant degrada-
tion.

Acknowledgements

The authors thank “I’Agence Universitaire de Francophonie”
(AUF) for its financial help during Ms Abdelmalek post-doctoral fel-
lowship. They are also grateful to “Corporation para los estudios en
Francia” of the French embassy in Colombia and to the Rhone-Alpes
region for the financial help of M. Torres.

References

[1] P. Jorgensen, ]. Chapelle, A. Czernichowski, K. Meguernes, Fr. Pat. 2,620,436
(1987).
[2] A.A. Fridman, A. Petrousov, J. Chapelle, J.M. Cormier, A. Czernichowski, H.
Lesueur, J. Stevefelt, J. Phys. IIl France 4 (1994) 1449-1465.
[3] H. Lesueur, A. Czernichowski, J. Chapelle, J. Fr. Patent 2639172 (1988).
[4] A. Czernichowsky, Pure Appl. Chem. 66 (1994) 1301-1310.
[5] G. Fillon, A. Czernichowski, H. Lesieur, Fr. Pat. 90-11278 (1990).
[6] B.Benstaali, A. Addou, J.L. Brisset, Mater. Chem. Phys. 78 (2002) 214-221.
[7] D. Moussa, J.-L. Brisset, ]. Hazard. Mater. B102 (2003) 189-200.
[8] B. Benstaali, D. Moussa, A. Addou, ].L. Brisset, Eur. Phys. J. Appl. Phys. 4 (1998)
171-179.
[9] R. Burlica, M.J. Kirkpatrick, B.R. Locke, ]. Electrostat. 64 (2006) 35-43.
[10] R. Burlica, MJJ. Kirkpatrick, W.C. Finney, RJ. Clark, B.R. Lock, ]. Electrostat. 62
(2004) 309-321.
[11] B.Benstaali, P. Boubert, B.G. Cheron, A. Addou, ].L. Brisset, Plasma Chem. Plasma
Process. 22 (4) (2002) 553-571.
[12] A.Doubla, F. Abdelmalek, K. Khelifa, A. Addou, J.L. Brisset, ]. Appl. Electrochem.
33(2003) 73-77.
[13] D. Moussa, F. Abdelmalek, B. Benstaali, A. Addou, E. Hnatiuc, J.L. Brisset, Eur.
Phys. J.-Appl. Phys. 29 (2005) 189-199.
[14] K. Marouf-Khelifa, F. Abdelmalek, A. Khelifa, M. Belhadj, A. Addou, J.L. Brisset,
Sep. Purif. Technol. 50 (2006) 373-379.



F. Abdelmalek et al. / Separation and Purification Technology 63 (2008) 30-37 37

[15] F. Abdelmalek, B. Benstaali, J.L. Brisset, A. Addou, Orient. J. Chem. 21 (2005)
21-24.

[16] E.Abdelmalek, S. Gharbi, B. Benstaali, A. Addou, ].L. Brisset, Water Res. 38 (2004)
2339.

[17] F. Abdelmalek, M.R. Ghezzar, M. Belhadj, A. Addou, ].L. Brisset, Ind. Eng. Chem.
Res. 45 (2006) 23-29.

[18] M.R. Ghezzar, F. Abdelmalek, M. Belhadj, N. Benderdouche, A. Addou, Appl.
Catal. B Environ. 72 (2007) 304-313.

[19] K. Marouf-Khelifa, F. Abdelmalek, A. Khelifa, A. Addou, Chemosphere 70 (2008)
1995-2005.

[20] J.H. Yan, Ch.M. Du, X.D. Li, X.D. Sun, MJ. Ni, K.F. Cen, B. Cheron, Plasma Sources
Sci. Technol. 14 (2005) 637-644.

[21] J.A. Brotons, M.F. Olea-Serrano, M. Villalobos, V. Pedraza, N. Olea, Environ.
Health Perspect. 103 (1996) 608-612.

[22] J. Sajiki, J. Yonekubo, Chemosphere 51 (2003) 55-62.

[23] D.W.Kolpin, E.T. Furlong, M.T. Meyer, E.M. Thurman, S.D. Zaugg, L.B. Barber, H.T.
Buxton, Environ. Sci. Technol. 36 (2002) 1202-1211.

[24] T. Yamamoto, A. Yasuhara, H. Shiraishi, O. Nakasugi, Chemosphere 42 (2001)
415-418.

[25] M.V. Maffini, B.S. Rubin, C. Sonnenschein, A.M. Soto, Mol. Cell. Endocrinol.
254/255 (2006) 179-186.

[26] J.P. Sumpter, A.C. Johnson, Environ. Sci. Technol. 39 (12) (2005) 4321-4332.

[27] T. Suzuki, Y. Nakagawa, 1. Takano, K. Yaguchi, K. Yasuda, Environ. Sci. Technol.
38 (2004) 2389-2396.

[28] C.A. Staples, P.B. Dorn, G.M. Klecka, S.T. O’Block, L.R. Harris, Chemosphere 36
(10) (1998) 2149-2173.

[29] G. Levy, L. Lutz, A. Kriiger, W. Kloas, Environ. Res. 94 (2004) 102-111.

[30] D.A. Crain, M. Eriksen, T. Iguchi, S. Jobling, H. Laufer, G.A. LeBlanc, L.J. Guillette,
Reprod. Toxicol. 24 (2007) 225-239.

[31] ES.vom Saal, B.T. Akingbemi, S.M. Belcher, L.S. Birnbaum, et al., Reprod. Toxicol.
(Chapel Hill) 24 (2007) 131-138.

[32] P.R. Gogate, A.B. Pandit, Adv. Environ. Res. 8 (2004) 553-597.

[33] S.A. Parsons, A. Byrne, in: S. Parsons (Ed.), Advanced Oxidation Processes for
Water and Wastewater Treatment, IWA Publishing, London, 2004, pp. 329-346.

[34] Y. Ohko, I. Ando, C. Niwa, T. Tatsuma, T. Yamamura, T. Nakashima, Y. Kubota, A.
Fujishima, Environ. Sci. Technol. 35 (2001) 2365.

[35] EJ.Rosenfeldt, K.G. Linden, Environ. Sci. Technol. 38 (2004) 5476-5483.

[36] H.Katsumata, S. Kawabe, S. Kaneco, T. Suzuki, K. Ohta, J. Photochem. Photobiol.
A: Chem. 162 (2004) 297.

[37] B.Gézmen, M.A. Oturan, N. Oturan, O. Erbatur, Environ. Sci. Technol. 37 (2003)
3716-3723.

[38] 0. Thomas, N. Mazas, Analysis 14 (1986) 300-302.

[39] C.Kormann, D.W. Bahnemann, M.R. Hoffmann, Environ. Sci. Technol. 22 (1988)
798-806.

[40] E. Hnatiuc, Procédés électriques de mesure et de traitement des polluants,
Ed;Tec&Doc, Paris, 2002, ISBN 2-7430-0578-5.(Chapter 10).

[41] RA. Torres, C. Petrier, E. Combet, F. Moulet, C. Pulgarin, Environ. Sci. Technol.
41 (2007) 297-302.

[42] S. Masuda, Y. Terashima, A. Sano, R. Kuruto, Y. Sugiyama, K. Shimoi, K. Tanji, H.
Yoshioka, Y. Terao, N. Kinae, Mutat. Res. 585 (2005) 137-146.

[43] C.Walling, Chem. Res. 8 (1975) 125-131.

[44] H.J.H. Fenton, ]. Chem. Soc. 65 (1894) 899.

[45] A.Y. Sychev, V.G. Isak, Russ. Chem. Rev. 12 (1995) 1105-1129.

[46] S.H.Bossman, E. Oliveros, S. Gob, S. Siegwart, E.P. Dahlen, L. Payawan, M. Straub,
M. Worner, A. Braun, J. Phys. Chem. 102 (1998) 5542-5550.

[47] R. Chen, ].J. Pignatello, Environ. Sci. Technol. 31 (1997) 2399-2406.

[48] ]. Bandara, C. Pulgarin, P. Peringer, J. Kiwi, ]. Photochem. Photobiol. A: Chem.
111 (1997) 253-263.



