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A novel process of an oxidative degradation of aqueous phenol effluent with hydrogen peroxide produced by
electroreduction of oxygen dissolved in the effluent was studied. Effects of operational conditions such as pH,
cathode potential, ferrous ion concentration and phenol concentration on the degradation rate of phenol were
clarified. Phenol was successively degraded to carbon dioxide at pH 3 with higher efficiency rather than the other
pH’s. The COD current efficiency at pH 3 was higher than that for the anodic oxidation process of phenol and was
more than 609 for complete degradation in the range of 260-2600 ppm of initial COD.

Introduction

An organic effluent which cannot be easily decom-
posed by biological action has to be treated by
chemical oxidation. There are several methods of
chemical oxidation with different oxidants and dif-
ferent additional energies such as ultraviolet rays,
electrolysis and high pressure for the wet oxidation
process. Among treatments by electrolysis, anodic
oxidation'® of effluents containing organic com-
pounds has been most often studied. For the oxida-
tive treatment of aqueous phenol effluent by use of a
lead dioxide anode, the current efficiency of phenol
degradation decreased with decreasing-phenol con-
centration.®) This was caused by the decrease in
diffusion rate to the electrode with decreasing phenol
concentration.

Another application of electrolysis to chemical
oxidation process is the method in which the oxidant
is generated by electrolysis. Hydrogen peroxide is
produced by electroreduction of oxygen dissolved in
the effluent and reacts with ferrous ion to form
hydroxyl radical, which is a strong oxidant.
Electrogenerated Fenton’s reagent was used to syn-
thesize the oxidation products of organic sub-
stances.??

For application of electrogenerated Fenton’s re-
agent to waste water treatment, the degradation rate
and the products distribution have to be determined.
The objective of this paper is to clarify the effects of
the various factors on the degradation of aqueous
phenol effluent with electrogenerated Fenton’s re-
agent and to discuss the feasibility of this process.
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1. Experimental

The H-type dual-compartment electrolyzer shown
in Fig. 1 was used for producing hydrogen peroxide
by electroreduction of oxygen and for degrading
phenol with electrogenerated Fenton’s reagent. The
operational conditions are shown in Table 1. The
solution in each compartment was 0.17dm? in vol-
ume, stirred by a magnetic bar and separated by a
cation exchange membrane. Oxygen was sparged into
the catholyte. The cathode was a graphite plate (EG-
38, Nippon Carbon Co.) having an effective surface
area of 78cm? and the anode was a 2cmx 3cm Pt
plate. The catholyte consisted of dilute phenol, fer-
rous sulfate and a supporting electrolyte of 0.5
mol-dm ~? sodium sulfate. The anolyte contained only
the same supporting electrolyte. During the elec-
trolysis, the cathode potential was controlled by a
potentiostat (HA-310, Hokuto Denko Co.) with a
Luggin capillary connected to the reference electrode,
a Ag/AgCl electrode in a saturated KCI solution
(abbraviated SSE). The pH in the catholyte was kept

constant by a pH-stat (HSM-10M, Toa Electronics

Co.). The amount of electricity was monitored by a
coulometer.

Experiments of current efficiency for producing
hydrogen peroxide were made with catholyte contain-
ing only the supporting electrolyte. The concentration
of hydrogen peroxide was determined by measuring
the light absorption of the titanic-hydrogen peroxide
colored complex at 410 nm.

The concentrations of phenol and the oxidation
products were identified with a high-performance
liquid chromatograph (Hitachi-655) using a column
of Zorbax ODS at wavelengths of 210 nm and 250 nm
for the exclusive use of p-quinone. The elute was
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Fig. 1. Diagram of H-type electrolyzer.

Table 1. Experimental conditions

Cathode potential — [V] 0.2-1.0
pH [—] 1.0-4.0
Reaction temperature [K] 278-318
Ferrous ion concentration [mol m ! 0.20-50.0
Oxygen sparging rate [em? 1.50-16.3
Phenol concentration [mol m 3 1.0 -12.0

distilled water degassed by an ultrasonic instrument.
Chemical oxygen demand (COD) was measured with
potassium dichromate. Carbon dioxide produced was
absorbed into a KOH solution and measured by
titration with HCl wusing two indicators, phenol-
phthalein and Methyl Orange indigo carmine.

2. Results and Discussion

2.1 Electrolysis condition for producing hydrogen
peroxide

In acidic solutions, electroreductions of oxygen on
a graphite cathode are expressed as follows.®

0,+2H" +2¢~ ——H,0, (1)
O, +4H* +4e~ ——2H,0 )

The current-potential curve and the current efficiency
for producing hydrogen peroxide at 100C, Ce, in an
acidic solution, as shown in Fig.2, were different from
those in alkaline solutions.*> Ce was affected by pH
and cathode potential E and had its maximum value
of 859 at pH 3 and — E=0.6 V' vs. SSE. In the range
of pH 1-3, the concentration of hydrogen peroxide
increased at a constant value of Ce with increasing
electricity amount. Meanwhile, at pH 4, the con-
centration of hydrogen peroxide did not increase and
Ce decreased with an electricity amount of more than
200 C.
2.2 Fenton oxidation kinetics with electrogenerated
hydrogen peroxide

The oxidation mechanism of Fenton reaction pro-
posed by Walling*? is assumed.
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Fig. 2. Current-potential curve and current efficiency for
producing hydrogen peroxide at 100 C.

Fe* +H,0, “LFe’* +OH +0H-  (3)

Fe* +OH- 2, Fe** 4+ OH- )
RH+0H-&>R1-+H20 (s)
RH+OH- *2,R - 1H,0 6)
R, +Fe’" X, R * 1 Re2+ %)

R, +Fe?* X2,p - yFe* Hopy  (3)

With pseudo-steady state assumption for the con-
centrations of intermediate radicals, the ratio of the
decreasing rate of hydrogen peroxide to that of
ferrous ion is as follows.
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—2d[H,0,] _ 1+ (k3 +k3,)[RH]/(k,[Fe? ) 9)
—d[Fe*']  1+ks,[RHI/(k,[Fe* ™))

When only small amounts of ferrous ion and phenol
are consumed, Eq. (9) is equivalent to the ratio using
the concentration difference of both substances.

R=ar(1—R)+b (10)
Where
R=(—4[Fe’"D/(—24[H,0,]) , r=[Fe*']/[RH],
a=ky[(ks; +ksy) and  b=ks,[(ks +ksy) .
Then the decreasing rate of phenol is as follows.
—d[RH] _ k;k;, [RH] [Fe?*] [H,0,]
dt k[Fe? T+ (ks; +ks,)[RH]

When hydrogen peroxide is generated from oxygen,
Eq. (1) has to be added to the Fenton oxidation
kinetics mentioned above. Since the produced hy-
drogen peroxide reacts with ferrous ion and dimin-
ishes rapidly, the following pseudo-steady state is
assumed.

d[H,0,)/dt=1,/(2F V)~ k; [Fez +][H202]
=0 (12)

(11)

where I, is the current for Eq. (1) and V the catholyte
volume.
By arranging Eq. (11) with the relation of Eq. (12),

—d[RH)/dt=(1—=b)I,/{2FV (1 +ar)} (13)

Figure 3 shows the arrangement of Eq. (10) to
determine a and b at different pH values. At pH 3 and
pH 4, the values of b were relatively small, the
reduction of ferric ion of Eq. (7) proceeded and
ferrous ion was regenerated.

2.3 Current efficiency of phenol degradation

Cathodic reactions other than Egs. (1) and (2) take
place on the cathode.

Fe** +e~ — »Fe?* (14)
2H* 42~ ——H, (15)

The current during the electrolysis, I, is the sum-
mation of Egs. (1), (2), (14) and (15). The current
efficiency of phenol degradation, Cep, is defined by
the following equatiomn.

Cep=(—A[RH])2F V/Q x 100%, (16)

where O is total coulombs during electrolysis. When
hydrogen peroxide generated with an efficiency of
1 mol per 2F produces 1mol of hydroxyl radical to
oxidize 1mol of phenol, Ce, indicates 100%,. By
modifying- the differential term of Eq. (13) to a
difference term and substituting the term into Eq. (16)
with the relation of Q=1,4t¢,
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Fig. 3. Arrangement to determine ¢ and b in Fenton
oxidation kinetics.

Ce,=(1=b)L{I(1+ar)} x 100%,  (17)

Figures 4, 5 and 6 show comparisons between
experimental and estimated values of Cep at 100C,
which are respectively given by Egs. (16) and (17). Ce,
had its maximum value at a cathode potential of
—E=0.6V. Cep at pH 3 was higher than at pH 1 and
pH 2. The effect of pH on Cep was contributed to by
the kinetic parameter b, the smaller b resulting in
higher Cep. The experimental value of Cep had its
maximum value at a concentration of ferrous ion of
2mol-m ™. Estimated values of Cep agreed well with
experimental ones in the concentration range of
more than 2mol-m~2 of ferrous ion. In the lower
concentration range, there is a large deviation be-
tween estimated and experimental values. This might
be due to the fact that the assumption to introduce the
kinetics such as Egs. (4) and (12) does not hold at
lower concentrations of ferrous ion. Cep increased
with increasing initial concentration of phenol, as
shown in Fig. 6, and agreed well with the estimated
value from Eq. (17) using the kinetic parameters, a
and b, and the ratio of I, to I7.

2.4 Changes of phenol, products and COD with total
coulombs

As reported previously,” operation in the range of
pH 3-4.5 was effective for degrading phenol with
Fenton’s reagent. As shown in Fig. 7, at pH 4 the
degradation of phenol hardly proceeded with increas-
ing electricity amount because of the decrease in
current efficiency of hydrogen peroxide production.

At pH 3, phenol was successively oxidized to
organic acids and carbon dioxide, as shown in Fig. 8.
The concentration of oxalic acid increased gradually
with the electricity amount and had its maximum
value around 1000 C. It required a total of more than
6000 C to decrease the concentration of oxalic acid
below 0.1 mol-m 3. Since six moles of carbon was
theoretically produced from one mole of phenol, the
equivalent concentration of carbon dioxide was de-
scribed as the mole of carbon dioxide, m(CO,),
divided by 6 and the catholyte volume V. At 1800 C,
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Fig. 4. Effect of cathode potential on current efficiency of
phenol degradation when [RH}=2.5mol-m .
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Fig. 5. Effect of ferrous ion concentration on current ef-
ficiency of phenol degradation when [RH]=2.5mol-m 3.
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Fig. 6. Effect of phenol concentration on current efficiency
of phenol degradation at pH 3.

719 of initial phenol was converted to carbon dioxide
and 969 of initial COD was reduced.

The degradation rates of phenol with total cou-
lombs at pH 2 and pH 1, as respectively shown in
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Figs. 9 and 10, were slower than that at pH 3. At pH
2, the conversion of carbon dioxide and the COD
reduction were lower than those at pH 3. At pH 1, the
concentrations of the products were extremely low
and COD decreased slowly in comparison with the
decrease in concentration of phenol. Since tarry pre-
cipitates were observed in the reactant solution, the
oxidation of phenol might proceed to produce the
dimer or trimer of phenol.
2.5 COD current efficiency

If hydrogen peroxide is produced with an efficiency
of 1 mol per 2F and 1 mol of hydroxy! radical reduces
COD by 16g, the theoretical coulombs Q; required to
degrade initial COD completely is given by the fol-
lowing equation.

Or=2FV(CODy,)/16 (18)

When the COD current efficiency is 1009, the
theoretical COD reduction is equivalent to the value
of 16Q/(2F V). The COD current efficiency is defined
as follows.

COD reduction
16Q/(2FV)

Figure 11 shows the change of Ce(COD) and the
conversion of COD with the ratio of total coulombs
to the theoretical coulombs according to the initial
COD. Ce(COD) decreased with increasing total cou-
lombs and was higher than Cep, for phenol deg-
radation. Ce(COD) of more than 1009, might be
caused by the autooxidation of intermediate products
by degradation of phenol with oxygen other than
hydroxyl radical. Ce(COD) at pH 3 was higher than
that for the anodic oxidation process of phenol® and
was more than 60% for complete degradation in the
range of 260-2600 ppm of initial COD.

The current during the electrolysis, /5, increased
with incresing reaction temperature 7 and the oxygen
sparging rate G. Meanwhile, the degradation rate of
phenol with total coulombs was less affected by the
factors 7" and G, as shown in Fig. 12.

Ce(COD)= x100%  (19)

Conclusion

The effects of pH, ferrous ion concentration, phe-
nol concentration and cathode potential on the cur-
rent efficiency of phenol degradation were clarified by
a combination of the kinetics of Fenton oxidation and
the ratio of the current for producing hydrogen
peroxide to total current. Phenol was oxidatively
degraded to oxalic acid and carbon dioxide at pH 3
with a higher efficiency than at other pH values. The
COD current efficiency at pH 3 was higher than that
for the anodic oxidation process of phenol and was
more than 609 for complete degradation in the range
of 260-2600 ppm of initial COD.

JOURNAL OF CHEMICAL ENGINEERING OF JAPAN



pH4 288K

Er 06y @} Phenol O p-Quinone
6=8.7 cmd.s! O[Hydroquinone| A CODg,
3 CFe2*3= 2.0 mol-m-3 : D{Catechol ' ]
- \A‘ A T a 600
T e
£ T —e [ ) ® ® o-]
_— [pm )]
o g2 H400 §
I &
° g r 7 5
S o & S
.1 1+
= ) N 1200 O
S — —O-
B L
g 4
o 18]
0 O L 1 | L o
0 2 4 6 8 10
Gx107? CC3

Fig. 7. Changes of phenol, products and COD with total coulombs at pH 4.
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Fig. 9. Changes of phenol, products and COD with total coulombs at pH 2.
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