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Abstract

The processes of phenol degradation by pulsed electrical discharges were investigated under several kinds of discharge atmospheres (oxy-
gen, argon, nitrogen and ozone) and chemical catalysts (ferrous ion and hydrogen peroxide). The temporal variations of the concentrations of
phenol and the intermediate products were monitored by HPLC and GC-MS, respectively. It has been found that the effect of various gases
bubbling on phenol degradation rate ranked in the following order: oxygen-containing ozone >oxygen > argon > nitrogen. The high gas bub-
bling flow rate was beneficial to the removal of phenol. It was found that the degradation proceeded differently when in the presence and
absence of catalysts. The phenol removal rate was increased when ferrous ion was added. This considerable enhancement may be due to
the Fenton’s reaction. What’s more, putting the chemical additives hydrogen peroxide into the reactor led to a dramatic increase in phenol
degradation rate. The mechanism was due to the direct or indirect photolysis and pyrolysis destruction in plasma channel. Furthermore, the
intermediate products were monitored by GC-MS under three degradation conditions. More THBs were generated under degradation conditions
without gases bubbling or adding any catalyst, and more DHBs under the condition of adding ferrous ion, and more carboxylic acids under
the condition of oxygen-containing ozone gas bubbling. Consequently, three distinct degradation pathways based on different conditions were

proposed.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Over the past few decades, interest in the development of
AOPs for the treatment of hazardous chemical water has grown
enormously. A pulsed electrical discharge in gas and water treat-
ment has attracted a great deal of attention from environmental
scientists [1-9] and the discharge leads to both physical and
chemical processes that directly or indirectly degrade organic
compounds [3,10-13]. Clements et al. [1] investigated prebreak-
down phenomena in water for point-plate geometries using
high-voltage pulse. To one’s surprise, the discharge character-
istics were found to be extremely sensitive to those changes
in the solution conductivity and the polarity and magnitude of
the applied voltage. However, they did not propose a mecha-
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nism of dye breakdown. Sharma et al. [2] reported that pulsed
streamer corona discharge in water was effective at breaking
down phenol in aqueous solutions. Naturally, they speculated
the possible degradation pathways. However, they did not deter-
mine the intermediates or discuss phenol degradation pathways.
Sun et al. [14] found that the removal efficiency of organic con-
taminants in the aqueous solution was higher when it came to
the spark discharge than to the streamer corona discharge, and it
was greatly influenced by the discharge type and additives. Joshi
et al. [3] and Grymonpré et al. [15] developed models including
chemical reaction kinetics, and determined the rates of function
of hydrogen peroxide, hydroxyl radicals and aqueous electrons
by fitting the experimental data of phenol degradation to the
model.

While progress has been made in understanding the effect
of discharge characteristics, the chemical reaction kinetics and
the reactor models, yet the correlations between the gaseous
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reagents, chemical catalysts, the aqueous degradation processes 2. Materials and methods

and the intermediate products in the aqueous phase have not

been clarified. The specification of the gaseous reagents and 2.1. High-voltage power supply and streamer corona
chemical catalysts that are decisive in the aqueous phenol reactor

degradation and its oxidizing efficiency is of great impor-

tance not only in understanding the streamer corona-induced As presented in Fig. 1, in the high-voltage pulse generator the
degradation process, but also in developing pulsed electrical high-voltage alternating input current first goes through a series
discharge reactors for industrial implementation. Moreover, it of high-voltage current-limiting resistors. A series of diodes are

is important to ensure that the reduced phenols are not con- used to full-wave rectify the alternating current. Upon that, the
verted into toxic materials in wastewater treatment. However, charge is then stored in a bank of capacitors that are connected
the final byproducts and the reaction mechanisms involved  to a rotating spark gap. When a rotating rod in the spark gap
in the destruction of organic compounds by pulsed electri- links with two opposing copper electrodes (one attached to the
cal discharge have not been sufficiently clarified up until capacitors and the other attached to the reactor), the charge stored
now. in the capacitors is discharged across the spark gap, resulting in
In this paper, we focused on the influence of discharge a pulsed discharge delivered into the liquid phase reactor. The
atmospheres (oxygen, argon, nitrogen and ozone) and chem- rotating rod in the spark gap links with the two copper electrodes
ical additives (ferrous ion and hydrogen peroxide) on the twice for each full rotation.
phenol degradation in the aqueous phase. The temporal vari- The reactor is a cylindrical plexiglass tube with dimen-
ations of the concentrations of phenol and the intermediate sions of 50 mm inside diameter and 256 mm in length. Pulsed
products were monitored by HPLC and GC-MS, respectively. electrical discharge treatment of the test solution is provided
Most of the intermediate products and the final byproducts by non-uniform point-to-plate electrode. Seven stainless steel
were identified and three distinct reaction pathways were pro- hypodermic needles are inserted into the reactor from the
posed. bottom, through silicone sealing insulation. The needles are con-
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Fig. 1. (a) The diagrammatic sketch of experimental apparatus. (b) The topology circuit of pulsed high voltage source. (1) AC power; (2) high voltage transformer;
(3) silicon rectifier; (4) filter and storage capacitor; (5) current-limiting resistor; (6) diode; (7) pulse forming capacitor; (8) spark gap; (9) reactor; (10) grounding.
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nected to the high voltage and the stainless steel around plate
ground electrode is placed at the top of the reactor opposite to
the high voltage discharge electrode.

2.2. Gas handling system and sample measurement system

Oxygen or nitrogen or argon from gas cylinder passed through
silica gel, carbon and molecular sieve columns for purification.
Ozone was generated with an ozone generator with a flow of
200 mL/min. Ozone concentration in the gas phase was analyzed
by iodometric method [16]. Phenol was of analytical grade, and
the initial concentration of phenol was 50 mg/L. Doubly dis-
tilled water was used in this study. The liquid conductivity was
measured by conductivity gauge (DDS-11 A) and pH value of
the solution by pH meter (pHS-25). The liquid conductivity was
adjusted to 10 wS/cm by adding HC1 or KOH. The initial pH was
6.5 and the temperature was 15 °C. The concentration of phenol
was measured by using HPLC (Knauer K-2005), equipped with
a MS-2 C18 column (@ 4.6 mm x 250 mm) and a UV detector.
An aqueous solution consisting of 70% phosphoric acid (0.01 M
H3PO4) and 30% acetonitrile was used as the eluting solvent.

Intermediates produced in the phenol degradation were ana-
lyzed by the following procedure. The sample of treated solution
was first extracted for 2 h using 100 mL of dichloromethane. The
organic extract was then concentrated to small volume by flow-
ing N». Subsequently the sample was analyzed using Thermo
Quest Trace GC2000/Trace MS with HP-5 column. The inter-
mediates were identified by matching with the standard samples,
considering both elution time and mass spectrum.

3. Results and discussion

3.1. Mechanism and effect of various gases bubbling on
phenol degradation

In order to investigate the role of different gases bubbling
in degrading phenol, oxygen, nitrogen, oxygen gas-containing
ozone and an inert gas (argon) were bubbled separately through
the hypodermic needle electrode. Fig. 2 shows the experimental
results for the removal of phenol by pulsed electrical discharge
with the various gases bubbling in the solution.

As shown in Fig. 2, the degradation rates under oxygen gas
and oxygen-containing ozone bubbling were much faster than
those under nitrogen and argon gas bubbling and without gas
bubbling. The probable reason that the removal efficiency was
higher with oxygen gas bubbling than with argon gas bubbling
was that, in the case of with oxygen gas bubbling in pulsed elec-
trical discharge, not only lots of *OH radicals were produced to
degrade phenol, but also other species such as ozone, or superox-
ide (O2 ™) and singlet oxygen d0y), participated in the chemical
reactions. In contrast, when pulsed electrical discharges took
place in an argon atmosphere over an oxygen-free phenol solu-
tion, the argon ions and metastables created by pulsed electrical
discharges will dissociate water molecules to produce hydroxyl
radicals (and hydrogen atoms), but no ozone or O atoms can be
formed [17]. So the degradation rate under the oxygen atmo-
sphere was much higher than that under the argon one.
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Fig. 2. Phenol concentration as a function of the treatment time at V=25kV,
f=60Hz, d=30mm, [Phenol]o=50mg/L, [O2]=[N2]=[Ar]=200mL/min,
[O3]=1.5M, for the oxidation of phenol in aqueous solution by pulsed electrical
discharges with gases bubbling.

By comparing with the results of oxygen bubbling and
nitrogen bubbling, one may notice that oxygen bubbling per-
formed better than nitrogen bubbling. The probable reason was
that the dissociation of oxygen molecules occurs at a lower
reduced-electrical-field intensity around the plasma channel and
it requires less energy than that of the dissociation of nitro-
gen molecules. Furthermore, high-energy electrons are typically
considered to react primarily with molecular oxygen, resulting
in efficient production of hydroxyl radicals and the formation of
ozone, an additional active species [18]. Therefore, the degrada-
tion efficiency with oxygen gas bubbling was faster than that
under nitrogen bubbling. Nitrates and other nitrogen oxides
were measured in the experiments with nitrogen gas bubbling.
The concentration of nitrite ion increased to 0.09 mM at first
5 min and then decreased while the concentration of nitrate ion
increased tardily to 0.17 mM at 30 min.

The combined action of oxygen-containing ozone with
pulsed electrical discharges was more effective in decomposing
organic pollutants in water as compared with pulsed electrical
discharges with oxygen bubbling or just the former one only.
It may be due to the enhancement in ozone decomposition by
pulsed electrical discharges in water, thus the rate of ozone trans-
ferring into water should increase. Therefore, phenol removal
in combination with pulsed discharges and ozonation in water
increased.

3.2. Mechanism and effect of adding Fe** on phenol
degradation

It is necessary to study the effects of other compounds exist-
ing in the aqueous solution on phenol degradation. In Fig. 3,
it can be seen that a dramatic increase of phenol degradation
rate occurred upon adding ferrous ion to the reactor. The rapid
increase in the reaction rate upon the addition of ferrous ion may
be attributed to the presence of Fenton’s reaction and Hamilton’s
reaction. In the presence of Fe’*, the following process should
be added [19,20]:

Fe?t + H,0, — *OH + OH™ +Fe3t (1)
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Fig. 3. Phenol concentration as a function of the treatment time at V=25kV,
f=60Hz, d=30 mm, [Phenol]y =50 mg/L, [O,] =200 mL/min, when [Fe?*] was
0.2 and 0.8 mM, the liquid conductivity was 67 and 242 .S/cm, for the oxidation
of phenol in aqueous solution by pulsed electrical discharges in the presence of
ferrous sulfate.
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The hydroxyl radical can again combine with Fe?* to produce
the hydroxide ion. In the presence of larger concentrations of an
organic compound, hydroxyl radicals may preferentially react
with the organic compounds rather than Fe>* [21].

3.3. Mechanism and effect of adding H>O> on phenol
degradation

Fig. 4 shows the degradation of phenol by pulsed electri-
cal discharge in the presence of hydrogen peroxide. It can be
observed that a dramatic increase of phenol degradation rate
occurred upon adding hydrogen peroxide to the solution. Since
the reaction of phenol with hydrogen peroxide is very slow at
the ambient temperature, the degradation process may be due
to the reaction of hydroxyl radicals produced by photolysis of
hydrogen peroxide, which was caused by UV radiation from
electrical discharge plasma.

The chemical effects of the electrical discharge plasma are
due to direct photolysis (the electrical discharge plasma only),
indirect photolysis (combination of chemical additives and the
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Fig. 4. Phenol concentration as a function of the treatment time at V=25kV,
f=60Hz,d=30 mm, [Phenol]p =50 mg/L, [O2] =200 mL/min, for the oxidation
of phenol in aqueous solution by pulsed electrical discharges with H,O5.

electrical discharge plasma) and pyrolysis destruction in plasma
channels [4]. The photolysis could be due to the UV radiation. A
part of vacuum UV in the region of the spectrum A =75-185 nm
is absorbed by the water layer around the plasma channels [22],
but the UV region of the spectrum A > 185 nm expands into the
bulk of solution, and then it reacts with organic contaminants
in aqueous solution. This process has been described in many
literatures [14]:

H,0, +hv— *OH + *OH (11)

In this equation, 1 mol of HyO» produces 2 mols of hydroxyl
radicals by UV light. Therefore, a large number of hydroxyl
radicals are produced in the reactor, the effective degradation of
organic contaminants may occur in aqueous solution.

3.4. Intermediate products and a discussion of the
degradation pathways

In order to obtain the comprehensive profile of phenol degra-
dation by pulsed electrical discharge, a series of experiments
were carried out to determine the intermediates. We investigated
the degradation under three conditions, without gases bubbling
or adding any catalyst, with adding ferrous ion and with oxygen-
containing ozone gas bubbling. All the intermediate products
and their retention time monitored by GC-MS are shown in
Table 1.

Firstly, we investigated phenol degradation under nor-
mal condition, that was, without gas bubbling or adding
any catalyst. The main intermediate products were formic
acid (1.94 min), acetic acid (3.11 min), oxalic acid (3.18 min),
p-benzoquinone (5.50 min), phenol (6.31 min), pyrocatechol
(9.38 min), hydroquinone (9.74 min), pyrogallol (11.74 min),
hydroxyhydroquinone (12.13 min). THBs were detected in con-
siderable amount besides the intermediate products mentioned
above. The probable reaction pathway was as follows.

The *OH radical reacts with phenol to form the dihydrox-
ycyclohexadienyl radical *CgH5(OH), (DHCHD) as follows
[23]:

CgHs(OH) + *OH — °CgHs(OH), (12)
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Table 1

The retention time (fr) of the standard compounds in the phenol oxidation product mixture obtained from GC-MS profiles

GC-MS R (min) Identity Formula a b c
1.55 £ 0.01 Glyoxal OHC—CHO +
1.94 £+ 0.01 Formic acid HCOOH + + +
242 £ 0.01 Glyoxylic acid HOOC—CHO +
3.11 £ 0.01 Acetic acid CH3;COOH + + +
3.18 £ 0.01 Oxalic acid HOOC—COOH + + +
4.00 £+ 0.01 Malonic acid C3H404 + +
4.69 £+ 0.01 Maleic acid C4H404 + +
4.79 + 0.01 Metacetonic acid C3HgO» +
5.32 £ 0.01 cis,cis-Muconic acid CeHeO4 + +
5.50 £ 0.01 p-Benzoquinone CeH40, + + +
6.31 £+ 0.01 Phenol Ce¢HgO + + +
9.39 £+ 0.01 Pyrocatechol CeHgOo + + +
9.75 £ 0.01 Hydroquinone CsHgOo + + +
11.74 + 0.01 Pyrogallol CeHgO3 + +

12.13 £ 0.01 Hydroxyhydroquinone CsHgO3 + +

The presented values are averages together with their 95% confidence interval. (a) Without any gas bubbling or adding chemical catalysts, (b) in the presence of Fe?*
and (c) under conditions of oxygen-containing ozone gas bubbling; (+) the compounds that were detected by GC-MS; fr represents retention time.

The DHCHD can decay to form the phenoxyl radical
CgHs50°®. The phenoxyl radical C¢HsO® reacts with the *OH
radical to form DHBs.

CgHs50°* + *OH — CgH4(OH), (13)

In the process of phenol degradation by pulsed electrical dis-
charge without gas bubbling or adding any additives, THBs were
detected in much greater amount than those in the presence of
Fe?* and with gases bubbling or adding any additives. From
the experiment, it was found that, the results of the degradation
were in agreement with that of Tezuka in contact glow discharge
electrolysis [24], and due to the electron-donating character of
the phenolic —OH group and the electrophilicity of the radical,
the predominant hydroxylation products are pirogal, hydroxyhy-
droquinone, o-dihydroxybenzene and p-dihydroxybenzene [24].
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Fleszar and Ploszynska also reported that when electrical dis-
charge takes place in water without gases bubbling or adding any
catalysts, *OH radical was mainly caused by the electrophilic
attack and was produced by the liquid phase discharge directly
in water, so the concentration of the aqueous hydroxyl radicals is
lower, and the formation of benzene trihydroxyderivatives is an
essential process considering that trihydroxybenzenes are easily
oxidized to ring destruction product. The THBs were detected
in considerable amounts [25].

The intermediate products are easy to be further oxidized
under the action of the radicals. The opening of the aromatic
ring leads to the formation of low molecular weight compounds,
mainly organic acids. In addition, the intermediate products or
organic acids are also oxidized through hydroxylation and hydra-
tion, finally forming carbon dioxide. No other gaseous phenol
oxidation products such as carbon monoxide have been obtained.
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Fig. 5. Degradation pathways of phenol by pulsed electrical discharges under conditions without any gas bubbling or adding chemical catalysts. V=25kV, f=60 Hz,

d=30mm, [Phenol]p =50 mg/L.
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Evenif carbon monoxide is produced, it will be rapidly converted
to carbon dioxide on account of oxides. Fig. 5 shows the degra-
dation pathway of phenol by pulsed electrical discharge under
normal condition [24].

Secondly, we investigated phenol degradation under
the condition of adding ferrous ion. It can be seen that
in the presence of Fe?*, the major intermediates were
formic acid (1.94 min), acetic acid (3.11 min), oxalic acid
(3.18 min), malonic acid (4.00 min), maleic acid (4.69 min),
cis,cis-muconic acid (cis,cis-1,3-butadiene- 1,4-dicarboxylic
acid: HOOC-CH=CH-CH=CH—-COOH) (5.32min), p-
benzoquinone (5.50 min), phenol (6.31min), pyrocatechol
(9.38 min), hydroquinone (9.74 min), pyrogallol (11.74 min),
hydroxyhydroquinone (12.13 min).

When the reaction was carried out in the presence of Fe?*
hydrogen peroxide was decomposed to produce large numbers
of hydroxyl radicals through Fenton’s reaction, but no ozone and

(@) HO OH

ye) para- DHCHD radical

O atoms can be formed. Hydroxylation of phenol was the main
degradation pathway. DHBs and benzoquinone were found in
much greater amount than those in terms of electrical oxidation
in oxygen and the case without adding any catalyst. In contrast,
the concentrations of hydroxyhydroquinone and pyrogallol were
very low. The probable reason was that when the concentra-
tion of hydroxyl radicals was very high, DHBs degrade in two
competitive ways. When the hydroxyl groups are the sites of
the initial step they will be oxidized to yield benzoquinones.
When the aromatic rings are the sites of attack they will pro-
duce trihydroxylderivatives. It appears that the former is the
predominant one [26]. Therefore, the production of DHBs was
significant. The differences in the amount of polyhydroxyben-
zenes present brought about the color difference between the
oxidized solutions. Fig. 6a shows the degradation pathway of
phenol by pulsed electrical discharge in the presence of Fe?*
[27].

1somer ization
—>

COOH

&t ——>CHCOOH + COn
— |
COOH
COOH
(|:OOH » CO + HO
CH:COOH
HCOOH

COOH
on [
COOH

j: ~~ SCOOH
WOH —
x_~COOH
Ho OH

OH

ortho- DHCHD radical

(b)

Fel+
(PbO)

OH r + 2 G
@ X
—b—
widant

No Oz
No Oxidant| (D)
“H"

OH

Py

@)=
OH

R R
9@,

CH:CH.COOH

H
©<OH {OH OH -H:0 ©<011150menzauon@/ (:/\
R R R R
@
Coupling or --——— ‘ H*OH O + + Coupling Products
disproportionation OH
R

M —m —»  Ring-opened Products

OH

-HO2

OH

Fig. 6. Degradation pathways of phenol by pulsed electrical discharges in the presence of Fe>*. V=25kV, f=60 Hz, d =30 mm, [Phenol]p = 50 mg/L.
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Another degradation pathway of phenol by *OH radical in
the presence of Fe?* is shown in Fig. 6b [28]. Depending on pH
and availability of suitable oxidants or reductants, II may react
further by: acid-catalyzed elimination of water to form a radical
cation (path A); formation of a dioxygen radical adduct (path B);
oxidation to a cyclohexadienyl cation (path C); or-when paths
B and C are unavailable-coupling and disproportionation (path
D).

Thirdly, we investigated phenol degradation under the con-
dition of oxygen-containing ozone gas bubbling. The main
intermediate products were glyoxal (1.55min), formic acid
(1.94 min), glyoxylic acid (2.42min), acetic acid (3.11 min),
oxalic acid (3.18 min), malonic acid (4.00 min), maleic acid
(4.69 min), cis,cis-muconic acid (5.32 min), metacetonic acid
(4.79 min), p-benzoquinone (5.50 min), phenol (6.31 min), pyro-
catechol (9.38 min), hydroquinone (9.74 min). The results were
more complex with oxygen bubbling than without gas bubbling
and in the presence of Fe>*. Glyoxal and glyoxylic acid were
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found. The carboxylic acids were found in much greater amount
than those in terms of electrical oxidation under normal condi-
tion and in the presence of ferrous ion. The reason was that
phenol degradation by pulsed electrical discharge with oxygen
bubbling was by not only hydroxylation, but also direct and
indirect ozonation.

Fig. 7 shows the mechanism of phenol degradation by pulsed
electrical discharge with oxygen gas bubbling. When pulsed
electrical discharge took place without gases bubbling or in the
presence of Fe?*, the mechanism of phenol degradation was
mainly caused by the electrophilic attack of the *OH radical
produced by the liquid phase discharge directly in water, and
the hydroxylation of phenol was the main degradation pathway.
In contrast, phenol degradation by pulsed electrical discharge
with oxygen bubbling was not only the action of the *OH rad-
icals formed through the electron impact of H;O molecules in
the water vapor, but also direct and indirect ozonation, and the
action of peroxone process through the reaction of dissolved
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[Phenol]p =50 mg/L. (a) Attack of oxygen on phenol; (b) ozone addition to phenol.
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ozone with aqueous hydrogen peroxide [29-31].

H>5
O3(aq) + H20,— *OH + HO,* + O, (14)

Under an oxygen gas bubbling with pulsed electrical dis-
charge, Lukes reported that under this case, the formation of
gaseous ozone was very important, and it dominated over the
formation of the *OH radicals, and the contribution of the gas
phase discharge in this case was determined mainly by the dis-
solution of gaseous ozone into the water and its subsequent
interaction with phenol [29]. In water, ozone may react with
dissolved substances, or it may decompose to form secondary
oxidants such as *OH radicals, which then themselves immedi-
ately react with the solutes. From the above, it can be seen that the
degradation of phenol by pulsed electrical discharge under oxy-
gen bubbling is mainly caused by direct and indirect oxidation
of ozone, and the main effect of phenol degradation was depen-
dent on ozonation. Comparing with literatures about ozonation
[32-37], we can see that the intermediates of phenol degrada-
tion by ozonation or pulsed electrical discharge with oxygen gas
bubbling were similar. They were pyrocatechol, hydroquinone,
glyoxal, formic acid, glyoxylic acid, acetic acid, oxalic acid,
malonic acid, maleic acid, cis,cis-muconic acid, metacetonic
acid, p-benzoquinone. The difference between pulsed electri-
cal discharge with oxygen gas bubbling and pure ozonation was
that *OH radicals, UV, ultrasonic and hydrogen peroxide were
produced in addition to O3 during the high voltage pulsed elec-
trical discharge in water with oxygen gas bubbling. Furthermore,
*OH radicals were formed through the electron impact of H,O
molecules in the water vapor, and more *OH radicals were pro-
duced through the synthetic effect of photolysis and pyrolysis.
Therefore, the degradation efficiency of phenol by pulsed elec-
trical discharge with oxygen bubbling was better than that of
only ozonation.

As mentioned above about phenol degradation by pulsed
electrical discharge, the *OH radical reacts with phenol to
form DHCHD. Under the circumstance of oxygen, oxygen will
attack these radicals to produce dihydroxycyclohexadienylper-
oxyl (DHCHDP) radicals. The DHCHDP radical may decay
in a first-order process to form catechol by elimination of a
hydroperoxyl radical (*HO,) [38].

*CsHs5(OH)2 + 02 — *CgHs5(OH)20;
— CgH4(OH), + *HO, (15)

DHCHDP form endoperoxides through repeated scavenges
of oxygen. These very instable intermediates are decomposed
by ring cleavage.

The intermediate products are easily oxidized further under
the action of the radicals and oxygen. The opening of the aro-
matic ring leads to the formation of low molecular weight
compounds, mainly organic acids. The intermediate products
or organic acids can also be oxidized through hydroxylation and
hydration, finally forming carbon dioxide. Fig. 7a shows the
degradation pathway of phenol by pulsed electrical discharge in
the presence of oxygen [32-35,39].

Among possible chemically active species, ozone was
expected to be the very important species. Large numbers
of ozone were produced in the process of pulsed electrical
discharge with oxygen bubbling. Molecular ozone selectively
reacts with contaminants through cyclo-addition and elec-
trophilic reactions with unsaturated aromatic and aliphatic
species. In the oxidation of phenol by molecular ozone, it has
been proposed that electrophilic attack by ozone leads to for-
mation of the hydroxylated products as the major intermediates
[40]. On the other hand, 1,3 dipolar cyclo-addition of ozone
causes direct ring cleavage of phenol producing muconic acid or
muconaldehyde. These ring-cleavage products have dual-carbon
bonds and undergo further ozonation that yields organic acids
[41]. Fig. 7b shows direct ozone attack on phenol to invoke ring
opening by cyclo-addition [32-35,39].

Ozone decomposition is complicated in water: many transient
oxidizing species (*OH, *HO,, O™, O37, *O and singlet ]Oz)
are suggested by the literatures [42,43]. These species are highly
reactive, which may account for the effectiveness of ozone in
destroying organic contaminants. In this way, a complex mix-
ture of unsaturated and saturated aliphatic C;—Cg hydrocarbons
was produced, having polyfunctional groups such as carboxyl,
aldehyde, ketone and alkanol groups. Glyoxal, glyoxylic acid
may result from multifold attack of ozone on phenol. Formic
acid may be produced by carbon monoxide loss from glyoxylic
acid or decarboxylation of oxalic acid.

From the chromatograph area of each intermediate product
in GC-MS profiles, we can see that more THBs were gener-
ated under degradation conditions without gases bubbling or
adding any catalyst, and more DHBs when adding ferrous ion,
and more carboxylic acids when oxygen-containing ozone gas
bubbling.

4. Conclusion

In the degradation of phenol by pulsed electrical dis-
charge, the effect of various gases bubbling on degradation
rate ranked in the following order: oxygen-containing
ozone >oxygen > argon > nitrogen. The high gas bubbling flow
rate was beneficial to the removal of phenol.

The degradation proceeded differently when in the pres-
ence and absence of catalysts. The phenol removal rate can
be increased when ferrous ion was added. This considerable
enhancement may be due to the Fenton’s reaction. The addition
of a small amount of hydrogen peroxide greatly increased the
degradation rate of phenol. The mechanism behind the increase
of the degradation rate was due to the direct or indirect photolysis
and pyrolysis destruction in plasma channel.

The intermediate products were monitored by GC-MS under
three degradation conditions. Identified products were gly-
oxal, formic acid, glyoxylic acid, acetic acid, oxalic acid,
malonic acid, maleic acid, cis,cis-muconic acid, metacetonic
acid, p-benzoquinone, pyrocatechol, hydroquinone, pyrogal-
lol, hydroxyhydroquinone. More THBs were generated under
degradation conditions without gas bubbling or adding any cat-
alyst, and more DHBs when adding ferrous ion, and more
carboxylic acids when oxygen-containing ozone gas bubbling.
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Consequently, the degradation pathways based on conditions
above were in great difference.

Acknowledgement

We gratefully acknowledge the financial support from
National Key Natural Science Foundation of China (No.
20336030) and Distinguished Youth Foundation of Zhejiang
Province (RC 02060).

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.jhazmat.2007.05.024.

References

[1] J.S. Clements, M. Sato, R.H. Davis, Preliminary investigation of prebreak-
down phenomena and chemical reactions using a pulsed high voltage
discharge in water, IEEE Trans. Ind. Appl. IA-23 (1987) 224-235.

[2] A.K. Sharma, B.R. Locke, P. Arce, W.C. Finney, A preliminary study of
pulsed streamer corona discharge for the degradation of phenol in aqueous
solutions, Hazard. Waste Hazard. 10 (1993) 209-219.

[3] A.A.Joshi, B.R. Locke, P. Arce, W.C. Finney, Formation of hydroxyl rad-
icals, hydrogen peroxide and aqueous electron by pulsed streamer corona
discharge in aqueous solution, J. Hazard. Mater. 41 (1995) 3-30.

[4] D.M. Willberg, P.S. Lang, R.H. Hochemer, A. Kratel, M.R. Hoff-
mann, Degradation of 4-chlorophenol 3,4-dichloroaniline and 2,4,6-
trinitrotoluene in an electrohydraulic discharge reactor, Environ. Sci.
Technol. 30 (1996) 2526-2534.

[5] Y.S. Mok, I. Nam, Positive pulsed corona discharge process for simultane-
ous removal of SO, and NO, from iron-ore sintering flue gas, IEEE Trans.
Plasma Sci. 27 (1999) 1188-1196.

[6] Y.Z. Wen, X.Z. Jiang, Pulsed corona discharge-induced reaction of ace-
tophenone in water, Plasma Chem. Plasma Process. 21 (2000) 345-354.

[7] K. Yan, G.J.J. Winands, S.A. Nair, E.J.M. van Heesch, A.J.M. Pemen, 1.D.
Jong, Evaluation of pulsed power sources for plasma generation, J. Adv.
Oxid. Technol. 7 (2004) 116-122.

[8] B. Yang, L.C. Lei, M.H. Zhou, Effects of the liquid conductivity on pulsed
high-voltage discharge modes in water, Chinese Chem. Lett. 15 (2004)
1215-1218.

[9] B. Yang, L.C. Lei, M.H. Zhou, Synergistic effects of liquid and gas phase
discharges using pulsed high voltage for dyes degradation in the presence
of oxygen, Chemosphere 60 (2005) 405-411.

[10] M. Sato, T. Ohgiyama, J.S. Clements, Formation of chemical species and
their effects on microorganisms using a pulsed high-voltage discharge in
water, IEEE Trans. Ind. Appl. 32 (1996) 106-112.

[11] B. Sun, M. Sato, J.S. Clements, Optical study of active species produced
by a pulsed streamer corona discharge in water, J. Electrostat. 39 (1997)
189-202.

[12] P. Sunka, V. Babicky, M. Clupek, P. Lukes, M. Simek, J. Schmidt, M.
Cernak, Generation of chemically active species by electrical discharges
in water, Plasma Sources Sci. Technol. 8 (1999) 258-265.

[13] P. Lukes, A.T. Appleton, B.R. Locke, Hydrogen peroxide and ozone for-
mation in hybrid gas—liquid electrical discharge reactors, IEEE Trans. Ind.
Appl. 40 (2004) 60-67.

[14] B. Sun, M. Sato, J.S. Clements, Oxidative processes occurring when pulsed
high voltage discharges degrade phenol in aqueous solution, Environ. Sci.
Technol. 34 (2000) 509-513.

[15] D.R. Grymonpré, W.C. Finney, R.J. Clark, B.R. Locke, Suspended acti-
vated carbon particles and ozone formation in aqueous-phase pulsed corona
discharge reactors, Ind. Eng. Chem. Res. 42 (2003) 5117-5134.

[16] H.Bader, J. Hoigne, Determination of ozone in water by the indigo method,
Water Res. 15 (1981) 449-456.

[17] E. Njatawidjaja, A.T. Sugiarto, T. Ohshima, M. Sato, Decoloration of elec-
trostatically atomized organic dye by the pulsed streamer corona discharge,
J. Electrostat. 63 (2005) 353-359.

[18] A.A. Kulikovsky, Production of chemically active species in the air by a
single positive streamer in a nonuniform field, IEEE Trans. Plasma Sci. 25
(1997) 439-446.

[19] D.R. Grymonpré, A.K. Sharma, W.C. Finney, B.R. Locke, The role of
Fenton’s reaction in aqueous phase pulsed streamer corona reactors, Chem.
Eng. J. 82 (2001) 189-207.

[20] V. Kavitha, K. Palanivelu, The role of ferrous ion in Fenton and photo-
Fenton processes for the degradation of phenol, Chemosphere 55 (2004)
1235-1243.

[21] Y.X. Du, M.H. Zhou, L.C. Lei, Role of the intermediates in the degradation
of phenolic compounds by Fenton-like process, J. Hazard. Mater. 36 (2006)
859-865.

[22] P. Limé#o-Vieira, S. Eden, N.J. Mason, Absolute photo-absorption cross
sections and electronic state spectroscopy of selected fluorinated hydrocar-
bons relevant to the plasma processing industry, Radiat. Phys. Chem. 68
(2003) 187-192.

[23] Y.S.Chen, X.S. Zhang, Y.C. Dai, W.K. Yuan, Pulsed high-voltage discharge
plasma for degradation of phenol in aqueous solution, Sep. Purif. Technol.
34 (2004) 5-12.

[24] M. Tezuka, M. Iwasaki, Oxidative degradation of phenols by contact glow
discharge electrolysis, Denki Kagaku (Japan) 65 (1997) 1057-1060.

[25] B. Fleszar, J. Ploszynska, An attempt to define benzene and phenol
electrochemical oxidation mechanism, Electrochim. Acta 30 (1985) 31—
42.

[26] K. Kobayashi, Y. Tomita, M. Sanmyo, Electrochemical generation of hot
plasma by pulsed discharge in an electrolyte, J. Phys. Chem. B 104 (2000)
6318-6326.

[27] J.Z. Gao, Y.J. Liu, W. Yang, L.M. Pu, J. Yu, Q.F. Lu, Oxidative degradation
of phenol in aqueous electrolyte induced by plasma from a direct glow
discharge, Plasma Sources Sci. Technol. 12 (2003) 533-538.

[28] R.C. Chen, J.J. Pignatello, Role of quinone intermediates as electron shut-
tles in Fenton and photoassisted Fenton oxidations of aromatic compounds,
Environ. Sci. Technol. 31 (1997) 2399-2406.

[29] P. Lukes, B.R. Locke, Plasmachemical oxidation processes in a hybrid
gas-liquid electrical discharge reactor, J. Phys. D: Appl. Phys. 38 (2005)
4074-4081.

[30] J. Staehelin, J. Hoigne, Decomposition of ozone in water: rate of initiation
by hydroxide ions and hydrogen peroxide, Environ. Sci. Technol. 16 (1982)
676-681.

[31] W.H. Glaze, J.W. Kang, Advanced oxidation processes. Description of a
kinetic model for the oxidation of hazardous materials in aqueous media
with ozone and hydrogen peroxide in semibatch reactor, Ind. Eng. Chem.
Res. 28 (1989) 1573-1580.

[32] P.S. Bailey, Ozonation in Organic Chemistry: Nonolefinic Compounds,
Academic, New York, 1982.

[33] Y. Yamamoto, E. Niki, H. Shiokawa, Y. Kamiya, Ozonation of organic
compounds. 2. Ozonation of phenol in water, J. Org. Chem. 44 (1979)
2137-2142.

[34] P.C. Singer, M.D. Gurol, Dynamics of the ozone of phenol—I. Experimen-
tal observations, Water Res. 17 (1983) 1163-1171.

[35] M.D. Gurol, P.C. Singer, Dynamics of the ozone of phenol—II. Mathemat-
ical simulation, Water Res. 17 (1983) 1173-1181.

[36] G.R. Peyton, W.H. Glaze, Destruction of pollutants in water with ozone
in combination with ultraviolet radication. 3. Photolysis of aqueous ozone,
Environ. Sci. Technol. 22 (1988) 761-767.

[37] O. Legrini, E. Oliveros, A.M. Braun, Photochemical processes for water
treatment, Chem. Rev. 93 (1983) 671-698.

[38] D.R. Grymonpré, W.C. Finney, R.J. Clark, B.R. Locke, Aqueous-phase
streamer corona reactor using suspended activated carbon particles for
phenol oxidation: model-data comparison, Chem. Eng. Sci. 54 (1999)
3095-3105.

[39] W.EL.M. Hoeben, EM. van Veldhuizen, W.R. Rutgers, C.A.M.G.
Cramers, G.M.W. Kroesen, The degradation of aqueous phenol solutions by
pulsed positive corona discharges, Plasma Sources Sci. Technol. 9 (2000)
361-369.


http://dx.doi.org/10.1016/j.jhazmat.2007.05.024

722 Y. Shen et al. / Journal of Hazardous Materials 150 (2008) 713-722

[40] A. Mokrini, D. Ousse, S. Esplugas, Oxidation of aromatic compounds [42] Y. Takeuchi, K. Mochidzuki, N. Matsunobu, R. Kojima, H. Motohashi, S.

with UV radiation/ozone/hydrogen peroxide, Water Sci. Technol. 35 (1997) Yoshimoto, Removal of organic substances from water by ozone treatment

95-102. followed by biological activated carbon treatment, Water Sci. Technol. 35
[41] M.S. Siddiqui, G.L. Amy, B.D. Murphy, Ozone enhanced removal of nat- (1997) 171-178.

ural organic matter from drinking water sources, Water Res. 31 (1997) [43] V.Camel, A. Bermond, The use of ozone and associated oxidation processes

3098-3106. in drinking water treatment, Water Res. 32 (1998) 3208-3222.



	Effect of various gases and chemical catalysts on phenol degradation pathways by pulsed electrical discharges
	Introduction
	Materials and methods
	High-voltage power supply and streamer corona reactor
	Gas handling system and sample measurement system

	Results and discussion
	Mechanism and effect of various gases bubbling on phenol degradation
	Mechanism and effect of adding Fe2+ on phenol degradation
	Mechanism and effect of adding H2O2 on phenol degradation
	Intermediate products and a discussion of the degradation pathways

	Conclusion
	Acknowledgement
	Supplementary data
	References


