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Abstract

By using a self-made carbon/polytetrafluoroethylene (C/PTFE) O,-fed as the cathode and Ti/IrO,/RuQ; as the anode, the degradation of three
organic compounds (phenol, 4-chlorophenol, and 2,4-dichlorophenol) was investigated in the diaphragm (with terylene as diaphragm material)
electrolysis device by electrochemical oxidation process. The result indicated that the concentration of hydrogen peroxide (H,0O,) was 8.3 mg/L,
and hydroxyl radical (HO®) was determined in the cathodic compartment by electron spin resonance spectrum (ESR). The removal efficiency for
organic compounds reached about 90% after 120 min, conforming to the sequence of phenol, 4-chlorophenol, and 2,4-dichlorophenol. And the
dechlorination degree of 4-chlorophenol exceeded 90% after 80 min. For H,O,, HO® existed in the catholyte and reduction dechlorination at the
cathode, the mineralization of organics in the cathodic compartment was better than that in the anodic compartment. The degradation of organics
was supposed to be cooperative oxidation by direct or indirect electrochemical oxidation at the anode and H,O,, HO® produced by oxygen reduction
at the cathode. High-performance liquid chromatography (HPLC) allowed identifying phenol as the dechlorination product of 4-chlorophenol in
the cathodic compartment, and hydroquinone, 4-chlorocatechol, benzoquinone, maleic, fumaric, oxalic, and formic acids as the main oxidation

intermediates in the cathodic and anodic compartments. A reaction scheme involving all these intermediates was proposed.

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

The demand for new technologies to remove or to detox-
ify organics, especially those are toxic to biological treatment
processes from aqueous effluents, is widely recognized. The
electrochemical method for treatment of such kind of wastew-
ater has attracted a great attention recently, mainly because of
its ease of control, amenability to automation, high efficiency
and environmental compatibility [1]. At present, dimensionally
stable anodes (DSA), which are typically prepared by thermal
deposition of a thin layer of metal oxide (e.g., SnO;, PbO,,
or IrO,) on a base metal, have been used for the oxidation of
various organic pollutants, such as phenol, chlorophenols, ben-
zoquinone, and dye wastewater [2,3]. Usually, electrochemical
treatment can accomplish the mineralization of organic pollu-
tants by the stronger oxidant of hydroxyl radicals, which are in
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situ generated by the electrochemical reaction on the electrode
surface [4].

For anodic oxidation of organic pollutant, it is difficult to
achieve total mineralization because of low HO® concentration
on the anode. Hence the study of more efficient electrochemical
methods based on the indirect electro-oxidation of contami-
nants, for example, electrogeneration of strong oxidants, is now
under way. Under some controlled conditions, the product of O»
electro-reduction may be H,O,. The electrode materials used
for O, electro-reduction can be divided into two groups. The
first one involves electrodes, on which the O, electro-reduction
proceeds predominantly through the intermediate formation of
H,0,; while the second one involves electrodes, where both
the four-electron and two-electron reactions take place. Carbon
materials such as C/PTFE, carbon cloth, graphite felt, and retic-
ulated vitreous carbon are classified into the first group and thus
can be used as electrodes for the electrochemical production of
H,0, [5-9]. Processes of indirect electro-oxidation of organic
compounds by H>O;, generated during cathodic reduction of
oxygen on the carbon/polytetrafluoroethylene (C/PTFE) O,-fed
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cathode, are promising for treating of organic toxicants, due to
their environmentally safety and simplicity.

Generally, the electro-Fenton process can be performed in a
no-diaphragm electrolysis device, where H,O» is produced on
the cathode in an acidic medium and Fe”* is added or offered
by Fe anode [10-14]. We developed a novel electrochemical
oxidation device and used it to treat the aqueous organic pol-
lutant without adding metal catalyst. It was constructed by a
Ti/IrO,/RuO, anode (DSA), a self-made C/PTFE O;-fed cath-
ode and an organic synthetic diaphragm between the anode
and the cathode. In this electrolysis device, the degradation of
organic pollutants was realized by the simultaneous oxidation
of active anode and oxidant species electro-generated on the
cathode [15].

In this paper, we present a detailed study on the degrada-
tion of phenol, 4-chlorophenol and 2,4-dichlorophenol in the
novel electrochemical oxidation device. The degradation mech-
anism of aromatic compounds in the cathodic compartment has
also been investigated in comparison with that in the anodic
compartment.

2. Experimental
2.1. Preparation of cathode

A mixture of 1.2 g of carbon power and 3 g of 10% polyte-
trafluoroethylene (PTFE) was suspended in 0.28 mL of ethanol
as dispersant. This suspension was mixed in 60-70°C water
bath, and the resulted wet paste was uniformly painted onto a
face of a carbon cloth that was cold-pressed between two lami-
nated steel plates. And further, the cathode was composed of two
C/PTFE layers stacked onto a stainless steel screen of 200 mesh
as current collector. The resulted electrode was then cut to obtain
operational C/PTFE O,-fed cathodes of 4 cm x 4 cm and about
0.4 mm thick.

2.2. Procedures

Electrolysis was conducted in a terylene diaphragm cell of
100 mL. The anode was Ti/IrO»/RuQ> net of 16 cm?2. The cath-
ode was a C/PTFE O»-fed electrode of 16 cm? fed with air.
A schematic diagram of the experimental setup was shown
in Fig. 1. A laboratory dc power supply with current—voltage
monitor was employed to provide the electric power. The
synthetic wastewater was used. The initial concentration was
100 mg/L, the reaction time was 120 min; the current density
was 39 mA/cm?; the concentration of supporting electrolyte
(NaS04) was 0.02 mol/L; the distance between electrodes was
2 cm; the initial pH was 7.0. Before experiment started, feeding
air was 5 min in order to keep dissolved oxygen saturation. The
feeding rate was 25 mL/s until the electrolysis process was over.

2.3. Analytical methods
The cyclic voltammetry (CV) spectra were recorded using

a potentiostat/galvanostat (EG&G Model 273A) with a stan-
dard three-compartment cell consisting of a Pt wire as a
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Fig. 1. Schematic diagram of apparatus in the divided cell.

counter electrode, an Ag/AgCl electrode as a reference, and
the C/PTEE electrode (0.5cm?) as a working electrode. A
0.02 mol/L. NapSQOy4 solution was used as an electrolyte, which
was saturated with oxygen (air, nitrogen) by feeding oxygen
gas (air, nitrogen gas) to the cell for 30 min before the elec-
trochemical measurements, and gas was continued throughout
the electrolysis. During the experiment process, the temperature
was kept constant at 25 °C. The scan rate was 20 mV/s.

The radicals were determined by electron spin resonance
spectrum (ESR) measurements, which were performed in the
X-band on a JES-FE3AX ESR spectrometer (JEOL, Tokyo,
Japan) at room temperature. ESR spectrometer was set as
follows: microwave frequency, 9.44 GHz; microwave power,
20 mV; modulation frequency, 100 kHz; modulation amplitude,
0.5 G; center field, 3367 G; scan width, 100 G; receiver gain,
2 x 10%; time constant, 0.3 s; sweep time, 4 min. The ESR spin
trapping agent was 5,5-dimethyl-1-pyrroline-N-oxide (DMPO,
11.1 mmol/L).

The determination of aromatic compounds and its stable
degradation products in electrolyzed solutions were carried
out on high-performance liquid chromatography (HPLC, Shi-
madzu, Japan) by comparing the retention time of the standard
compounds. Samples of 20 wLL previously filtered with PTFE
filters of 0.45 um were injected to the HPLC. The separa-
tion was performed using a Znertisl ODS-SP C18 column
(250 mm x 4.6 mm, 5 wm) at the flow rate of 1.0 mL/min and
at column temperature of 25°C. The aromatic compounds
were determined by HPLC, running with mobile phase of
methanol/water (v/v) at 80/20, and an UV detector was used
with the wavelength set at 280nm. The carboxylic acids
were determined by HPLC, running with mobile phase of
methanol/KH3PO4 25/75 (v/v) at pH 2.1 adjusted with H3PO4,
and an UV detector (210 nm) was employed.

The H,O; concentration accumulated during electrolysis was
determined by titration with permanganate using a standard pro-
cedure [11]. The chemical oxygen demand (COD) was measured
by the standard method. The concentration of chloride ion in
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electrolyzed solutions was determined by titration with mercury
nitrate using a standard procedure.

3. Results and discussion

3.1. The indirect electrochemical oxidation mechanism in
the cathodic compartment

Fig. 2 shows the variation of pH value with electrolysis time
in the cathodic and anodic compartments. In the diaphragm elec-
trolysis device, where the terylene diaphragm was used, it could
keep the pH > 12 in cathodic compartment and pH < 1 in anodic
compartment [16] after 20 min electrolysis whether the original
solution was acidic, neutral or alkaline solution.

Fig. 3 depicts CV curves in a 0.02 mol/L Nap;SOy4 solution
(pH 12.8 adjusted with NaOH solution) of the C/PTFE O,-fed
electrode surface at different gas. There was high reduction peak
(O, air) at about —0.47 V in the presence of oxygen. However,
this peak disappeared in the absence of oxygen (N3). According
to redox potential, the two-electron reduction of O3 to peroxide
anion (HO; ™) led the formation of reduction current peak at the
C/PTFE O;-fed electrode in a basic solution.
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Fig. 2. Variation of pH-value with electrolysis time in the cathodic and anodic
compartment.
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Fig. 3. Cyclic voltammograms corresponding to the reduction of O, on the
C/PTFE O;-fed electrode at different gas.
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Fig. 4. Variation of accumulated HO, ~ concentration with electrolysis time.

A titration method also was used to detect HO, ™~ concen-
tration accumulated in the cathodic compartment. Fig. 4 shows
the change of HO,™ concentration with electrolysis time. The
amount of HO, ™ is increased within 80 min electrolysis, and
then the accumulation HO, ™~ tends to steady concentrations of
8.3 mg/L.

In basic electrolyte, H>O, may be converted to HO, ™, HO®
and O, * as follows [17]:

H,O, + OH™ — H,O + HO,™ @))]
H,0, + HO,™ — HO® + O, °* + H,O 2)

The oxidizing power of HO, ™, HO® and O,~* are stronger
than H;O,, which can oxidize chlorophenols to smaller
molecule intermediates or to CO; and H,O in the divided
cell. ESR was used to quantitatively determine the free radi-
cal. Fig. 5 shows the typical ESR spectrum obtained by 15 min
electrolysis in DMPO solution. The spectrum was composed
of quartet lines with the peak height ratio of 1:2:2:1. The
ESR parameters (hyperfine constants any =ayg=14.0G and g-
value =2.0065) coincided with those of DMPO-OH® adduct as
demonstrated previously [18], confirming that the quartet signal
is DMPO-OH?* adduct. But the ESR spectra of the reactive prod-
uct of free radical O, ~* and DMPO (DMPO-OOH?* adduct) did
not be determined. This can be attributed to that the concentra-
tion of DMPO-OOH?* adduct was very low, or DMPO-OOH®*
adduct is unstable and it is prone to change to DMPO-OH*®
adduct.

10.0G
_

Fig. 5. ESR spectra of HO® radicals trapped by DMPO in the cathodic compart-
ment.
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3.2. The degradation of aromatic compounds

In the simulated organic wastewater, the removal efficiency of
aromatic compounds and the COD removal efficiency increased
with an increase in electrolysis time in the cathodic and anodic
compartment (Fig. 6). The mineralization degree of aromatic
compounds and COD removal in the cathodic compartment was
better than that in the anodic compartment.

In general, lower pH is favorable to the electrochemical oxi-
dation of organic pollutants. In the anodic compartment of the
diaphragm cell, the mechanism of the electrochemical oxidation
of organics at the metallic oxide Ti/IrO2/RuO, anode was very
complex and not yet fully understood. It seems to be that two
oxidation pathway are involved in direct anodic electrochemi-
cal oxidation process by MO,(OH®) or MO, produced on the

100 L. (@) Phenol

o0
o

‘ 4200
—o— Removal(anodic)

—o— Removal(cathodic)

: \\ {150

Removal(%)
3
COD(mg/L)

a0k \ {100
—
20Fk —e— COD(anodic) * J1so
—u— COD(cathodic)
1
0 1 1 1 1 1 1 0
0 20 40 60 80 100 120
Time(min)
. b) 4-chlorophenol e
-chloropheno
o ___(_-)_ 4 p! /g
80 | -4 200
—o— Removal(anodic)
§ 60 L —o— Removal(cathodic) 140 Q
: 2
2 . 5
5 40 1120
~ \. 8
P
20 —e— COD(anodic) - 30
—m— COD(cathodic) '\‘
0 1 1 1 1 1 1 40
0 20 40 60 80 100 120
Time(min)
100
(c) 2,4-dichlorophenol gm0 {140
80 i 120
—e— COD(anodic) ]
= e —=—COD(cathodic) |~
S 60 4100 =2
= N
g o £
1 a
5 af |7 o
=4 o
. 60
20 F —o— Removal(anodic) — 40
—o— Removal(cathodic) "
0 L L . . L . 20
0 20 40 60 80 100 120

Time(min)

Fig. 6. Removal of organics and COD in cathodic and anodic compartments
during electrolysis.

anode surface. In the presence of oxidizable organic compounds
(R), MO,(OH?®) radicals should predominantly cause their com-
plete degradation to carbon dioxide and water (electrochemical
cold combustion pathway). And MO, is supposed to react with
R to generate medium oxidation products via heterogeneous cat-
alytic oxidation at the active sites of the electrodes (chemical
oxidation pathway). The degradation of aromatic compounds
in the anodic compartment was supposed to be oxidized by
MO, (OH®) or MO, produced on the anode surface [19]. But
for anodic oxidation, it was difficult to achieve total mineral-
ization because of low MO,(OH®) or MO, concentration on
the anode. However, the oxidizing power of HyO,, HO® and
O, * existed in the catholyte during O; electro-reduction on the
C/PTFE cathode are very strong, which can oxidize organics to
smaller molecule intermediates or to CO, and H,O [20]. There-
fore, the mineralization of organics in the cathodic compartment
was better than that in the anodic compartment.

The COD removal of aromatic compounds increased with
the increasing electrolysis time (Fig. 6). The total COD removal
was lower than the corresponding degradation fraction of the
target phenols in three kinds of aromatic compounds. This
can be attributed to that aromatic compounds are oxidized
to smaller molecule intermediates. The results indicated that
the removal efficiency for organic compounds reached about
90% after 120 min, conforming to the sequence of phenol,
4-chlorophenol and 2.4-dichlorophenol. 4-Chlorophenol and
2,4-dichlorophenol are derivatives of phenol which contains
chlorine atom(s) in the aromatic ring. The organics became
more difficult to be oxidized with the increase of the number
of chlorine atom in the aromatic ring.

3.3. The degree of dechlorination

The concentration of chloride ion released from the target
aromatic compounds during the electrochemical oxidation was
measured to evaluate the dechlorination degree. It is the chlorine
substituent that mainly account for the toxicity of aromatic com-
pounds. Therefore, the degree of dechlorination indirectly repre-
sents the detoxification degree. During the degradation process
of 4-chlorophenol and 2,4-dichlorophenol (2,4-D), the changes
of the concentration of chloride ion with electrolysis time in the
cathodic and anodic compartment was illustrated in Fig. 7.

As shown in Fig. 7, the initial solutions of 4-chlorophenol and
2,4-dichlorophenol had the dissociative chloride ion. The chlo-
ride ion concentration of 4-chlorophenol and 2,4-dichlorophenol
increased in the both anodic and cathodic compartment with an
increasing of electrolysis time during 0-80 min electrolysis and
0-100 min, respectively, but the concentration of chloride ion
in the anodic compartment was higher than that in the cathodic
compartment in the same synthetic wastewater. This attributed to
the fact that in the initial period of the experiment, the chloride
ions of the cathodic compartment could diffuse to the anodic
compartment through terylene diaphragm, due to the electro-
static repulsion from the negatively charged cathode. Therefore,
their concentration in the anodic compartment was high. For
4-chlorophenol, the concentration of chloride ion reached high-
est after 80 min, and the degree of dechlorination reached about
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Fig. 7. Variation of C1~ concentration in the cathodic and anodic compartments
with electrolysis time.

95.3%. After 100 min, the concentration of chloride ion for 2,4-
dichlorophenol reached the highest, and the degree of dechlo-
rination reached about 75.4%. With the increase of electrolysis
time, the concentration of chloride ion decreased in two compart-
ments. Results indicated that chloride ion was already oxidized
to Cl, at the anode, as reported for the electrolysis of chlorophene
with BDD anode [21], and Cl, was immediately driven away
from the reaction system [22]. The dechlorination effect of 4-
chlorophenol was better than that of 2,4-dichlorophenol. This
can be attributed to that 2,4-dichlorophenol possesses one more
chlorine atom than 4-chlorphenol in the aromatic ring, and the
dechlorination difficulty of organics increased with the increase
of the number of chlorine atom in the aromatic ring.

In the cathodic compartment, the mechanism of the electro-
catalytic destruction of carbon—chlorine bond (R—Cl molecule)
was described by the following equations. First, chemisorbed
hydrogen atom ([H]) was formed on the cathodes surface by
reduction of water [23].

H,O + e~ — [H] + OH™ 3)
RCl + [H] + e~ — RH + CI™ 4

Hydrogenolysis of the C—CI bond then proceeded. In the
cathodic compartment, the chloride ion was released by the two
methods, which one was reduction dechlorination, and other was
hydroxylation oxidation.

3.4. Identification of intermediates and their evolution

These intermediates were unequivocally identified by com-
paring their retention times and UV-vis spectra with those of
pure compounds. It is noteworthy that the dechlorination of
2,4-dichlorophenol to monochlorophenol and phenol has been
reported by other researchers [24,25], whereas degradation of
4-cholorophenol to hydroquinone and 4-chlorocatechol using
anodic oxidation has been described by some researchers [26].
It is well-known [27] that electrochemical degradation of the
generated aromatic compounds leads to a mixture of carboxylic
acids. Figs. 8 and 9 show the evolution of the soluble species
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Fig. 8. Change of intermediates concentration of 4-chlorophenol in the anodic
compartment.

detected in the anodic and cathodic compartment during the
degradation of 4-chlorophenol. A fast formation and destruction
of main intermediates can be observed.

Fig. 8(a) shows the concentration of the primary products
hydroquinone and 4-chlorocatechol increases at the first 40 min
and then begins to decrease till complete removal within 120 min
in the anodic compartment. Their hydroxylated derivative ben-
zoquinone reached its peak concentration at about 60 min and
then reduced to below its detection limit at 120 min. Through
HPLC analyses, the main intermediates were aliphatic car-
boxylic acids (maleic, fumaric, oxalic, and formic acids) after
60 min. As can be seen in Fig. 8(b), maleic and fumaric acids
attained a maximum concentration at 80 min, further being
quickly degraded to oxalic and formic acids. After 120 min
most of aliphatic carboxylic acids were transformed into car-
bon dioxide and water. These results indicate that in the anodic
compartment all aromatic intermediates were transformed into
carboxylic acids, because they reacted rapidly with MO,(OH*)
or MO, produced on the anode surface.

A different behavior was found for degradation 4-
chlorophenol in the cathodic and anodic compartments. Fig. 9(a)
shows that phenol is the dechlorination products in the cathodic
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Fig. 9. Change of intermediates concentration of 4-chlorophenol in the cathodic
compartment.

compartment. This attributed to the fact that 4-chlorophenol was
found to dechlorinate to phenol at the C/PTFE O,-fed cathode.
Therefore, it was feasible to degrade chlorinated contaminants
by electrochemical reduction to non-chlorinated intermediates.
It was reason that the mineralization of organics in the cathodic
compartment was better than that in the anodic compartment.
The concentration of phenol increased at the first 20 min and
then began to decrease till complete removal within 80 min.
It has been shown previously that phenol is oxidized to form
hydroquinone and benzoquinone [12], which would suggest that
degradation of phenol follows the benzoquinone pathway.

In the cathodic compartment, similar concentration—time
plots were found for the same intermediates, however, the
amounts of them were lower than that of the anodic compart-
ment (see Figs. 8 and 9). The aromatic compounds products
(hydroquinone, 4-chlorocatechol, and benzoquinone) and car-
boxylic acids intermediates (maleic, fumaric, oxalic, and formic
acids) were found at a small amount and during shorter time
in the cathodic compartment than that in the anodic com-
partment. For example, Fig. 9(a) shows a small accumulation
of hydroquinone up to 6.2mg/L at 20 min of electrolysis in
the cathodic compartment and its complete mineralization in
100 min, whereas for the anodic compartment in Fig. 8(a), this

OH
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Fig. 10. Proposed reaction sequence for degradation of 4-chlorophenol in the
cathodic and anodic compartments.

hydroquinone persists for 120 min, reaching 23.5 mg/L as max-
imum in 40 min. This experiment clearly demonstrated that
4-chlorophenol was effectively dechlorinated and rapidly oxi-
dized in the cathodic compartment. The C/PTFE O,-fed cathode
can not only reductively dechlorinate 4-chlorophenols, but also
catalyzed the two-electron reduction of O, to hydrogen peroxide
(H>03), which was consistent with CV conclusions (see Fig. 3).

Fig. 10 presents a pathway for the degradation of 4-
chlorophenol in the cathodic and anodic compartment by the
C/PTFE Os-fed electrode system. The degradation pathway
in the cathodic compartment was proposed as follows: 4-
chlorophenol was found to dechlorinate to phenol (pathway
a). Hydroxylation on the C(4)-position of phenol led to hydro-
quinone. Whereas, a parallel HO® attacked on C(4)-position of
4-chlorophenol yields hydroquinone with loss of C1~. Hydro-
quinone was subsequently dehydrogenated to benzoquinone.
The oxidation of benzoquinone, after ring opening, led to the
formation of aliphatic carboxylic acids such as maleic acid and
fumaric acid, which were degradation to oxalic acid, and further
formed formic acid. Parallel hydroxylation on the C(2)-position
of 4-chlorophenol led to 4-chlorocatechol, which was converted
into maleic acid and fumaric acid [26]. The final products were
carbon dioxide and water [14].

The degradation reaction of 4-chlorophenol in diaphragm
electrolysis device was supposed to be cooperative oxidized
by direct or indirect electrochemical oxidation at the anode
and HO;, ™, HO® produced by oxygen reduction at the cathode.
Owing to its low current efficiency, in practical use, it was not
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necessary to degrade 4-chlorophenol to the final products of
COy. It may be more worthwhile to treat 4-chlorophenol to the
biodegradable stage-aliphatic carboxylic acids followed by an
economical biological process.

4. Conclusions

The electrochemical degradation of chlorophenols was stud-
ied in the diaphragm electrolysis device (a terylene diaphragm)
with Ti/IrO2/RuO;, anode and C/PTFE O;-fed cathode which
generated H>O, by a two-electron reduction of oxygen gas fed
to the cathode. After 80 min, the accumulation H,O; reached
steady concentrations of 8.3 mg/L in the cathodic compart-
ment. HO® was determined in the cathodic compartment of
the diaphragm O; by ESR. The removal efficiency for organic
compounds reached about 90% after 120 min, conforming to
the sequence of phenol, 4-chlorophenol and 2,4-dichlorophenol,
which suggested that with the increase of the number of chlorine
atom in the aromatic ring, the organics became more difficult to
be oxidized. And the dechlorination degree of 4-chlorophenol
exceeded 90% after 80 min. The oxidizing power of H>O,, HO®
and O, * existed in the catholyte during O; electro-reduction
on the C/PTFE cathode are very strong, which can oxidize
organics to smaller molecule intermediates or to CO; and H»O.
And 4-chlorophenol was reduction dechlorination at the cath-
ode. Therefore the mineralization of organics in the cathodic
compartment was better than that in the anodic compartment.
The degradation of organics was supposed to be cooperative
oxidation by direct or indirect electrochemical oxidation at the
anode and H;O,, HO® produced by oxygen reduction at the
cathode. HPLC allowed identifying phenol as the dechlorina-
tion product of 4-chlorophenol in the cathodic compartment,
and hydroquinone, 4-chlorocatechol, benzoquinone, maleic,
fumaric, oxalic, and formic acids as the main oxidation inter-
mediates in the cathodic and compartments. The combined
process of reduction and oxidation was in favor of improving
4-chlorophenol degradation efficiency.
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