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EFFECT OF ANODIC AND CATHODIC REACTIONS ON OXIDATIVE
DEGRADATION OF PHENOL IN AN UNDIVIDED BIPOLAR

ELECTROLYZER

MASAO SUDOH, TAKAMASA KODERA, HARUYOSHI HINO
AND HIROSHI SHIMAMURA

Department of Chemical Engineering, Shizuoka University, Hamamatsu 432
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Both anodic oxidation and generation of hydrogen peroxide through electroreduction of oxygen may be useful
for oxidative degradation of organic compounds. To clarify the effect of electrode reactions of both sides of a
bipolar plate on the current efficiency for oxidative degradation of phenol, experiments were conducted by using an
undivided bipolar electrolyzer having a vertical stack of perforated graphite electrodes, The Faradaic current I, was
arranged as a function of the electrode potential difference Ep between opposite sides of a bipolar plate. By
analyzing the I, — E, curves for the electrolyses in solutions containing different reactants, separate currents
corresponding to anodic and cathodic reactions were determined. The effect of £; on the COD current efficiency
Ce(COD) for the oxidative degradation of phenol could be well explained by the contribution of the currents of
phenol oxidation and oxygen reduction to the total current. The value of Ce(COD) in case of sparging oxygen

showed a bimodal curve having the maximum values with respect to Ej.

Introduction

Electrochemical treatments of waste water contain-
ing organic compounds are classified into two groups:
direct oxidation on the anode and indirect oxidation
using an oxidizing agent, hypochlorite? or hydrogen
peroxide, which is produced by electrolysis.”
Hydrogen peroxide is produced through electroreduc-
tion of oxygen on the cathode.””® In our previous
paper,” the oxidative degradation of aqueous phenol
effluent with electrogenerated Fenton’s reagent in a
catholyte compartment separated by a membrane in
an H-type cell was reported. In the ideal case, both
anodic oxidation and cathodic reduction in an un-
divided cell may be useful for oxidative degradation.
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In the present work, a divided bipolar electrolyzer
having a vertical stack of perforated graphite elec-
trodes is used experimentally to clarify the effect of
both electrode reactions on total current efficiency for
the oxidative degradation of phenol. The current-vol-
tage curves of the electrolysis in solutions containing
different reactants are analyzed by use of an equiva-
lent circuit model of a bipolar electrolyzer. The
current corresponding to separate electrode reaction
on the anodic or cathodic side of a bipolar plate is
determined and the contribution of the currents con-
nected with the oxidative degradation to the total
current is discussed.

1. Experimental

The bipolar electrolyzer shown in Fig. 1, similar to
the previous one,” was an acrylic cylindrical column
46 mm in inner diameter and 420 mm in height. As
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Fig. 1. Schematic diagram of apparatus

bipolar electrodes, two kinds of perforated graphite
plates (EG-38), 46 mm in diameter and 10 mm thick,
were used. One kind of plate had 12 holes of 6 mm
diameter with square pitch and the other had 13 holes
of the same diameter with right triangular pitch.
Twenty-one electrodes were arranged by stacking the
two kinds of plates alternately, each plate separated
from the next by a 5 mm-thick spacer. A direct current
flowed between the top and bottom plates as feeder
electrodes at a constant voltage. The eleventh plate
from the bottom was a composite electrode® for
measuring the Faradaic current. The resistance of the
electrolyte sandwiched between two bipolar plates
was measured with an A.C. bridge at 1kHz. In a
separate experiment, the current flowed between the
bottom plate and the second one from the bottom,
and the current-voltage curve was measured. Table 1
shows the electrolysis conditions of the solution com-
ponents and sparged gases. Anodic oxidation of
phenol without Fenton reaction was conducted in E1.
A combined process of anodic oxidation and Fenton
oxidation with hydrogen peroxide produced by cath-
odic reduction of oxygen was conducted in E2. To
study the Faradaic current in detail, the electrolyses of
E3-ES5 were conducted. The pH value was adjusted to
2 with sulfuric acid and the electroconductivity of the
electrolyte was adjusted to 0.45S-m™" with sodium
sulfate. The electrolyte volume was 0.27 dm>. Oxygen
or nitrogen gas was introduced at ug=1.4cm-s™!
from the bottom into the column where liquid was
treated in batch model. The experiments were con-
ducted at 293 K. Chemical oxygen demand (COD)
was measured with potassium dichromate. The
present paper reports the results in the early stage
of electrolysis, at less than 100 C.
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Table 1. Electrolysis conditions and related electrode
reactions

Abbrev. Reactants Gas El‘e(:trode
reactions (Egs.)
El Phenol Nitrogen (4), (5) and (9)
E2 Phenol, Fe?*  Oxygen (@~9)
E3 None Nitrogen (5) and (9)
E4 Fe?* Nitrogen (5), (6) and (9)
ES Fe?* Oxygen (5)-9)
80 T T T
2+
1t | 1¢|Gas PE?;[L:?J
cle 0 2.6 1.9
Alal™ [ o
60 Ho(m] N, F28 0 n
ofe[™] o
m
s K=0.45 S-m- /
S 40 | 7 lx —
e ‘.
- I,
20 ]
0
0 20 40 60

Fig. 2. Total current and Faradaic current at various cell
boltages

Bipolar electrodes were pretreated with concen-
trated hydrochloric acid and nitric acid, and the
electrolysis was carried out in sulfuric acid for half an
hour before each experiment. After the experiment,
the electrodes were washed with hot water.

2. Results and Discussion

2.1 Current-voltage curve

Figure 2 shows the total and Faradaic currents at
different cell voltages. Since oxygen is reduced on the
cathodic side of a bipolar plate, the total and
Faradaic currents in the case of sparging oxygen are
larger than those in the case of nitrogen gas. The
relation between currents and cell voltage is affected
by the electrode reactions on bipolar plates and feeder
electrodes, and also by the electrolyte resistivity.

Figure 3 shows an equivalent circuit for the bipolar
electrolyzer used in this work. The cell voltage E is
expressed as follows.

E=E,+(—E)+ NgEg+(Ng+Drl, &)

where Np, the number of bipolar plates, is 19,
E,+(—E,) the sum of the electrode potentials of
feeder electrodes, Ej the electrode potential difference
between opposite sides of a bipolar plate, r, the
resistivity and 7, the total current. In our previous
paper,® it was assumed that the term E, +(— E,) was
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negligibly small compared to the other terms on the
right-hand side of Eq. (1). The analysis assuming that
E,+(—E)=Ey was also reported.” In the present
paper, the value E,+(—E,) was estimated from the
current-voltage curve of electrolysis in the same elec-
trolyte with two plates at the bottom and E,+(—E,)
was given by the following equation.

Ea+(_Ec):EO*rsIt() (2)

where E, is the cell voltage and /,, the total current for
electrolysis with a pair of electrodes. By arranging Eq.
(1), the Ej value is determined from the following
equation.

Ep=[E—{E,+(—E)}—(Ng+Drd}/Ny  (3)

To obtain the Ej value, the function of E,+(—~ E_) to
I, is required. The function of E,+(—E,) to I,
determined from Eq. (2), was used instead of that of
E,+(—E) to I.

Figure 4 shows the relations between [, and
E,+(—E,) and also between I, and Ep. Both relations
had similar tendencies but /,, was larger than /. Since
the feeder and bipolar electrodes have a certain
thickness in the direction of current flow, strictly
speaking the potentials of the solution phase in the
pores of the two kinds of electrodes showed different
profiles. The values of E,+(—E,) and E, were repre-
sentative ones determined from an equivalent circuit
model. The difference of two current-voltage curves
might be affected by the actual potential profiles.

Figure 5 shows the relations of /, and I, to Ejp in
different solutions with sparging of oxygen or nitro-
gen gas. The total and Faradaic currents for sparg-
ing oxygen were larger than that for nitrogen gas at
whole values of Ez For sparging oxygen, the
Faradaic current at 2.6mol-m~® of phenol con-
centration was larger than that without adding phe-
nol, and the difference between the two currents was
largest at about 1.1V of Eg. For sparging nitrogen,
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Fig. 5. Arrangement of relation of 7, and I, to Ep

the Faradaic current at 2.6 mol-m ™2 of phenol con-
centration was a little larger than that without adding
phenol.
2.2 Electrode reactions

Electrode reactions on both sides of a bipolar plate
are shown by Egs. (4)-(11).
On the anodic side:

C¢H;OH =Oxidized products+ne " 4
2H,0=0,+4H" +4e~ (%)
Fe?* =Fe3* +e~ (6)
On the cathodic side:
O, +2H" +2¢~ =H,0, (7
O,+4H" +4¢~ =2H,0 (8)
2H* +2¢” =H, 9
Fe3* +e~ =Fe?* (10

Oxidized products+ne™ =Reduced products (11)
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In the solution phase, the hydroxyl radical produced
by Eq. (12) reacts with phenol and the Fenton
reaction’'? proceeds.

Fe2* +H,0,=F¢’* +OH +OH-  (12)

The Faradaic currents corresponding to anodic oxi-
dation of phenol of Eq. (4) and cathodic reduction of
oxygen to hydrogen peroxide of Eq. (7) are supposed
to be effective in the oxidative degradation of phenol.
The electrode reactions other than Eqs. (4) and (7) are
side reactions, whose currents are desired to be small.

To discuss the contribution of Egs. (4) and (7) to
the Faradaic current, the /. — Ep curves for different
experiments such as E1-ES were analyzed and divided
into anodic and cathodic parts with the following
assumptions.

(1) The I, values of Egs. (5) and (9) were sym-
metrical with respect to the line of E£,=0.23V vs. Ag/
AgCl

(2) The apparent electrode potential of oxygen
evolution was 1.2V vs. Ag/AgCL

(3) The currents corresponding to Eqgs. (10) and
(11) were small compared to the others.

(4) The currents of EI-E5 flowed according to the
different combinations of Egs. (4)—(9), as shown in
Table 1.

The current-voltage curves respective to Egs. (5)
and (9) were evaluated from the /. — Ejp curve of E3.
The anodic and cathodic potentials, E,, and E,, for a
certain value of I, were given by the following equa-
tions using assumption (1).

E,=Eg?2+0.23 (13)
Erc=Era_EB (14)

When several reactions occur on the electrode whose
surface does not change during the electrolysis, the
current is the sum of the separate currents of the
reactions with respect to the electrode potential. Since
the cathodic reaction of E1 was identical to that of
E3, the cathodic part of the current-voltage curve of
El was identical to that of E3. The anodic current I}
of E1 was determined as follows. The E,, value for a
certain value of I, was given by the following equa-
tion, using the E,, value on the cathodic part already
determined and the Ej value determined from the
I, — Ep curve of E1.

Era:Erc+EB (15)

A similar procedure was used to determine the anodic
and cathodic currents of E2-ES. Using the fact that
the cathodic current of E4 was identical to that of E3,
the anodic part of the current-voltage curve of E4,
which was identical to that of ES, was determined. On
the basis of the anodic part of ES, the cathodic part of
the current-voltage curve of ES, which was identical
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Fig. 6. Anodic and cathodic currents with respect to elec-
trode potential at phenol concentration of 0.52mol-m ™3
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Fig. 7. Anodic and cathodic currents with respect to elec-
trode potential at phenol concentration of 2.6 mol-m™3

to that of E2, was determined. Then, on basis of the
cathodic part of E2, the anodic part of E2 was
determined.

Figures 6-8 show the relations of 7, and I, to the
electrode potentials of the anodic and cathodic sides.
The anodic currents of Egs. (5) and (6) and also the
cathodic one of Eq. (9) are respectively indicated by
Iry o 11, and I, . In the case of E1 with nitrogen
sparging, the superscript* is added to the character
and the anodic current of Eq. (5) is indicated by 7}, ,.
The apparent potential of oxygen evolution was
obtained as 1.2V, which was in agreement with
assumption (2).

2.3 Contribution of Faradaic current to oxidative
degradation

In the case of El, only Eq. (4) is effective in the
oxidative degradation of phenol. The contribution f*
of the current of Eq. (4) to I} is expressed as follows.
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Ja=UF =17, )1 > 1007 (16)

In the case of E2, Egs. (4) and (7) are effective in the
oxidative degradation of phenol. Since it was difficult
to obtain the currents of Egs. (7) and (8) separately
and the current efficiency for producing hydrogen
peroxide was 50-70%° in the cathodic potential
ranging from —2.0V to —0.8V at pH 2, the sum of
the currents of Eqs. (7) and (8) was representative of
the current of Eq. (7). The respective contributions f,
and f, of Eqgs. (4) and (7) to [, are given by the
following equations.

Jo= =L o= 11, )/1, < 1007, (17)
Je=U =15, )/, x 1007, (18)

2.4 COD current efficiency
The COD current efficiency Ce(COD) is defined by
the following equation.

Ce(COD) =(—ACOD)2FV/(16Q) x 100%, (19)

where (—ACOD) is the reduced value of COD, V
liquid volume and Q the total coulombs. When
Ce(COD) is 1009, the COD value decreases by 16¢g
per 2F

Figure 9 shows the effect of E; on Ce(COD) in
experiment E1. The Ce(COD) value had its maximum
value at an Ej value of about 1.7 V. Since the curves
of Ce(COD) and f* of Eq. (16) indicated similar
tendencies to Ej, the oxidation efficiency n* given by
the following equation was determined by fitting the
experimental value of Ce(COD) by the least square
method.

Ce(COD)/(Np+1)=n3/ (20)

The value of #* obtained was larger than unity so that
COD might be reduced by reactions other than that
of Eq. (4) such as dimerization® or the reaction of
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Fig. 9. Effect of E; on COD current efficiency when
sparging nitrogen gas

phenol with organic radicals.

Figure 10 shows the effect of E; on Ce(COD) in
experiment E2. The values of f, and f,, also shown in
Fig. 10, had maximum values at Ej values of about
1.1 and 1.7V respectively. The value of Ce(COD) was
expressed by using oxidation efficiencies 7, and 7..

Ce(COD)=n,f,+n.f. (21)

The solid lines in Fig. 10 were calculated from Eq.
(21) using n, and 7, determined by the least square
method to fit the data. The Ce(COD) value showed a
bimodal curve with respect to Eg except for a phenol
concentration of 0.52mol-m 2. The values of £, and
/. increased with increasing phenol concentration, but
f, was smaller than f*. The Ce(COD) value of E2
increased with increment of phenol concentration and
was larger than that of El over a wide range of Ej,.
The effect of sparging oxygen to generate Fenton’s
reagent was found to be useful for reducing COD.

Conclusion

The effect of electrode reactions of the anodic and
cathodic sides on the oxidative degradation of phenol
was examined in an undivided electrolyzer with the
reactant solution sparged by nitrogen gas or oxygen
gas. To clarify the contribution of the Faradaic
current to the oxidative degradation, the Faradaic
current was divided into anodic and cathodic parts by
arranging the combination of electrode reactions in
different experiments. The Ce(COD) value of El
indicated a unimodal curve with respect to Ej.
Meanwhile, since the contribution of the anodic
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Fig. 10. Effect of Ey on COD current efficiency when sparging oxygen gas

current of phenol oxidation and the cathodic current c = cathodic
of reduction of oxygen were respectively largest at i = re?rs to Eq (6; L
= t .
about 1.1 and 1.7V, the Ce(COD) value of E2 ¥ refers to Eqs. (3) and (9)
C g . . 0 = electrolysis with a pair of electrodes
indicated a bimodal curve with respect to Ej.
{Superscript)

Nomenclature * = experiment with sparging nitrogen
Ce(COD) = COD current efficiency [%]
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