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Electrolytic Synthesis of Peroxyacetic Acid UsingIn Situ
Generated Hydrogen Peroxide on Gas Diffusion Electrodes
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An electrochemical method for the preparation of peroxyacetic acid~PAA! using in situ generated hydrogen peroxide on the gas
diffusion electrode~GDE! as an oxygen cathode has been described. Effects of several experimental conditions, such as current
density, oxygen feed rate, electrolyte concentration, electrolytic cell configuration, flow rate of electrolyte solution, and Pt catalyst
incorporated into GDE upon the cathodic reaction of oxygen to hydrogen peroxide as well as the production of PAA solution, have
been investigated. Hydrogen peroxide is electrogenerated by the reduction of oxygen on the GDE and the generated hydrogen
peroxide can undergo a chemical reaction with acetic acid in the presence of solid superacid, Nafion-H as a catalyst to produce
PAA. It is also suggested that the formation of PAA is initiated by the active oxygen, O* , electrogenerated on the cathode surface.
The current efficiency for the production of PAA was found to be 28% at a current density of 1 A/dm2 and electrolyte flow rate
of 160 mL/h. A probable reaction mechanism for the formation of PAA is proposed.
© 2004 The Electrochemical Society.@DOI: 10.1149/1.1782971# All rights reserved.
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The use of peroxyacetic acid~PAA! has been progressively i
creasing as disinfectant agents in the food and beverage indu
as industrial and household bleaching, and as oxidants in or
synthesis because of its environmental benefits~the reaction prod
ucts are oxygen, water, and acetic acid!.1,2 PAA is an ideal disinfec
tant in cleaning-in-place systems~typically used in breweries an
dairies!. To date, PAA is technically prepared by the reaction
concentrated hydrogen peroxide with acetic acid in the presen
an acid catalyst.3,4 However, on-site production of PAA has beco
of great interest because of the cost and hazards associated w
transport and handling of concentrated hydrogen peroxide and

The applications of electrogenerated hydrogen peroxide
been described in several recent papers for the synthesis of o
compounds, and for the detoxification and removal of organics
aqueous solution.5-15 Our recent report has described an elec
chemical application of on-site hydrogen peroxide generator t
synthesis of PAA.16 The main advantages of the proposed me
are~i! transportation of dangerous oxidants is not necessary,~ii ! the
concentrations of H2O2 and PAA solution can be controlled,~iii ! no
mineral acid is needed as catalyst, and~iv! the operation system
simple. However, the current efficiency for the production of P
was very low~less than 1%!.

In this paper, the preparation of PAA usingin situ electrogener
ated hydrogen peroxide at the gas diffusion electrode~GDE! has
been systematically studied to obtain a higher current efficienc
PAA production. The factors affecting the cathodic reduction of
gen to hydrogen peroxide and the preparation of PAA were e
ined in detail.

Experimental

Chemicals.—Acetic acid~100%! of reagent grade was obtain
from Kanto Chemical Co. Ltd. and used without further purificat
The superacid catalyst Nafion-H, a perfluorinated resinsulfonic
~Type: NR 50! was obtained from DuPont. Organic solvents for
HPLC obtained from Wako Pure Chemical Industries were of s
troscopic grade. All solutions were prepared with deionized w
purified by Milli-Q system~Millipore, Japan!.

Apparatus and procedure.—The three-chamber electrolytic c
used was basically of the same type as that described previo16

The GDEs with and without Pt catalyst were used as the cathod
electrogenerate hydrogen peroxide. Both GDEs were obtained
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E-TEK Inc. ~Somerset, NJ!. The amount of Pt catalyst loaded w
0.4 mg/cm2. Pt-mesh~80 mesh! electrodes of geometrical areas
0.19 dm2 were used as the anodes. The anode and cathode cha
having a 0.19 dm2 electrolysis area of circular shape, were mad
acryl resin. The middle chamber~reacting chamber! was compose
of Nafion-H beads. A Nafion 112 membrane~DuPont! was used a
solid polymer electrolyte which was mechanically attached to
anode. This was pretreated in acid to convert the counter ions
membrane to protons. The anode chamber contained deionize
ter. Acetic acid was fed into the middle chamber using a met
pump with a constant flow rate.

To examine the influence of the anode material, a two-cha
cell without Nafion membrane was used with Pt-plate anode in
of Pt-mesh anode. The size of electrodes was the same as tha
three-chamber cell. The anode chamber was composed of Na
beads and acetic acid was fed into this chamber. A schematic
of the cells used for the preparation of PAA is shown in Fig. 1

The middle chamber of the three-chamber cell is the same
anode chamber of the two-chamber cell, and its width is 0.5 cm
the volume is 9.5 cm3. Gaskets, fittings, and tubes were all mad
poly~tetrafluorethylene! ~PTFE!. Oxygen gas~99.999%! was sup
plied to the cathode chamber from a gas cylinder at a feed ra
10-70 mL/min. Electrolyses in both cells were performed wi
constant current. All the experiments were carried out at am
temperature and under atmospheric pressure.

Analysis procedures of products.—The concentration of electr
generated hydrogen peroxide was determined by volumetric titr
using a standard solution of potassium permanganate. The co
tration of PAA solution was determined by the HPLC based on
procedures described by Pinkernellet al.17: 1 mL of sample or stan
dard solution was mixed with 2 mL of a solution of 10 mM meth
p-tolylsulfide ~MTS! in methanol in a volumetric flask. Wate
methanol mixtures were added to a total volume of 10 mL. A
mg of manganese dioxide was added to each 10 mL sample e
1 min after addition of the MTS solution. After centrifugation, e
sample was injected directly into the sample loop. The HPLC in
ment consisted of the following components: pump TOSOH CC
injector valve, column TOSOH ODS Ts~dimension 150
3 4.6 mm), detector JASCO UV-970, and mobile phase
methanol/25% water. The injection volume was 20mL at a flow rate
of 1 mL/min and the UV detection wavelength was 230 nm.

Safety note18.—All preparations of PAA were carried out beh
a safety shield. PAA solutions should be handled gently bec
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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they cause severe irritant to eyes, skin, and mucous memb
Concentrated PAA solutions should never be mixed with org
substances including solvents.

Results

Effect of current density.—Figure 2 shows the current dens
dependence of the current efficiency for the hydrogen peroxid
cumulation using a three-chamber cell at 25°C. Here it shou
noted that hydrogen peroxide accumulation in the effluent afte
electrogeneration at the GDE and further decomposition in the
responding system, and thus the term ‘‘current efficiency for hy
gen peroxide accumulation’’ is preferable to ‘‘current efficiency
hydrogen peroxide production.’’ The current efficiency is low c
pared with the usual electrolytic preparation of hydro
peroxide.6,7 This fact can be attributed to a chemical reaction
tween hydrogen peroxide and acetic acid. Moreover, hydrogen
oxide could undergo decomposition via different chemical an
electrochemical processes in the solution as well as at the
surface.10 It is also obvious from Fig. 2 that the current efficien
for hydrogen peroxide accumulation decreases from 22.5 to 9%
increasing the current density from 1 to 10 A/dm2. The observe
decrease of the current efficiency with increasing current de
may be mainly due to the formation of hydrogen gas as a
reaction on the cathode. Moreover, further reduction of hydr
peroxide to water and/or chemical and electrochemical decom
tion of hydrogen peroxide significantly can occur as the cu
density is increased.7,10

Figure 3 shows the effect of current density on the concentr

Figure 1. Schematic drawing of~A! three-chamber and~B! two-chambe
cells used for the preparation of PAA.~a! Porous carbon plate as the curr
collector for the cathode,~b! porous Ti-plate as the current collector for
anode,~c! Nafion-H beads, and~d! cation exchange membrane~Nafion!.
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and current efficiency for the formation of PAA via electrogener
hydrogen peroxide in a three-chamber cell. The PAA solution
2.0-2.6 mM were found to be prepared when hydrogen peroxide
electrogenerated in acetic acid. The concentration of PAA sli
increased with increasing current density. The current efficienc
the formation of PAA was observed to decrease with increasin
current density. A current efficiency ofca. 9.5% was found at
current density of 1 A/dm2.

Effect of oxygen feed rate.—The effect of oxygen feed rate in
the cathode chamber on the current efficiencies for hydrogen p
ide accumulation and PAA production in a three-chamber ce
shown in Fig. 4. When the oxygen feed rate was increased
current efficiency for hydrogen peroxide accumulation graduall
creased and attained a constant value~ca. 29%!. The current effi
ciency for producing PAA remained almost constant when the
gen feed rate was increased from 10 to 70 mL/min.

Effect of electrolytic cell configuration.—To find the influence o
the anode material, a two-chamber cell without Nafion memb
was used with Pt-plate anode in place of Pt-mesh anode~see Fig. 1!.
In this case, the concentration of hydrogen peroxide was 20 m

Figure 2. Effect of current density on the current efficiency for hydro
peroxide accumulation at the GDE in a three-chamber cell. Electrolyte
rate: 160 mL/h; oxygen feed rate: 10 mL/min; acetic acid concentra
1 M.

Figure 3. Effect of current density on the concentration and current
ciency for the formation of PAA by electrogenerated hydrogen peroxi
the GDE cathode. Other experimental conditions are the same as in F
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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a current density of 1 A/dm2 and electrolyte flow rate of 10 mL/
Under the same experimental conditions, its concentration wa
mM when the electrolysis was carried out in a three-chambe
with Nafion membrane as a separator. The lower concentrati
hydrogen peroxide in a two-chamber cell can be attributed t
decomposition at the Pt anode surface.10

The effect of electrolytic cell type on the formation of PAA us
in situ generated hydrogen peroxide was insignificant: PAA of
same concentration was produced when the electrolysis was c
out in the three-chamber and two-chamber cells. This result sug
that the decomposition of PAA does not occur at the anode su
in contrast to the case of hydrogen peroxide.

Effect of electrolyte concentration.—Effect of acetic acid con
centration on hydrogen peroxide accumulation and PAA produ
in a three-chamber cell is shown in Fig. 5. It was found that hy
gen peroxide ofca. 35 mM can be produced in 0.1 M acetic ac
The concentration of hydrogen peroxide was observed to inc
with increasing the acetic acid concentration.

The concentration of the PAA prepared was highly affecte
the electrolyte concentration of acetic acid. The concentratio
PAA increased from 1 to 3.6 mM with increasing the concentra
of acetic acid from 0.1 to 5 M~Fig. 5!. This result can be expect
from the fact that the PAA is produced from a chemical reactio

Figure 4. Effect of oxygen feed rate on the current efficiencies for hydro
peroxide accumulation and PAA production at the GDE cathode in a t
chamber cell. Current density: 1 A/dm2; electrolyte flow rate: 160 mL/min
acetic acid concentration: 1 M.

Figure 5. Effect of acetic acid concentration on the concentrations of hy
gen peroxide and PAA in a three-chamber cell. Current density: 1 A2;
electrolyte flow rate: 10 mL/h; oxygen feed rate: 10 mL/min.
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acetic acid with hydrogen peroxide that is produced from the re
tion of oxygen in the presence of Nafion-H beads.16,20

Effect of flow rate of electrolyte solution.—Influence of the elec
trolyte flow rate on the concentration of hydrogen peroxide
current efficiency for its accumulation in a three-chamber ce
shown in Fig. 6. The concentration of hydrogen peroxide was
served to decrease from 50 to 5 mM with increasing the electr
flow rate from 10 to 160 mL/h. But the molar quantity of hydro
peroxide increased with increasing electrolyte flow rate. Th
higher current efficiency for hydrogen peroxide accumulation
obtained as the flow rate was increased.

Figure 7 shows the effect of electrolyte flow rate on the con
tration and current efficiency for producing PAA using a th
chamber cell. The PAA concentration slightly decreased with
creasing the electrolyte flow rate. On the other hand, the cu
efficiency for the formation of PAA was observed to increase
increasing the electrolyte flow rate as a result of the increased
quantity of PAA. The current efficiency of 9.5% was achieved
current density of 1 A/dm2 and electrolyte flow rate of 160 mL/h

Effect of Pt catalyst incorporated into the GDE.—A significant
influence of Pt catalyst incorporated into the GDE on the forma
of hydrogen peroxide and PAA in a three-chamber cell was

Figure 6. Effect of electrolyte flow rate on the concentration of hydro
peroxide and current efficiency for its accumulation at the GDE in a t
chamber cell. Current density: 1 A/dm2; oxygen feed rate: 10 mL/min; ace
acid concentration: 1 M.

Figure 7. Effect of electrolyte flow rate on the concentration and cur
efficiency for the formation of PAA by electrogenerated hydrogen pero
at the GDE cathode. Other experimental conditions are the same as in
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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served. The results are summarized in Table I. A lower concentr
of hydrogen peroxide~0.94 mM! was produced at the Pt cataly
incorporated GDE, compared with the GDE without Pt catalys~5
mM!. Thus, a lower current efficiency for hydrogen peroxide a
mulation was obtained at the Pt catalyst-incorporated GDE.
main pathway for the reduction of oxygen in aqueous media
been well-known to be a four-electron process producing w
when Pt is used as electrocatalyst.19 Moreover, Pt is an efficien
catalyst for hydrogen peroxide decomposition.10

Interestingly, a higher concentration of PAA was produced a
Pt catalyst-incorporated GDE compared with the GDE withou
catalyst. The concentrations of PAA and hydrogen peroxide wer
and 0.94 mM, respectively, at a current density of 1 A/dm2 and
electrolyte flow rate of 160 mL/h when the Pt catalyst-incorpor
GDE was used as the cathode~Table I!, while those concentration
were 2.1 and 5 mM at the GDE without Pt catalyst.

Discussion

The reduction of oxygen at the GDE cathode in acidic med
mainly two-electron process, which produces H2O2

6,9

O2 1 2H1 1 2e2 → H2O2 @1#

H2O2 produced at the GDE cathode can be further reduced to2O

H2O2 1 2H1 1 2e2 → 2H2O @2#

or H2O2 can be decomposed chemically to generate oxygen

2H2O2 → 2H2O 1 O2 @3#

These two pathways are alternatives for the four-electron
cess, a so-called series mechanism. The formation of PAA c
achieved by a nucleophilic attack of electrogenerated hydrogen
oxide on the protonated acetic acid in the presence of Nafi
catalyst.4,20 The overall reaction is expressed as follows

CH3-COOH 1 H2O2 � CH3

Nafion-H

-COOOH1 H2O @4#

It should be noted here that Nafion-H beads used as a ca
accelerate the formation of PAA as sulfuric acid catalyzes the
mation of PAA from acetic acid and hydrogen peroxide.3,4

Equation 4 allows us to expect that a higher concentratio
PAA can be prepared using a higher concentration of hydrogen
oxide when the concentration of acetic acid is constant. How
the results given in Table I are not consistent with such an exp
tion from Eq. 4. This may suggest that PAA is not prepared onl
an acid-catalyzed reaction, as discussed above. On the basis
vious reports14,15,21-24and the present results, it can be assumed
an active oxygen (O* ) might be generated on the cathode sur
during the reduction of O2 by

O 1 2H1 1 2e2 → O* 1 H O @5#

Table I. Effect of Pt catalyst incorporated into the GDE on the form
mL Õh; oxygen feed rate: 10 mLÕmin; acetic acid concentration: 1 M

Current density
~A/dm2!

Cell voltage
~V!

Con

PAAc

1a 3.0 6.2
1b 3.4 2.1

a GDE with Pt catalyst.
b GDE without Pt catalyst.
c The concentrations were determined by HPLC method.
d The concentrations were determined by titration method.
e Current efficiency for PAA production.
f Current efficiency for H2O2 accumulation~see text!.
2 2
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The activation and oxidation of acetic acid are initiated by
O* to produce PAA

CH3-COOH 1 O* � CH3-COOOH @6#

It was also reported that an introduction of metal catalyst to
carbon cathode enhanced the formation of active oxygen.14,24 The
results in Table I show that the addition of Pt catalyst into the G
resulted in the preparation of PAA of a higher concentration a
the same time suggest that O* might be more favorably formed
the GDE with Pt catalyst. The detailed mechanism for the gener
of O* is not clear at the present state but the mechanism m
similar to the generation of O* by P-450.21-23 Otsukaet al. have
reported the O* -catalyzed partial oxidation of cyclohexane and b
zene on the oxygen reduction cathode with Pd, carbon, and Fe
lysts during O2-H2 fuel cell reactions.14,15

Other possible actions of Pt as catalyst could also be envis
for example, a relatively large proportion of hydroperoxyl rad
(HO2

•) or hydroperoxide ion (HO2
2) generated during O2 reduction

could remain adsorbed on the Pt surface. Simultaneous adsorp
acetic acid could then favor a heterogeneous reaction betwee
species at the Pt cathode giving PAA. Reaction between hydr
oxide ion and acetic acid probably could also take place, alth
with less efficiency, on Nafion-H surface placed in the middle-
anode-chambers. The increase of current efficiency for hydr
peroxide accumulation and PAA production with increasing ele
lyte flow rate is~shown in Fig. 6 and 7! can be simply explained b
the faster desorption of hydrogen peroxide and PAA retaine
Nafion-H.

Conclusions

Electrochemical preparation of PAA has been achieved from
tic acid in the presence of solid superacid, Nafion-H, as a ca
using in situ generated hydrogen peroxide on GDE at ambient
perature and atmospheric pressure.

The current efficiency for hydrogen peroxide accumulation a
GDE was primarily governed by current density, oxygen feed
electrolyte concentration, electrolytic cell configuration, electro
flow rate, and Pt catalyst loaded on the GDE. The preparatio
PAA by electrogenerated hydrogen peroxide largely depended o
acetic acid concentration and on whether Pt catalyst is loaded
GDE or not, but it was slightly affected by the current den
electrolyte flow rate, oxygen feed rate, and type of electrolytic
The maximum current efficiencies obtained for the productio
PAA were 28 and 9.5% at the GDEs with and without Pt cata
respectively.
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