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Abstract

This paper reports work on the scale-up of a perforated bipole trickle-bed electrochemical reactor for the
electro-synthesis of alkaline peroxide. The reactor uses a relatively simple cell configuration in which a single
electrolyte flows with oxygen gas in a flow-by graphite felt cathode, sandwiched between a microporous polyolefin
diaphragm and a nickel mesh/perforated Grafoil anode/bipole. Both one and two-cell reactors are scaled-up from
cathode dimensions 120 mm high by 25 mm wide and 3.2 mm thick (reactor-A) to 630 mm high by 40 mm wide
and 3.2 mm thick (reactor-B). The scale-up is achieved by the use of constrictions that prevent segregation of the 2-
phase flow in the larger cell, combined with switching from a polypropylene to a polyethylene diaphragm with
improved transport properties and raising the electrolyte feed concentration from 1 to 2 M NaOH.For the one-cell
reactor-B with a polypropylene diaphragm, operating on a feed of 1 M NaOH and oxygen at 900 kPa(abs)/20 �C,
the peroxide current efficiency at a superficial current density of 5 kA m)2 increases from 27% (un-constricted
cathode) to 57% with a constricted cathode. The corresponding current efficiencies at 3–5 kAm)2 for reactor-A and
the constricted reactor-B are respectively 69–64% and 66–57%. Under similar conditions at 3–5 kA m)2 the one-
cell constricted reactor-B with a polyethylene diaphragm gives current efficiencies of 88–64%, and changing to an
electrolyte of 2 M NaOH raises this range to 90–80%. At 3–5 kA m)2 the equivalent two-cell (bipolar) constricted
reactor-B shows current efficiencies of 82–74% and at 5 kA m)2 obtains 0.6 M peroxide in 2 M NaOH with specific
energy 6.5 kWh per kg H2O2.

Nomenclature

i Current density A m)2

j Electrolyte (solution) conductivity S m)1

L Characteristic length m
V Electrode potential V
Wa Wagner number (ratio of Faradaic to Ohmic

resistance) dimensionless

1. Introduction

Hydrogen peroxide is one of the most important
chemicals used for bleaching and brightening wood
pulps. The relevance of peroxide has grown over the last
decade due to environmental restrictions imposed on
chlorine based chemicals, such that many pulp and
paper mills now consume 5–10 tonne day)1 of hydrogen
peroxide.
Over 90% of H2O2 is now manufactured by the

conventional thermochemical catalytic auto-oxidation
of anthra-quinols in a capital intensive process at dedi-
cated plants with capacities above 50 tonne day)1 [1]. As
pulpmills are scattered across theworld, an onsite process
for hydrogen peroxide generation at rates up to 10 tonne

day)1 would give the pulp and paper industry operating
flexibility and eliminate the need for hydrogen peroxide
transportation and storage. For most applications, the
pulp and paper industry uses alkaline peroxide in dilute
solutions (ca. 3%wH2O2), such as can be obtained by the
electro-reduction of oxygen [2]. If the capital cost could be
kept down this electro-synthesis route has the potential
for expanded use in the pulp and paper industry as an
onsite source of peroxide.
In a previous communication [3] we described a novel

perforated bipole trickle-bed electrochemical reactor for
peroxide generation by electro-reduction of oxygen,
aimed to reduce the high capital cost normally associ-
ated with this electro-synthesis. The reactor in that work
had 1 to 2 cells, each with graphite felt (3D) cathodes
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120 mm long by 25 mm wide by 3.2 mm thick, operated
at current densities in the range 1–5 kA m)2, ca.
800 kPa (abs) pressure and temperature (in/out) 20–
45 �C. The reactants O2 and NaOH were supplied in a
co-current upflow mode in that operation. Conventional
trickle bed reactors are operated in a co-current gas and
liquid downflow mode. But a co-current gas liquid
upflow mode was used in that work as both the mass
transfer capacity and the liquid hold up were higher in
this flow mode [4]. Increased liquid hold up increases the
effective electrolyte conductivity which lowers the IR
losses in the reactor. The reactor showed good perfor-
mance (current efficiency �78% at 2 kA m)2 and a
specific energy of 5 kWh per kg of peroxide generated)
with peroxide concentrations from 0.02 to 0.15 M in 1 M

NaOH.
To have a commercial process at hand, it is desirable

to increase the peroxide current efficiency at high
current density and to scale-up the perforated bipole
electrochemical reactor to industrial size.
Past work on scale-up of a trickle-bed electrochemical

reactor for generating alkaline peroxide has been
reported by Oloman [5], Yamada et al. [6, 7] and the
Dow (H-D Tech) cell group [8, 9]. Oloman presented
data on scale-up from a single 0.039 m2 ‘‘one compart-
ment’’ cell to a corresponding 5-cell bipolar reactor with
particulate graphite cathodes and also to a single 0.5 m2

cell operating at superficial current density of
0.5 kA m)2 with an electrolyte of 2 M NaOH. The
scale-up of superficial area in a single cell was accom-
panied by a decrease in current efficiency attributed to
dispersion and mal-distribution of fluids in the larger
cell. Yamada et al. used a dual compartment single cell
with a stainless steel web anode separated from a carbon
felt cathode by a cation membrane. The poor results
obtained in a cell with 0.8 m2 superficial cathode area,
relative to a cathode area of 0.005 m2, were attributed to
uneven distribution of liquid (electrolyte) in the
cathode felt.
Yamada et al. also investigated the liquid and oxygen

supply modes. It was seen from their work that when the
liquid and the oxygen gas were supplied separately to
the cathode, the current efficiency decreased compared
to that for a uniformly mixed flow of liquid and oxygen
gas obtained by ‘spraying’ the fluids into the cathode
bed.
The Dow (H-D Tech) group scaled-up to a commer-

cial multi-cell mono-polar reactor with superficial cath-
ode area of �1 m2 per cell. This approach gave a
product equivalent to about 1 M H2O2 in 1.5 M NaOH
with peroxide current efficiency of 90% at a superficial
current density of 0.62 kA m)2 and 2.0 V cell. The
major limitation of this reactor was however, its low
superficial current density and consequent high capital
cost that has apparently (so far) restricted it to only one
commercial application. Apart from the current density
limitation the reactor was constrained by the electrolyte
diaphragm-flow design to a maximum cell height of
about 1 m.

The present work aims to address the issue of reactor
scale-up at three levels:
(i) Increasing the superficial electrode area per cell in

the multi-cell perforated bipole reactor of our
previous communication [3].

(ii) Improving the uniformity of the 2-phase fluid flow
in the cathode of the larger cells.

(iii) Changing from a micro-porous polypropylene sep-
arator to a polyethylene separator with improved
transport properties, together with increasing the
concentration of NaOH in the electrolyte from 1
to 2 M.

The theoretical level of reactor modeling will be
described in a subsequent communication, aimed to
shed light on the perforation parameters, and to show
the comparison between the model and experimental
results of this work.

2. Reactor concept

The multi-cell trickle-bed bipolar electrochemical
reactor used here has porous diaphragm separators,
with perforations in the bipole electrodes that let
oxygen generated at each anode disengage from its
surface into the adjacent cathode. Table 1 summarizes
the reactions that occur here in the synthesis of
alkaline peroxide, as detailed along with the reactor
concept and configuration in our previous communi-
cation [3].

3. Experimental

Experiments were carried out on two reactors to see the
effect of cathode size:
(1) Reactor-A (Cathode: 120 mm long by 25 mm wide

and 3.2 mm thick.)
(2) Reactor-B (Cathode: 630 mm long by 40 mm wide

and 3.2 mm thick.)
Both reactors A and B were operated in the one-cell

and two-cell (bipolar) assemblies shown respectively in
Figures 1 and 2.

Table 1. Reactions in electro-synthesis of alkaline peroxide

Reaction Ee� V vs.

NHE at 298 K

(pH = 14)

Cathode

O2 + H2O + 2e � ) OH) + HO2
) ) 0.076 1

HO2
) + H2O + 2e � ) 3OH) + 0.878 2

2H2O + 2e � ) H2 + 2OH) ) 0.830 3

Anode

O2 + 2H2O + 4e � ( 4OH) + 0.401 4

O2 + H2O + 2e � ( OH) + HO2
) ) 0.076 5

Bulk

2HO �
2 ) 2OH) + O2 – 6
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3.1. Reactor components

The properties of reactor components in Figures 1 and 2
are similar to those described in our previous commu-
nication [3]. For reactor-B the components have been
slightly altered as described below:

3.1.1. Anode
The anode/bipole is a layered combination of plain
nickel mesh (100 mesh inch)1 from Argus Inc. Virginia,

USA) and perforated Grafoil1 (1.6 mm thick, from
Union Carbide Corp. New Jersey, USA). Nickel mesh is
used in conjunction with Grafoil to enhance the surface
area of the anode. This enhanced surface area helps to
keep the anode wet at high current density and prevent
localized Joule heating which could lead the diaphragm
to burn-out. The loss of current efficiency due to current
bypassing via the perforations is minimized by the right

1 2 3 4 5 6 7 8 9 10 11 12 13 

1, 13 - Carbon steel cell body 7 - Diaphragm (microporous polyalkene)
2, 5, 12 - Durabla gasket 8 - Anode (nickel mesh) 
4 - Grafoil sheet 3, 11 - S.S. current feeder
9 - Perforated anode (Grafoil)         6 - Graphite felt (3.2 mm thick)
10 - Dummy anode (nickel mesh) 

O2 +NaOH 
+H2O+H2O2

O2 +NaOH 
+ H2O

Fig. 1. One-cell reactor assembly.

1, 13 - Carbon steel cell body 8 - Anode (nickel mesh) 
2, 5 - Durabla gasket 9 - Perforated bipolar electrode (Grafoil)
3, 12 - S.S. current feeder 10 - Perforated anode (Grafoil) 
4 - Grafoil sheet 11 - Dummy anode (nickel mesh) 
6, 6` - Graphite felt (3.2 mm thick) 7 - Diaphragm (micro-porous polyalkene) 

(+) (-) 

(+)
(-)

O2 + NaOH
+ H2O2

O2 + 
NaOH

1 2 3 4 5 6 7 8 9 5 6` 7 8 10 11 12 2 13 

Fig. 2. Two-cell (bipolar) reactor assembly.

1Grafoil is a compressed graphite sheet with stainless steel insert.
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choice of the perforation parameters and compensated
by the ability to operate the reactor at super-atmo-
spheric pressure with (superficial) current densities up to
about 6 kA m)2. Previous work at U.B.C. [10, 11] found
good results for 1.6 mm diameter perforations with 2%
coverage and these values were used in the present work.

3.1.2. Diaphragm
The transport properties of the diaphragm separator
(item 7 in Figure 1), are critical to the operation of the
reactor in so far as they affect the cell voltage and the
loss of peroxide by convection to the anode (reaction 5).
Table 2 lists some properties of the two diaphragm
materials used in the present work, namely micro-
porous polypropylene (SCIMAT 700/20) and micro-
porous polyethylene (SOLUPOR E075–9H06A).

3.1.3. Cathode
The properties of the graphite felts used for the cathode
in reactors-A and B are listed in Table 3.

4. Scale-up philosophy

The philosophy of scaling-up chemical process units
requires that values of corresponding dimensionless

groups of the two units are similar [12]. Several
similarity criteria have been defined to guide the
engineer to scale-up a reactor [13]. The criteria normally
employed in thermochemical reactors are those of
geometric, kinematic and thermal similarity between
the reactors. In the case of electrochemical reactors an
additional criterion necessary to define the scale-up is
that of current/potential similarity. These four criteria
are discussed below:

4.1. Geometric similarity

Geometric similarity is achieved by fixing the dimen-
sional ratios of the corresponding reactors. However,
for electrochemical reactors, this criterion cannot
normally be met, as increasing the inter-electrode gap
would give a high voltage drop and increased energy
costs. Further, in 3D electrodes an increased electrode
thickness may cause a decrease in the average electric
potential and/or promote secondary electrode reac-
tions [14]. Therefore, geometric similarity is usually
sacrificed in favor of current/potential similarity in
electrochemical reactors. Scale-up in electrochemical
reactors is achieved by using multiple cells and reactor
units [15].

Table 2. Diaphragm properties

Source Material Type Thickness

mm

Poro-sity

%

Basis

weight

g m)2

Ion exchange

capacity meq

g m)1

Mean Pore

Size lm

SCIMAT Ltd. UK Microporous

polypropylene

700/20 0.15 na 45 0.6 na

SOLUPOR DSM

Solutech, Netherlands

Microporous

polyethylene

E075–9H06A 0.039 76 9 1.1 0.6

Table 3. Graphite felt properties Source: (Type Grade GF, Metaullics Systems Inc.)

Property Value Source

Initial porosity, eo 0.95 Metaullics systems Inc.

Mean fibre diameter (lm) 20 Idem

df Fibre density (kg m)3) 1500 Idem

Graphitization (�C h)1) 2400/2 Idem

Carbon content (%) 99 Idem

Uncompressed thickness (mm), to
Reactor-A 6.4 Measured

Reactor-B 8.2 Measured

Compressed thickness (mm), t

Reactor-A 3.2 Measured

Reactor-B 3.2 Measured

Compressed porosity, e e1� toð1� eoÞ=t
Reactor-A 0.90

Reactor-B 0.87

Compressed specific surface area (m)1), s s ¼ 4ð1� eÞ=df
Reactor-A 20000

Reactor-B 26000

Electronic conductivity of

compressed matrix (S m)1), kaps

kaps ¼ 10þ 2800ð1� e=eoÞ1:55 [17]

Reactor-A 39.2

Reactor-B 70.5
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4.2. Kinematic similarity

Kinematic similarity is concerned with the flow
velocities within a system. In any continuous reactor,
the gas and liquid flow loads, or more generally the
Reynolds’ numbers, govern the pressure drop, fluid
hold-up and mass transfer capacity in the system [5].
Therefore it was desirable to maintain similar gas and
liquid flow velocities through the corresponding reac-
tors. In the present work, a liquid flow of 20–
25 cm3 min)1 per cell (3.3–4.16� 10)7 m3 s)1) was used
for reactor-A with a cell cross-sectional flow area of
3.2 mm by 25 mm i.e. 80 mm2. The selection of liquid
flow in reactor-A was based on past experience with the
system. To maintain a similar velocity for the liquid flow
in the reactor-B with a cell cross-sectional flow area of
3.2 mm by 40 mm (128 mm2), a liquid flow in the range
32–40 cm3 min)1 (5.3–6.6� 10)7 m3 s)1) was indicated.
The liquid flow rate used in the present work with
reactor B was 40–45 cm3 min)1 (6.6–7.4� 10)7 m3 s)1).
The gas load in the scaled-up reactor was determined

by an analogous similarity criterion but was also
constrained by the stoichiometry of reaction 1. The
oxygen flow rate in reactor-A was ca. 200 cm3

(STP) min)1 (3.3� 10)6 m3 s)1), whereas for reactor-B
oxygen flow was in the range 300–420 cm3 (STP)/min
(5–6.9� 10)6 m3 s)1).

4.3. Thermal similarity

Thermal similarity implies matching the temperatures in
corresponding portions of the reactors under compar-
ison. This condition may be approached by temperature
control through internal heat transfer surfaces and/or
heat exchange with recycling reactants. Thermal simi-
larity is difficult to maintain in the scale-up of electro-
chemical reactors due to the effect of Joule heating
within inter-electrode dimensions of the order of
millimeters. The method of providing cooling channels
between cells (as in conventional fuel cell stacks) is not
practical in a perforated bipole reactor and in any case
would defeat the purpose of the reactor design, which is
to lower capital cost in the electro-synthesis of alkaline
peroxide.

4.4. Current/potential similarity

Electrochemical reactors, unlike their thermochemical
counterparts, require electrical similarity and this is
usually the most important criterion in the scale-up of
such reactors. Electrical similarity exists between two
units when corresponding electrode potential and
current density differences bear a constant ratio [15].
This criterion necessitates a constant inter-electrode gap
on scale-up. One factor normally employed to quantify
the effect is the Wagner number (Wa), which may be
defined as:

Wa ¼ j
L

� � dV

di

� �
ð1Þ

where j is the electrolyte conductivity, V the electrode
potential, i the current density and L the characteristic
length. For electrical similarity, the Wagner number in
the two reactors should have the same value at all points
being compared. In 3D electrodes, an inverse Wagner
number qualitatively describes the current distribution
in the system [16]. This sets the rules to get uniform
current distribution for scale-up. i.e. for reactors oper-
ating under kinetic control, better uniformity is obtained
for a higher slope of polarization curve, larger conduc-
tivity of electrolyte (j in equation (1)), smaller charac-
teristic length (L in the equation (1)) and lower average
current density.
The constraints of current/potential similarity require

that the scale-up of electrochemical reactors to indus-
trial capacity is usually achieved by (i) fixing the inter-
electrode gap while increasing the superficial area of
individual cells (e.g. up to about 2 m2/cell) and (ii)
stacking individual cells in monopolar or bipolar
multi-cell reactors (e.g. containing up to 200 cells).
Our approach to scaling-up the perforated bipole

peroxide reactor was aimed to achieve the high current
density (up to 5 kA m)2) and efficiency reported previ-
ously [3] by fixing the cathode thickness and inter-
electrode gap along with the liquid load, increasing the
superficial area per cell, increasing gas load to match the
current stoichiometry, unifying fluid distribution in
the large cell and stacking more than one large cell in
a bipolar reactor. While these steps met some of the
conditions for scale-up, other conditions were violated
as a result of:
– variation in composition, pressure and temperature

along the cell (due to reactant conversion, flow resis-
tance and Joule heating) that became greater with
increased cell length.

– current/potential distribution through the perfora-
tions of the bipole stack.

– mal-distribution of fluid flow (gas and liquid)
between cells in the bipole stack.
The above issues were exacerbated by the fact that the

peroxide reactor uses a three-dimensional (3D) cathode
in which fluid dispersion, mass transfer, potential,
pressure and temperature gradients interact through
the reaction kinetics to determine the peroxide current
efficiency. These difficulties were partly resolved in
complimentary theoretical work where reactors-A and-
B were modeled both as single cells and as two-cell
bipole stacks. This modeling work will be presented in a
subsequent communication.

4.5. Gas and liquid distribution

The effective operation of a trickle-bed electrode
requires uniform distribution of gas (reactant) and
liquid (electrolyte) over the surface of the solid (elec-
trode). In this respect gas and liquid flow distribution is
a major issue in the scale-up of trickle bed electrochem-
ical reactors.
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To assist the scale-up the flow was visualized in
transparent mock-ups of the cathode beds of reactors-A
and-B, made by bolting the gasketed graphite felt
between two Perspex sheets and operated with two-
phase (G/L) upward flow at 20 �C with inlet/outlet
pressure of 225/101 kPa(abs). In reactor-A the gas and
liquid passed through the un-constricted graphite felt in
slug flow. i.e. slugs of liquid were observed to flow
through the felt with gas flowing intermittently between
the slugs. The liquid slugs moved uniformly throughout

the length (120 mm) of reactor and covered the entire
width (25 mm).
The transparent (Perspex) version of reactor-B used

the same liquid load as reactor-A but an increased gas
load to account for the higher oxygen consumption in
the longer reactor. For 1.25 times the stoichiometric
requirement at 5 kA m)2 (maximum used in the present
work) the gas (oxygen) feed flow in reactor-B is
420 cm3(STP) min)1 per cell. While reactor-B was in-
tended to operate with an inlet/outlet pressure of 900/
800 kPa(abs) the Perspex model could withstand only
up to 225 kPa(abs), thus the oxygen flow used in the
visualization test to match the gas velocity in reactor-B
was from 50 to 200 cm3 (STP)/min (i.e. 8� 10)7 to
3� 10)6 m3 s)1).
When the un-constricted graphite felt of Figure 3 was

used in the Perspex version of reactor-B, with gas and
liquid flows respectively 50 cm3(STP) min)1 and
40 cm3 min)1 for a feed pressure 225 kPa(abs), it was
observed that at approximately 1/5th of the cell length
above the inlet the gas and liquid flows became
segregated as shown schematically in Figure 5a. At this
region the gas (oxygen) began flowing through the
centre and the liquid (electrolyte) along the edges of the

g g q g g p

a. U n-constricted cathode b. Constricted cathode

Fig. 3. Cathode shapes.

24

80

57

75

57

80

57

8

40

100

780630

Fig. 4. Constricted cathode dimensions (in mm).

a b 

Liquid flow

Gas flow

a. Un-constricted 

b. Constricted 

Fig. 5. Flow distribution of gas and liquid through graphite felt

cathodes.
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graphite felt. This flow separation led to poor contacting
between the three phases (gas–liquid–solid).
After several trials using different constricted cathode

configurations the constricted cathode in Figure 4 was
arrived at and it was found that these constrictions
promoted the re-distribution of gas and liquid and
maintained relatively good three-phase contacting in the
graphite felt bed. Both the un-constricted and con-
stricted cathodes (Figure 5a and 5b) were used in the
subsequent tests of reactor-B.

5. Results and discussion

Figures 6 and 7 show the results of experiments for
peroxide current efficiency and peroxide concentration
on a one-cell reactor-A compared to a one-cell reactor-B
with both un-constricted and constricted cathodes.
These experiments were done under the conditions listed
in Table 4.
Figure 6 shows that the current efficiencies in reac-

tor-B with the un-constricted cathode are substantially
lower than those with the constricted cathode operat-
ing at essentially the same conditions. At 5 kA m)2,
the peroxide current efficiency for the un-constricted
cathode is 27% compared to 57% for the constricted
cathode. This significant gain in peroxide current
efficiency was due to a more even flow distribution of
gas and electrolyte through the constricted cathode,
with consequent better gas-liquid-solid contacting,
compared to the un-constricted cathode. Figure 6 also
shows that at 1 kA m)2 the current efficiency for
reactor-A was much higher than the corresponding
efficiency for the constricted reactor-B (85% vs. 63%).
However the efficiencies approach similar values at
current densities of 3–5 kA m)2 (69–65% for reactor-A
and 65–57% for reactor-B). As the current efficiencies
in reactor-A and-B were similar at current density
exceeding 3 kA m)2, the constricted reactor-B was
taken as a scaled-up version of the one-cell reactor
for the purpose of this work.

Even though reactor-A was scaled-up to the one-cell
constricted reactor-B, the peroxide current efficiencies in
reactor-B were too low for the process to be econom-
ically viable. The low current efficiencies were a result of
a high peroxide loss through the diaphragm. Peroxide
loss through the diaphragm occurs by convection,
diffusion and migration of perhydroxyl ions that are
subsequently oxidized at the anode. The convective loss,
which is the major of these losses, was lowered by
replacing the polypropylene diaphragm (SCIMAT 700/
20) with a polyethylene diaphragm (SOLUPOR-
EH06A) that has a different set of transport properties,
as shown in Table 2.
Figure 8 shows the peroxide current efficiency and

specific energy in the one-cell constricted reactor-B with
both polypropylene and polyethylene diaphragms, using
electrolytes of 1 and 2 M NaOH. At 1 kA m)2 in 1 M

NaOH the current efficiencies with the polypropylene
and polyethylene diaphragms were respectively 63% and
95%. Increasing the current density to 5 kA m)2 in 1 M

NaOH dropped the current efficiency with the polyeth-
ylene diaphragm to 63%, but changing the electrolyte
from 1 to 2 M NaOH raised the corresponding current
efficiency to 80%. Also, as shown in Figure 9, the
highest peroxide concentration from the one-cell con-
stricted reactor-B with a polyethylene diaphragm at
5 kA m)2 increased from 0.44 M in 1 M NaOH to 0.57 M

in 2 M NaOH.
The drop in peroxide current efficiency at high current

density in 1 M NaOH was probably due to the oxygen
mass transfer constraint on the cathode-coupled to the
conductivity of 1 M NaOH and electro-active cathode
thickness. Raising the NaOH concentration to 2 M

increased the electro-active thickness of the cathode,
thus lowering the real current density and increasing the
current efficiency for peroxide generation. Another
reason for the drop in peroxide current efficiency in
1 M NaOH could be that the primary anode reaction
(reaction 4) became OH) mass transport limited at high
current density (e.g. 5 kA m)2), with a subsequent
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increase in the rate of the competitive electro-oxidation
of HO2

) (reaction 5). In 2 M NaOH the balance of
reactions 4 and 5 may be more favorable for the
preservation of the peroxide.

Experiments were also conducted on the two-cell
bipolar reactors-A and-B to see the effect of scale-up
using polyethylene and polypropylene diaphragms in 1
and 2 M NaOH, with the results given in Figures 10 and
11. Figure 10 shows that the peroxide current efficiencies
and specific energy consumptions from 2–4 kA m)2

were nearly the same in the two-cell reactors-A and-B
with polypropylene diaphragms. Therefore the two-cell
constricted reactor-B was taken as a scaled-up version of
the 2-cell reactor-A.
Figure 10 further shows that the peroxide current

efficiency in the two-cell constricted reactor-B can be
increased by using a polyethylene diaphragm with 2 M

NaOH, as was seen in the single-cell experiments. The
current efficiency and peroxide concentration at
3 kA m)2 in the two-cell constricted reactor-B, using
the polyethylene diaphragm and 2 M NaOH, reached
respectively 84% and 0.42 M, while the specific electri-
cal energy consumption for peroxide fell to 4.1 kWh per
kg of H2O2. The corresponding values at 5 kA m)2 were
74% current efficiency with 0.6 M peroxide in 2 M

NaOH and specific energy 6.4 kWh per kg H2O2.
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Table 4. Experimental conditions

Experiment fi Figure 5, 6

Reactor-A

Figure5, 6

Reactor-B

Figures 7, 8

Reactor-B

Figures 9, 10

Reactor-A

Figures 9, 10

Reactor-B

NaOH conc. M 1.0 1.0–2.0 1.0–2.0 1.0 1.0–2.0

NaOH flow ml/min/cell 20–25 55 45–55 20–25 45–55

O2 flow ml STP/min/cell 200 300 300 200 300

Reactor pressure kPa (abs) in–out 900-875 900–600 900–600 900–875 900–600

Reactor

Temperature

�C in–out 20–45 �C 20–75 �C 20–75 �C 20–45 �C 20–75 �C

Anode Ni 100# + Grafoil Ni 100# + Grafoil Ni 100# + Grafoil Ni 100# + Grafoil Ni 100# + Grafoil

Perforation diam mm/

coverage %

1.6/2 1.6/2 1.6/2 1.6/2 1.6/2

Diaphragm type SCIMAT 700/20 SCIMAT 700/20 SCIMAT 700/20

or SOLUPOR EH06A

SCIMAT 700/20 SCIMAT 700/20 or

SOLUPOR EH06A

Cathode:

Graphite felt

Thickness

mm/porosity %

3.2/90 3.2/87 3.2/87 3.2/90 3.2/87

No. of cells 1 1 1 2 2
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Fig. 8. Peroxide current efficiency and specific energy in a one-cell

constricted reactor-B with polyethylene and polypropylene dia-

phragms (other conditions as in Table 4).

0

10

20

30

40

50

60

70

80

90

100

1 4

Superficial current density / kA m-2

P
er

o
xi

d
e 

cu
rr

en
t 

ef
fi

ci
en

cy
 / 

%

0.0

2.0

4.0

6.0

8.0

10.0

12.0

S
p

ec
if

ic
 e

n
er

g
y 

/ k
W

h
/k

g
 H

2O
2 

Reactor-B with polypropylene diaphragm in1 M NaOH

Reactor-B with polyethylene diaphragm in 2 M NaOH
Reactor-A with polypropylene diaphragm in 1M NaOH 

2 3 5

Fig. 10. Peroxide current efficiency and specific energy in two-cell

reactors-A and–B (constricted) with polyethylene and polypropylene

diaphragms (other conditions as in Table 4).
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6. Conclusions

The perforated bipole trickle-bed electrochemical reactor
of our previous communication [3] was scaled-up from
cathode dimensions 120 mm high by 25 mm wide, and
3.2 mm thick (reactor-A) to 630 mm high by 40 mmwide
and 3.2 mm thick (reactor-B). The scale-up was achieved
by the introduction of constrictions that prevent segre-
gation of the 2-phase flow in the larger cell, combinedwith
switching from a polypropylene to a polyethylene dia-
phragmwith improved transport properties that suppress
the electro-oxidation of accumulated peroxide. Experi-
mental results show substantial improvement in the
performance of reactor-B due to the presence of constric-
tions, the switch to a polyethylene diaphragm and an
increase in the electrolyte feed concentration from 1 to
2 M NaOH.
In operation with feed conditions 900 kPa(abs)/20 �C

at 5 kA m)2 the one-cell (monopolar) reactor-A with the
polypropylene diaphragm generated 0.12 M peroxide in
1 M NaOH at 45 �C with a peroxide current efficiency
of 66% and specific energy consumption 7.8 kWh
per kg H2O2. Corresponding results for the two-cell
(bipolar) constricted reactor-B with polyethylene
diaphragms at 5 kA m)2 were 0.6 M peroxide in 2 M
NaOH at 75 �C with current efficiency 74% and specific
energy 6.4 kWh per kg H2O2. Further work is required
to scale-up this bipolar reactor for more than two cells
and superficial active area up to 1 m2/cell.
Modeling the perforated bipole trickle-bed electro-

chemical reactor will be described in a subsequent

communication, along with an outline of the process
economics associated with the potential application of
this novel unit to the electro-synthesis of alkaline
peroxide solutions.

Acknowledgements

This work was supported by grants from the Govern-
ment of Canada through the Natural Science and
Engineering Research Council (NSERC) and the
‘‘Wood Pulps’’ Network of Centre of Excellence, with
facilities supplied by the University of British Colum-
bia (U.B.C.) and the U.B.C. Pulp and Paper Centre.

References

1. J.I. Kroschwitz et al., Kirk-Othmer Encyclopedia of Chemical

Technology (John Wiley & Sons, New York, 1999).

2. I.R. Mathur and R. Dawe, TAPPI J 82 (1999) 157.

3. N. Gupta and C. Oloman, J. Appl. Electrochem. 36(2) (2006) 255.

4. I. Hodgson and C. Oloman, Chem. Eng. Sci. 54 (1999) 5777.

5. C. Oloman, J. Electrochem. Soc. 126(11) (1979) 1885.

6. N. Yamada, T. Yaguchi and M. Sudoh, in Advances in Mathe-

matical Modelling and Simulation on Electrochemical Processes and

Oxygen Depolarized Cathodes for Chlor-Alkali and Chlorate Pro-

cesses PV 98–10 (Electrochemical Society Proceedings Series,

Pennington, NJ, 1998), p. 275.

7. N. Yamada, T. Yaguchi and M. Sudoh, J. Electrochem. Soc. 7

(1999) 2758.

8. A. Clifford, D. Dong, E. Giziewicz and D. Rogers, in C.W.

Walton, John Van Zee and R.D. Varjian (Eds), ‘Electrochemical

Engineering and Small Scale Electrolytic Processing’, PV 90–10

(The Electrochemical Society Proceedings Series, Pennington, NJ,

1990), p. 259.

9. J.A. McIntyre and R.F. Phillips, J. Electrochem. Soc. Interface

4(1) (1995) 29.

10. C. Oloman, U.S. Pat. 4,728,409 (1988).

11. N. Gupta, ‘Scale-up of the perforated bipole trickle-bed electro-

chemical reactor for the generation of alkaline peroxide’

Ph.D.Thesis, University of British Columbia, Vancouver B.C.

Canada (2004).

12. R.H. Perry and C.H. Chilton, Chemical Engineers Handbook, 5th

ed., (McGraw Hill, New York, 1973).

13. H. Rase, Chemical Reactor Design for Process Plants (Wiley-In-

terscience, New York, 1977).

14. D. Pletcher and F. Walsh, Industrial Electrochemistry (Chapman

and Hall, 1990).

15. F. Goodridge and K Scott, Electrochemical Process Engineering

(Plenum Press, New York, 1994).

16. G. Prentice, Electrochemical Engineering Principles (Prentice Hall,

1991).

17. C. Oloman, M. Matte and C. Lum, J. Electrochem. Soc. 8 (1991)

2330.

0

0.1

0.2

0.3

0.4

0.5

0.6

1 2 3

Superficial current density / kA m-2

P
er

o
xi

d
e 

co
n

ce
n

tr
at

io
n

 / 
M

Reactor-B with polypropylene diaphragm in 1M NaOH

Reactor-B with polyethylene diaphragm in 2M NaOH

Reactor-A with polypropylene diaphragm in 1M NaOH

4 5

Fig. 11. Peroxide concentration in two-cell reactors-A and B (con-

stricted) with polyethylene and polypropylene diaphragms (other

conditions as in Table 4).

1141



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


