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Abstract This paper describes the modeling of a novel

perforated bipole electrochemical reactor with trickle-bed

cathodes employed in the electrosynthesis of alkaline per-

oxide solutions. The model engages an electronic analogue

of the 3D electrode/bipoles to solve the coupled material,

energy and voltage (charge) balances that estimate the

potential, current density, composition, pressure and tem-

perature profiles through the reactor. The predictions of this

model are compared to the performance of a bench scale

experimental reactor operating at superficial current den-

sities up to 5 kA m–2. With eddy diffusion through the

diaphragm as the single adjustable parameter the model

shows good agreement with peroxide current efficiency but

underestimates the electrochemical specific energy con-

sumption by about 2 kWh/kg H2O2 at 5 kAm–2.

Keywords Electroreduction � Oxygen � Peroxide �
Electrochemical � Electrosynthesis � 3D electrodes �
Perforated bipole � Trickle-bed � Graphite felt � Modeling

Symbols

aa Tafel parameter for reaction (4) on the

anode (V)

ac1 Tafel parameter for reaction (1) on the

cathode (V)

ac2 Tafel parameter for reaction (2) on the

cathode (V)

ba Tafel slope for reaction (4) on the anode

(V decade–1)

bc1 Tafel slope for reaction (1) on the cathode

(V decade–1)

bc2 Tafel slope for reaction (2) on the cathode

(V decade–1)

C Reactant concentration (kmol m–3)

CaOH� Concentration of hydroxyl ion on the anode

side (kmol m–3)

C.B. Fraction current bypass in the reactor

(dimensionless)

C.E. Current efficiency (dimensionless)

Celectrolyte (j) Concentration of electrolyte j (kmol m–3)

Celectrolyte;O2
O2 concentration in electrolyte (kmol m–3)

CHO�
2

Concentration of per hydroxyl ion

(kmol m–3)

CH2O;O2
O2 concentration in water (kmol m–3)

CNaOH;O2
O2 concentration in NaOH (kmol m–3)

CNaþ Concentration of sodium ion (kmol m–3)

CO2
Concentration of oxygen (kmol m–3)

COH� Concentration of hydroxyl ion (kmol m–3)

cl Liquid heat capacity (kJ kg–1K–1)

cg Gas heat capacity (kJ kg–1K–1)

D Dispersion coefficient (m2 s–1)

DHO�
2

Diffusivity of perhydroxyl ion (m2 s–1)

DO2
Diffusivity of oxygen (m2 s–1)

DOH� Diffusivity of perhydroxyl ion (m2 s–1)

DNaþ Diffusivity of sodium ion (m2 s–1)

D0
HO�

2
Diffusivity of perhydroxyl ion at infinite

dilution (m2 s–1)

D0
O2

Diffusivity of oxygen at infinite

dilution (m2s–1)

D0
OH� Diffusivity of hydroxyl ion at infinite

dilution (m2s–1)

D0
Naþ Diffusivity of sodium ion at infinite

dilution (m2s–1)
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DdHO�
2

Effective diffusivity of perhydroxyl ion in

the diaphragm (m2s–1)

DdOH� Effective diffusivity of hydroxyl ion in the

diaphragm (m2s–1)

Ded Eddy diffusivity of hydroxyl ion

(convection) (m2s–1)

DL Diffusivity of liquid (m2s–1)

df Fibre diameter (m)

Ea1 Activation energy for reaction (1) on

carbon (kJ kmol–1)

Ea2 Activation energy for reaction (2) on

carbon (kJ kmol–1)

EH2O2
Activation energy for H2O2 decomposition

reaction (3) (J mol–1)

F Faraday’s constant (96486) (kC kmol–1)

G Gas load (kg m–2s–1)

g Gas (oxygen) flow rate (kg s–1)

H Henry’s constant for oxygen in NaOH

(kmol kg–1 m–2s2)

HO Henry’s constant for oxygen in H2O

(kmol kg–1 m–2s2)

hG Sechenov parameter (dimensionless)

hi Sechenov parameter (dimensionless)

hl Liquid hold up (dimensionless)

Ireactor Total current fed to the reactor (A)

I1 Current transferred due to electrochemical

reactions (A)

I2 Current bypass through the reactor (A)

i1HO�
2

Superficial current density for reaction (4)

on the anode in cell 1 (A m–2)

i2HO�
2

Superficial current density for reaction (4)

on the anode in cell 2 (A m–2)

i1OH� Superficial current density for reaction (5)

on the anode in cell 1 (A m–2)

i2OH� Superficial current density for reaction (5)

on the anode in cell 2 (A m–2)

iHO�
2

Superficial current density for reaction (4)

on the anode (A m–2)

iOH� Superficial current density for reaction (5)

on the anode (A m–2)

j Current density (A m–2)

jcathode Total real current density for reaction (1)

& (2) on the cathode (A m–2)

jHO�
2

Real current density for reaction (1) on the

graphite felt cathode (A m–2)

jOH� Real current density for reaction (2) on the

graphite felt cathode (A m–2)

jlim1 Mass transfer limited real current density

for oxygen transfer (A m–2)

jlim2 Mass transfer limited real current

density for perhydroxyl ion transfer

(A m–2)

j(1) Total superficial current density on the

anode for (4) & (5) (A m–2)

j(k) Real current density for (1) on cell1: where

k = 2, 4,....(n–1)/2 (A m–2)

Real current density for (2) on cell1: where

k = 3, 5,....(n–1)/2 + 1 (A m–2)

Real current density for (1) on cell 2: where

k = (n–1)/2 + 2, (n–1)/2 + 2 ....(n–1) (A m–2)

Real current density for (2) on cell 2: where

k = (n–1)/2 + 3, (n–1)/2 + 5 ....n n = 4m+1,

where m is an integer (A m–2)

j1HO�
2

Real current density for reaction (1) on the

graphite felt of cell 1 (A m–2)

j2HO�
2

Real current density for reaction (1) on the

graphite felt of cell 2 (A m–2)

j1OH� Real current density for reaction (2) on the

graphite felt of cell 1 (A m–2)

j2OH� Real current density for reaction (2) on the

graphite felt of cell 2 (A m–2)

j01 exchange current density for reaction (1)

on graphite (A m–2)

j02 exchange current density for reaction (2)

on graphite (A m–2)

j0a exchange current density for reaction (4)

on nickel (A m–2)

Ks,j Sechenov constant (l mol–1)

kcontact Contact area conductivity of grafoil and

graphite felt (S m–2)

kapl Electrolyte (solution) conductivity (S m–1)

kapb Effective electrolyte conductivity in the

graphite felt (S m–1)

kapd Effective electrolyte conductivity in the

diaphragm (S m–1)

kaps Effective electrode conductivity (graphite

felt) (S m–1)

kgrafoil Conductivity of grafoil (S m–1)

kperf Perforation electrolyte conductivity (S m–1)

kH2O Mass transfer coefficient for water transfer

(m s–1)

kHO�
2

Overall mass transfer coefficient for per

hydroxyl ion (m s–1)

km Mass transfer coefficient (m s–1)

kO Overall mass transfer coefficient for O2

transfer (m s–1)

k1 Electrochemical rate constant for reaction

(1) (m s–1)

k2 Electrochemical rate constant for reaction

(2) (m s–1)

k0 Electrochemical rate constant at a defined

temperature (m s–1)

k0
1 Electrochemical rate constant for reaction

(1) at 288 K (m s–1)
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k0
2 Electrochemical rate constant for reaction

(2) at 288 K (m s–1)

ko
a Standard rate constant (anodic) (m s–1)

ko
c Standard rate constant (cathodic) (m s–1)

le Length of reactor (m)

lin Number of length increments of the reactor

(dimensionless)

liq Liquid flow rate (electrolyte) (kg s–1)

ln Log to the base e (2.7123 approx.)

log Log to the base 10

MO2
Molecular weight of oxygen (0.032)

(kg mol–1)

MWproduct Molecular weight of product (kg kmol–1)

NHE Normal hydrogen electrode potential

(298 K and 101 kPa abs.): defined as 0 V

(V)

n Number of equations to be solved for the

two cell reactor where n = 4m+1, where m

is an integer

ncell Number of cells in the reactor

ni Number of ions in the electrolyte

(dimensionless)

no Number of electrons exchanged in the

reaction (dimensionless)

perf Fraction perforation area in the bipolar

electrode (dimensionless)

P Reactor pressure (kPa)

PH2O Vapour pressure of water (kPa)

PO2
Partial pressure of O2 (kPa)

R Gas constant, (8.314) (kJ kmol–1K–1)

S.E. Specific energy (electrochemical) (kWh/kg)

s Specific surface area of the bed (m–1)

T Temperature (K)

tb Cathode matrix (graphite felt) thickness

after compression (m)

td Diaphragm thickness (m)

to Cathode matrix (graphite felt) thickness

before compression (m)

tperf Thickness of perforation (m)

u Electrolyte velocity in direction of flux

(m s–1)

UG Superficial gas velocity (m s–1)

UL Superficial liquid velocity (m s–1)

Vc Voltage per cell (V)

Vcf Electrolyte potential at the face of the

cathode bed (V)

Vcontact1 Contact resistance between grafoil and

graphite felt at bipolar electrode (V)

Vcontact2 Contact resistance between grafoil and

graphite felt at end cathode (V)

Vd Diaphragm potential drop (V)

Vr Reactor voltage (V)

Vra Equilibrium potential for reaction (4) on

anode (V)

VR
c Equilibrium potential (measured w.r.t. SHE)

of cathode (V)

Vo
c Standard equilibrium potential (measured

w.r.t. SHE) of cathode at unit activity of

reactants and products (V)

Vrc Equilibrium potential for a cathodic reaction

(V)

Vrc1 Equilibrium potential for reaction (1) (V)

Vrc2 Equilibrium potential for reaction (2) (V)

w Width of the reactor (m)

x Distance (m)

zHO�
2

Charge on perhydroxyl ion (1)

(dimensionless)

zNaþ Charge on sodium ion (1) (dimensionless)

zOH� Charge on hydroxyl ion (1) (dimensionless)

Superscripts

new Value at exit in Figure 12

Greek Symbols

a Charge transfer coefficient (dimensionless)

a1 Electrochemical charge transfer coefficient

for reaction (1) (dimensionless)

a2 Electrochemical charge transfer coefficient

for reaction (2) (dimensionless)

eb Graphite felt porosity after compression

(dimensionless)

ed Diaphragm porosity (dimensionless)

ga Anodic overpotential (V)

gaOH� Overpotential for reaction (4) on anode (V)

gc Cathodic overpotential (V)

gc1 Overpotential for reaction (1) on the cathode (V)

gc2 Overpotential for reaction (2) on the cathode (V)

lG Gas viscosity (kg m–1s–1)

lL Liquid viscosity (kg m–1s–1)

s Residence time in the reactor (s)

qL Liquid (electrolyte) density (kg m–3)

qG Gas (oxygen) density (kg m–3)

r Standard deviation (dimensionless)

/ potential (V)

/s Electrode potential (V)

/b Electrolyte potential (V)

DHevap Heat of vaporization of water (kJ/mol)

rPLG Two-phase pressure gradient (kg m–2s–2)

Dl Length of the graphite felt fibre, (m)

DPLG Two-phase pressure drop (kg m–1 s–2)

Dz Thickness of the cross-section in Figure 7 (m)

s is the residence time in the model (described

above)
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1 Introduction

Alkaline peroxide generation using a novel perforated bipole

trickle bed electrochemical reactor has been described in our

previous work [1, 2]. Each cell in the electrochemical reactor

uses a flow-by electrode as shown in Fig. 1. Subsequently we

presented experimental work [3] on scaling-up both one and

two-cell reactors from a cathode size of 120 mm long (le) by

25 mm wide (w) by 3.2 mm thickness (tb) (reactor-A) to

630 mm long by 40 mm wide by 3.2 mm thickness (reactor-

B). In order to interpret the effect of scale-up and to design a

practical multi-cell industrial reactor it is desirable to model

the perforated bipole trickle bed electrochemical reactor for

peroxide generation.

Earlier work on modeling a conventional single-cell

trickle-bed reactor for peroxide generation has been done by

Oloman [4], Spalek [5] and more recently by Sudoh et al. [6].

These models used approximations such as isothermal

operation with the rate of peroxide generation under kinetic

control [4] and neglected the 3D electrode potential gradient

[5, 6]. A more comprehensive single-cell model for use in

reactor scale-up is complicated by accounting for the elec-

trode potential gradient in the mixed control regime (i.e.

mass transport and kinetics are of the same order of magni-

tude) as well as pressure and temperature gradients and the

effects of axial and transverse dispersion in the cathode. In

the special case of a perforated bipole reactor the bipole

perforations further complicate the modeling work, as they

allow current to bypass each cell, causing loss in peroxide

current efficiency. The intent of this paper is to describe a

model for the perforated bipole electrochemical reactor and

compare the modeling results with experimental data.

2 Experimental

The experimental set-up of the perforated bipole trickle bed

electrochemical reactor-B and corresponding experimental

results are as previously published [2, 3]. The experiments

described below were carried out to provide further infor-

mation on reaction kinetics and fluid dispersion necessary

for the reactor model.

2.1 Reaction kinetics

The reactions taking place in the electrochemical reactor

are summarized in Table 1. The intrinsic kinetic parame-

ters of the reactions (1), (2) and (4) are taken from the

literature (see Table 4), while reaction (3) is considered

insignificant from previous experience showing negligible

H2 under similar process conditions.

The kinetics of the thermochemical peroxide decomposi-

tion reaction (6) were determined experimentally by

measuring the rate of peroxide decomposition in 500 ml glass

flasks at 41, 60 and 80 �C, in 2M aqueous NaOH with the

electrolyte additives 0.002%w Makon NF-12 (wetting agent)

and 0.1%w DTPA (chelating agent). The peroxide decompo-

sition rates are shown in Fig. 2 and the corresponding first

order rate constants at 41, 60 and 80 �C, are 8 · 10–6,

6 · 10–5 and 7 · 10–4 s–1 respectively. The rate constants

from Fig. 2 are plotted against the inverse of temperature in

Fig. 3 to give the activation energy (EH2O2
) for peroxide

decomposition as 1.02 · 105 J mol–1. Erdey and Inczedy [7]

have measured the activation energy for peroxide decom-

position in alkaline solutions to be 8.4 · 104 J mol–1, and

Enestova et al. [8] found it to be 9.2 · 104 J mol–1.

2.2 Dispersion

To measure the extent of axial dispersion in the perforated

bipole electrochemical reactor, tracer tests were done on

the reactor-B with a gasketed graphite felt cathode sand-

wiched between the two electrode plates as shown in

Fig. 4. With the 6 mm thick graphite felt compressed to

w

le

tb

le length of the reactor, m
w width of the reactor, m
tb thickness of the cathode bed, m

Separator 

- +

tb

Electrolyte flow 

Electrolyte flow 

Porous cathode Current flow

Fig. 1 Flow-by electrode
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3.2 mm water and O2 were fed from the bottom of the

reactor and withdrawn from the top. A small amount of

tracer (0.5 ml of 0.5%w NaCl solution) was injected at the

inlet of the reactor using a syringe in pulse mode (very

short time span \1 s), the conductivity change was moni-

tored with time at the reactor exit using a conductivity

probe and the data (conductivity vs. time) recorded by

computer. The water and O2 flow rates correspond to the

electrolyte and O2 flow rates typically used in the elec-

trochemical reactor for alkaline peroxide generation in the

present work.

The conductivity versus time data was converted to a

graph of relative concentration versus time, such as that

shown in Fig. 5. To analyze the results of the tracer tests,

equations describing the flow pattern (closed-closed

boundary condition) based on Fig. 6 were used in the

present work [9]. All symbols and units used here are as

defined in the Nomenclature.

The variance for the dispersion graphs is given by the

following equation:

r2=s2¼2 D= ULleð Þð Þ�2 D= ULleð Þð Þ2 1�exp � ULleð Þ=Df gð Þ
ð7Þ

The standard deviation (r) is calculated as the deviation

on the time axis from the mean, comprising 68% of the

area under the curve or equivalently as the time width with

61% of the peak on the Gaussian curves (e.g. Fig. 5).

The average residence time s in the reactor was obtained

from:

s ¼ Reactor volume for water flow

liquid flow rate
¼ ebtbwlehl

liq=qLð Þ ð8Þ

where the liquid hold-up in the reactor is given by [10]:

hl ¼ 1� 0:907 liq= tbwð Þð Þ�0:362
g= tbwð Þð Þ0:301 ð9Þ

Based on Eqs. 7–9 the liquid phase dispersion numbers

(D/ULle) calculated for the three fluid loads are given in

Table 2. The dispersion numbers reported in Table 2 are

for the liquid (water) flow and have been calculated by

accounting for the liquid hold-up hl in the reactor.

3 Modeling

3.1 Assumptions

(1) Convection through the diaphragm in the model is

accounted for by the eddy diffusivity (Ded) term. This

term is added to the diffusive term to account for the

total diffusive plus convective loss of peroxide

through the diaphragm

(2) The conductivity of the electrolyte in the perforations

is assumed to be independent of oxygen flow (i.e. the

perforations are filled with electrolyte)

(3) The reactor operates in plug flow with:

• Zero axial dispersion of both phases (along the

length (le) of reactor)

Table 1 Reactions in electro-synthesis of alkaline peroxide

Reaction Ee� V vs. NHE

at 298 K (pH = 14)

Cathode

O2 þ H2Oþ 2e� ) OH� þ HO�2 –0.076 1

HO�2 þ H2Oþ 2e� ) 3OH� +0.878 2

2H2Oþ 2e� ) H2 þ 2OH� –0.830 3

Anode

O2 þ 2H2Oþ 4e� ( 4OH� +0.401 4

O2 þ H2Oþ 2e� ( OH� þ HO�2 –0.076 5

Bulk

2HO�2 ) 2OH� þ O2 – 6
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Fig. 2 Determination of rate constant for peroxide decomposition at

different temperatures (41, 60 and 80 �C) and 2 M NaOH
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Fig. 3 Determination of activation energy for peroxide
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• Infinite lateral dispersion of both phases (through

the thickness (tb) of the 3D cathode)

The assumption of zero axial dispersion was based on the low

liquid phase axial dispersion numbers of Table 2. The

assumption of infinite transverse dispersion (i.e. perfect

mixing across the cathode thickness) is somewhat prob-

lematic since it is based only on the visual observation of 2-

phase (G/L) flow in a transparent version of reactor-B [3].

3.2 Two-cell bipolar reactor model

Figure 7 shows the conceptual two-cell reactor assembly

used in the experimental work on the multi-cell system. It

may be seen from Fig. 7 that O2 gas and NaOH solution

enter the reactor from the bottom and the product peroxide

in alkaline solution exits the reactor at the top. Peroxide in

the form of perhydroxyl ion, HO2
– accumulates in the 3D

cathode via reaction (1) minus reaction (2) and hydroxyl

ions together with perhydroxyl are transferred through the

diaphragm to undergo oxidation at the anode via reactions

(4) and (5). The microporous separator suppresses the

transport of perhydroxyl to the anode to an extent that

depends on the concentrations and diffusivities of OH– and

HO2
– and the relative magnitudes of convection versus

diffusion plus migration in general flux equation.

In the two-cell reactor the central perforated Grafoil

sheet is a bipolar electrode. It behaves as an anode on one

side and a cathode on the other, but its performance in this

respect is imperfect because electrolyte in the perforations

provide an ionic current path between the two sides of the

bipole. As shown in Fig. 8 this bypass current, ‘‘leaks’’

through the bipole without undergoing electrochemical

(Faradaic) reactions and is therefore a source of loss in

peroxide current efficiency. This loss in current efficiency

may be calculated based on the illustration in Fig. 9.

The perforations normally experience 2-phase flow of

gas and liquid. The relative amounts of gas and liquid in

the perforations is difficult to calculate but perforations

NaCl tracer 
pulse

injection 

O2 + H2O

Conductivity
probe

Conductivity vs time  

O2 + H2O
+ NaCl tracer 

Fig. 4 Tracer test on reactor-B

0

5
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15

20

25

30

0 20 40 60 80 100 120

Time / secs

ssel
n

ois
ne

mi
d/.c

n
oc

recart
evitale

R

water flow (6.6 x 10-4 kg s-1) and 
oxygen flow (7.1 x 10-5 kg s-1)

Fig. 5 Relative tracer

concentration versus time for

water flow (6.6 · 10–4 kg s–1)

and oxygen flow (7.1 · 10–5 kg

s–1) in reactor-B

Plug flow, D = 0 Plug flow, D = 0 

Reactor

D = Axial Dispersion coefficient, m2 s-1

Fig. 6 Flow pattern for the peroxide reactor [9]
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Table 2 Dispersion number values

Water flow rate

(liq: kg s–1)

O2 flow rate

(g: kg s–1)

Liquid hold

up (hl)

Standard deviation

(r: s)

Mean residence

time (s: s)

Dispersion

number (D/UL le)

6.6 · 10–4 – 1 7 104 0.002

6.6 · 10–4 4.3 · 10–5 0.65 6 69 0.004

6.6 · 10–4 7.1 · 10–5 0.58 6 61 0.005

As the values of the dispersion numbers were between low (\0.002) and intermediate (\0.025) (Levenspiel, 3), zero axial dispersion was a

reasonable assumption

+ -

perforated grafoil 
bipolar electrode 

graphite felt 
cathode

-
 ∆z

+

NaOH, O2, H2O

NaOH, O2, H2O2, H2O

le

diaphragm 

nickel mesh 
anode

perforated grafoil 
anode

dummy 
anode

Cell 1 Cell 2 

Fig. 7 Two-cell reactor model

cell 2        cell 1 

(-)
(+)

     

(+) (-) Electrolyte Phase 

Electrode Phase Perforation Equipotential

Graphite felt 

Perforated bipole 
(Grafoil)

Separator/ 
diaphragm 

Fig. 8 Current bypass through

a perforation assumes

perforations filled fully with

electrolyte (NaOH)
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filled with liquid provide a sufficient and conservative

guide for scaling-up the electrochemical reactor. Therefore,

the perforations in the bipole electrodes are assumed

completely filled with electrolyte (NaOH).

It may be observed from Fig. 9 that current I1 + I2

flows from the right through the diaphragm in the elec-

trolyte phase. Of this total current (I1 + I2), current I1

flows into the cathode (electrode phase). Current I2

bypasses the electrode through the perforation. So the

useful current for cell 1 is only I1. However, for cell 2, all

the current (I1 + I2) passes into the electrode phase before

exiting the reactor. So current I1 passes through the

cathode beds of both the cells and participates in elec-

trochemical reactions on the cathode bed, whereas current

I2 is transferred via electrochemical reactions (1), (2) and

(3) in the cathode bed of cell 2 only. For this reason the

current bypass may be derived from the following equa-

tions, in which all symbols and units are as defined in the

Nomenclature.

The currents I1 and I2 are calculated based on their

fractional area coverages. i.e. the current densities at the

electrode and the perforation were multiplied by their

respective fractional areas while solving the voltage bal-

ance equations.

Fractional current bypass for two cells in series

¼ I2

2 I1 þ I2ð Þ
ð10Þ

Likewise:

Fractional current bypass for three cells in series

¼ 2I2

3 I1 þ I2ð Þ
ð11Þ

and

Fractional current bypass for ncell cells in series

¼ ncell � 1ð ÞI2

ncellð Þ I1 þ I2ð Þ
ð12Þ

If ncell is large ( [ 20) then

Fractional current bypass ¼ I2

I1 þ I2ð Þ ð13Þ

The bipolar reactor section shown in Fig. 10 is modeled

based on a voltage balance. Conventionally the voltage

balance is done by solving Poisson’s equation

r2 /s � /bð Þ ¼ �s
1

kaps

þ 1

kapb

� �
j ð14Þ

Equation 14 in one space dimension translates into

d2 /s � /bð Þ
dx2

¼ s
1

kaps

þ 1

kapb

� �
j ð15Þ

where j is typically a non-linear function of (/s–/b).

Equation 14 is a non-linear partial differential equation

and can be solved in one dimension by converting it to a

non-linear differential equation 15 with the appropriate

I1 + I2

(-) (+)(+) (-) Electrolyte Phase 

Electrode Phase 

I2

I1

I1 + I2

Fig. 9 Current bypass

mechanism in a two-cell

assembly

Vd : Potential drop in the diaphragm     V
Vperf  : Potential drop in the perforation     V
Vr : Reactor voltage       V
Vra : Equilibrium potential for hydroxyl oxidation at anode  V
ηaOH- : Overpotential for hydroxyl oxidation at anode   V
φb : Electrolyte potential profile in 3D cathode    V
φs : Electrode, potential profile in 3D cathode    V

φs

φb

(+)(-)

Vd

Vr

(+) (-)

Vperf

ηaOH- + Vra

Cell 2 Cell 1

3D cathode 

Perforated 
bipoleSeparator /

Diaphragm

Separator / 
Diaphragm

Fig. 10 Voltage balance on a two-cell reactor
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boundary conditions. Solution of this differential equation

using Runge–Kutta requires a shooting type method (as all

the boundary conditions are not at the initial value) and is

further complicated by the presence of perforations that

allow current bypass. This method of solution has problems

in convergence and therefore an alternative method based

on numerical solution of an electronic analogue [11] was

developed in the present work.

3.2.1 Modeling algorithm

The methodology developed in this work involves breaking

the total voltage balance into a combination of series and

parallel resistances as shown in Fig. 11. The 3D cathode is

broken into series and parallel circuits based on the

effective electrode and electrolyte conductivity given by

kaps and kapb respectively. At the anode of cell 1 the

superficial current density (based on the cross-sectional

area of the section Dz in Fig. 7) is j(1). The 3D cathode bed

is divided into (n–1)/4 sections. Here n = 4m + 1 (m is an

integer) is the number of current densities j(1), j(2)...j(n).

The even current densities j(2), j(4)...j(n-1) in the 3D

cathode are due to reaction (1) and the odd current densities

j(3), j(5)...j(n) are due to reaction (2). By forming n inde-

pendent equations one can solve for the n current densities

j(1), j(2)...j(n). The n equations can be obtained by for-

mulating the series and parallel resistances of Fig. 11 into n

independent circuits. These independent circuits are solved

using Kirchoff’s law of currents. The n equations can then

be solved for the unknown current densities j(1), j(2)...j(n)

using Newton’s method for the solution of nonlinear

equations.

The two-cell reactor model can be used for a single-cell

by setting the perforation coverage = 0.001 so as to make

the current bypass insignificant in comparison to the Far-

adaic current.

First a model was developed to determine the peroxide

current efficiency and specific energy on a two-cell reactor.

The modeling scheme entailed considering a differential

cross section of the reactor (cf. Fig. 7) and writing voltage,

material, and energy balances for this differential volume.

cell 2 

     j(n)             

j(1)   : Superficial current density     A m-2

j(2),j(4)….j(n-1)      : Current densities for peroxide generation reaction (1)   A m-2

                                      where n = 4m +1, m is an  integer  
j(3),j(5)…....j(n) : Current densities for peroxide reduction  reaction (2)  A m-2

kapb   : Effective electrolyte conductivity in cathode bed  S m-1

kapd    : Effective diaphragm conductivity    S m-1

kperf   : Effective electrolyte conductivity in perforation   S m-1

kaps   : Effective electrode conductivity of cathode bed   S m-1

Vra   : Equilibrium potential for hydroxyl oxidation at anode  V  
Vrc1   : Equilibrium potential for perhydroxyl generation at cathode V 
Vrc2   : Equilibrium potential for perhydroxyl reduction at cathode V
Vcontact1   : Contact voltage drop between Grafoil and graphite on cell 1 V 
Vcontact2   : Contact voltage drop between Grafoil and graphite on cell 2 V 
Vgrafoil   : Voltage drop on Grafoil     V 
ηaOH-   : Over potential for hydroxyl oxidation at anode   V 
ηc1   : Over potential for perhydroxyl generation (1) at cathode V 
ηc2   : Over potential for perhydroxyl reduction (2) at cathode  V

Vcontact2

Vgrafoil 

Vcontact1

Vrc2

ηaOH-

ηc2

Vrc1 

ηc1

Vrc2 Vrc1

kaps kaps

kapb kapb
kperf

j((n-1)/2) j((n-1)/2+1) j(4)j(5) j(2)

ηc1

j(3)

ηc2

ηa Vra

j(1)

kapd   Vra

Vrc2
Vrc1

ηc1ηc2

j((n-1)/2+3) 

ηc1ηc2

kapskaps

kapbkapb

Vrc1Vrc2

kapd 

-

j((n-1)/2+2) j(n-1) 

+
Fig. 11 Electronic analogue of

voltage balance for one length

increment on a two-cell reactor
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The reactor was then integrated from the inlet (bottom) to

the outlet (top) along the length of the reactor by forward

differencing for lin length increments. The calculations for

the two-cell model are described here.

Properties The relations used to calculate the material

properties and fluid dynamic features in the reactor are

summarized in Table 3. All symbols and units are as

defined in the Nomenclature.

Current densities and potentials The relations used

calculate current density and potential at the cathode and

anode are summarized in the following Eqs. 16– 42.

The mass transfer limited real current density for reac-

tions 1 and 2 on the cathode:

jlim1 ¼ 2000F kOCO2
ð16Þ

Table 3 Properties and fluid dynamics

Quantity Relation Source

Partial pressure PH2O ¼ e 16:5362� 3985:44
T�38:9974ð Þ

PO2
¼ P� PH2O

[12, 13]

Fluid density

qL ¼1000 1þ 0:04CNaþð Þ

qG ¼
MO2

PO2

RT

[14]

Fluid viscosity lL ¼ 0:001 1þ 0:5CNaþð Þ10�10:73þ1828=Tþ0:01966T�1:466�10�5T2

[14]

l G = 1e–6[ 18.11 + 0.6632 T–(1.879 · 10–4 )T2] [14]

Species diffusivity

DHO�
2
¼

0:001D0
HO�

2
T

298 lL

DOH� ¼
0:001D0

OH�T

298 lL

DNaþ ¼
0:001D0

NaþT

298 lL

DO2
¼

0:001D0
O2

T

298 lL

[14, 15]

Effective diffusivity

DdHO�
2
¼

2DHO�
2
ed

3� ed

DdOH� ¼
2DOH� ed

3� ed

[16]

Oxygen solubility

CO2
¼ PO2

=101ð Þ
H

log
Celectrolye;O2

CH2 O;O2

� �
¼ RjKs;jCelectrolyteðjÞ

Ks ¼ Ri hi þ hGð Þni

H ¼ HO

CNaOH;O2
=CH2 O;O2ð Þ

HO ¼ e
0:046T2þ203:35Tln T=298ð Þ� 299:378þ0:092Tð Þ T�298ð Þ20:591�103

8:3144T

� �
[17, 18]

[22]

Specific surface s ¼ 4
1�ebð Þ
df

Pressure gradient rPLG ¼ DPLG

Dz ¼
liq
tbw

� �
0:36þ 1:182

g
liq

� �0:618
� �2

[10]

Liquid hold-up hl = 1 – 0.907(liq/(tb w ) )–0.362(g/(tb w ) )0.301 [10]

Mass transfer

kO ¼ 5:9
liq

tbw

� �0:372
g

tbw

� �0:232
1

s

� �

kHO�
2
¼

kODHO�
2

DO2

[10]

Conductivity kapl ¼ 0:0726þ 19:576CNaþ � 3:035C2
Naþ

� �
1þ 0:023 T� 293ð Þð Þ [14]

kapd ¼ 2kapled

3�edð Þ [15]

kapb ¼ 2kaplebhl

3�ebhlð Þ [16]

kaps ¼ 10þ 2800 1�eb

eo

� �1:55

[16]

kperf = kapl [19]
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jlim2 ¼ 2000F kHO�
2
CHO�

2
ð17Þ

The total superficial current density on the anode

(Fig. 11) is denoted by j(1). The real current densities on

the cathode due to perhydroxyl ion formation and

perhydroxyl ion reduction are denoted respectively as

j(2), j(4), j(n–1) and j(3), j(5)...j(n). Note here n = 4m +1

where m is a positive integer.

Equilibrium potential for reactions (1), (2) and (4):

Vrc1 ¼ �0:076� RT

2F

� �
ln

CHO�
2
COH�

PO2

� �
ð18Þ

Vrc2 ¼ 0:878� RT

2F

� �
ln

C3
OH�

CHO�
2

 !
ð19Þ

Vra ¼ 0:401� RT

4F

� �
ln

C4
aOH�

PO2

� �
ð20Þ

Reaction (4) is considered the primary anode reaction

and all perhydroxyl ions reaching the anode are assumed

oxidized by reaction (5). When carrying out voltage (a.k.a.

charge), material and energy balances over the first

differential section shown in Fig. 7, CaOH� is assumed to

be equal to COH� :

Over-potential on the anode due to reaction (4) is:

ga ¼ aa þ ba ln j 1ð Þð Þ ð21Þ

where aa and ba are Tafel constants for reaction (4) on

nickel:

aa ¼
�RT ln j0að Þ

aaF
ð22Þ

ba ¼
RT

aaF
ð23Þ

The oxidation of perhydroxyl ions on the anode is not

considered in the voltage balance; however the

perhydroxyl loss through the diaphragm is accounted for

in the material balance.

Diaphragm potential drop:

Vd ¼
j 1ð Þtd
kapd

ð24Þ

Over-potential due to perhydroxyl ion formation (1):

gc1 ¼ ac1 þ bc1 ln j kð Þð Þ � bc1 ln 1� j kð Þ
jlim1

� �
ð25Þ

where k = 2, 4... (n–1) and the Tafel parameters for

reaction (1) and are:

ac1 ¼
�RT ln j01ð Þ

a1F
ð26Þ

bc1 ¼
RT

a1F
ð27Þ

Exchange current density for reaction (1) on graphite:

j01¼2000Fk0
1exp

�Ea1

R

� �
1

T
� 1

288

� �	 

CO2

exp
�a1FVrc1

RT

� �

ð28Þ

Over-potential due to perhydroxyl ion reduction (2):

gc2 ¼ ac2 þ bc2 ln j kð Þð Þ � bc2 ln 1� j kð Þ
jlim2

� �
ð29Þ

where k = 3,5...n and the Tafel parameters for reaction (2):

ac2 ¼
�RT ln j02ð Þ

a2F
ð30Þ

bc2 ¼
RT

a2F
ð31Þ

and the exchange current density for reaction (2) on

graphite is:

j02 ¼ 2000Fk0
2 exp

�Ea2

R

� �
1

T
� 1

288

� �	 


CHO�
2

exp
�a2F Vrc2

RT

� � ð32Þ

Using Eqs. 16–32 and Kirchoff’s laws for currents the

circuit in Fig. 11 is solved for currents j(1) to j(n) for the

differential section shown in Fig. 7.

The superficial current density on the anode due to

perhydroxyl ion oxidation (5) is the sum of diffusive,

convective and migrative flux:

i1HO�
2
¼ 1000

"�DdHO�
2
þ Ded

��
C1HO�

2
� 0

�
F

td

þ
j
�
1
�
DdHO�

2
F2C1HO�

2

kapdRT

# ð33Þ

i2HO�
2
¼ 1000

"�
DdHO�

2
þ Ded

��
C2HO�

2
� 0
�

F

td

þ
j 1ð ÞDdHO�

2
F2C2HO�

2

kapdRT

# ð34Þ

The convective flux may be accounted for by

introducing an eddy diffusivity term Ded in the diffusive
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component of Eqs. 33 and 34. The superficial current

densities due to hydroxyl ion oxidation (4) on the anode of

cell 1 and 2 are given by:

i1OH� ¼ j 1ð Þ � i1HO�
2

ð35Þ

i2OH� ¼ j 1ð Þ � i2HO�
2

ð36Þ

Likewise, the superficial current density on the anode

due to diffusive, convective and migrative flux of hydroxyl

ions is:

i1OH� ¼ 1000

"�
DdOH� þ DedÞ

�
COH� � CaOH�

�
F

td

þ
DdOH�F2

��
COH� þ CaOH�

��
j 1ð Þ

2 kapdRT

i ð37Þ

Here CaOH� is the concentration of hydroxyl ions at the

anode. This concentration was assumed to be equal to COH�

for the first differential section in Fig. 7. The subsequent

values may be calculated by rearranging Eq. 37 in terms of

CaOH� : In the migrative flux term of the hydroxyl ions, the

concentration is averaged across the diaphragm, i.e.

ðCOH� þ CaOH�Þ=2:

Equation 37 can be rewritten for the hydroxyl ion con-

centration (CaOH�) at the anode:

CaOH� ¼
i1OH�
1000
� DdOH�þDedð ÞF

td
þ DdOH�F2j 1ð Þ

2kapdRT

� �
COH�

� �

DdOH�F2j 1ð Þ
2kapdRT

� DdOH�þDedð ÞF
td

� �

ð38Þ

Since the hydroxyl concentration does not differ much

for cells 1 and 2, therefore the CaOH� term is calculated

from Eq. 38 for both the cells.

The total currents flowing through the cathode bed of

cells 1 and 2 for reaction (1) are given by Eqs. 39 and 40,

respectively, and for reaction (2) by (41) and (42),

respectively:

Rj1HO�
2
¼ j 2ð Þ þ j 4ð Þ þ � � � j n� 1ð Þ=2ð Þ½ � ð39Þ

Rj2HO�
2
¼ j n� 1ð Þ=2þ 2ð Þ þ j n� 1ð Þ=2þ 4ð Þ½
þ � � � j n� 1ð Þ�

ð40Þ

Rj1OH� ¼ j 3ð Þ þ j 5ð Þ þ � � � j n� 1ð Þ=2þ 1ð Þ½ � ð41Þ

Rj2OH� ¼ j n� 1ð Þ=2þ 3ð Þ þ j n� 1ð Þ=2þ 5ð Þ½
þ � � � j nð Þ�

ð42Þ

Voltage (a.k.a. charge) balance There are n currents to

be calculated in the circuit in Fig. 11 and these can be

determined by solving n independent equations. The n

independent non-linear equations were obtained by

applying Kirchoff’s laws for current and solved using

Newton’s method.

Material balance The concentrations of perhydroxyl at

the exit of the differential section for cells 1 and 2 in

Fig. 12 are given by:

The perhydroxyl ion concentration is then averaged

using the following equation:

Cnew
HO�

2
¼ Cnew

1HO�
2
þ Cnew

2HO�
2

� ��
2 ð45Þ

The concentrations of perhydroxyl at the exit of the

differential section for cells 1 and 2 are:

The hydroxyl ion concentration is then averaged using

the following equation:

Cnew
1HO�

2
¼ C1HO�

2
þ

wDz stb

n�1ð Þ=4

� �
Rj1HO�

2
� stb

n�1ð Þ=4

� �
Rj1OH� � i1HO�

2

� �
2F liq=qL

0
@

1
A ð43Þ

Cnew
2HO�

2
¼ C2HO�

2
þ

wDz stb

n�1ð Þ=4

� �
Rj2HO�

2
� stb

n�1ð Þ=4

� �
Rj2OH� � i2HO�

2

� �
2F liq=qL

0
@

1
A ð44Þ
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Cnew
OH� ¼ Cnew

1OH� þ Cnew
2OH�

� �
=2 ð48Þ

The sodium ion concentration does not change and is

given by:

Cnew
Naþ ¼ CNaþ ð49Þ

The concentrations of perhydroxyl, hydroxyl and

sodium ions calculated in Eqs. 45, 48 and 49 are

initialized again in the Eqs. 50–52, respectively, to allow

voltage, material and energy balances over the next section

of the reactor (Fig. 7), i.e.,

CHO�
2
¼ Cnew

HO�
2

ð50Þ

COH� ¼ Cnew
OH� ð51Þ

CNaþ ¼ Cnew
Naþ ð52Þ

The oxygen flow exiting the differential section of

Fig. 12 is calculated by subtracting the oxygen used in

reaction (1).

The O2 generated in cell 2 is disengaged through the

perforations and adds to the cell 1 flow rate. Accounting for

this O2 generation the O2 flow rate in cell 1 is given by:

gnew
1 ¼ g1 þ

MO2

i2HO�
2

2
þ i2OH�

2
� stb

n�1ð Þ=4

� �
Rj1HO�

2

� �
wDz

2F

ð53Þ

gnew
2 ¼ g2 �

MO2

stb

n�1ð Þ=4

� �
Rj2HO�

2

� �
wDz

2F
ð54Þ

The flow rate of O2 is averaged for each incremental

height as follows:

gnew ¼ gnew
1 þ gnew

2

� �
=2 ð55Þ

The O2 flow rate must be reinitialized in order to carry

out the voltage, material and energy balances on the next

section (Fig. 7) in the reactor, i.e.,

g ¼ gnew ð56Þ

The oxygen generated on the anode of cell 1 is not

accounted for in Eq. 54 as it flows through the dummy

anode in Fig. 7 and does not contribute to any further

reactions in the reactor.

The concentrations of perhydroxyl, hydroxyl and oxygen

flow rate can be determined accounting for the consumption

and generation of these species in the section Dz of Fig. 7.

Energy balance An energy balance on the section Dz of

the reactor in Fig. 7 and gives:

heat inputþ heat generation ¼ heat output

þ heat accumulation
ð57Þ

At steady state the accumulation term is zero; therefore

for 2 cells, and neglecting sensible heat in the gas:

O2 (g1 kg s-1)
Electrolyte (liq kg s-1)
HO2

- (C1HO2- kmol m-3)
OH- (C1OH- kmol m-3)
Na+ (CNa+ kmol m-3)
Temperature (T K)
Reactor pressure (P kPa) 

O2 (g
new

1 kg s-1)
Electrolyte (liq kg s-1)
HO2

- (Cnew
1HO2- kmol m-3)

OH- (Cnew
1OH- kmol m-3)

Na+ (Cnew
Na+ kmol m-3)

Temperature (Tnew K) 
Reactor pressure (Pnew kPa) 

∆z

O2 (g2 kg s-1)
Electrolyte (liq kg s-1)
HO2

- (C2HO2- kmol m-3)
OH- (C2OH- kmol m-3)
Na+ (CNa kmol m-3)
Temperature (T K)
Reactor pressure (P kPa) 

O2 (g
new

2 kg s-1)
Electrolyte (liq kg s-1)
HO2

- (Cnew
2HO2- kmol m-3)

OH- (Cnew
2OH- kmol m-3)

Na+ (Cnew
Na+ kmol m-3)

Temperature (TnewK)
Reactor pressure (PnewkPa) 

cell 1cell 2

Fig. 12 Differential section of Figure 7

Cnew
1OH� ¼ C1OH� þ

wDz stb

n�1ð Þ=4

� �
Rj1HO�

2
þ 3 stb

n�1ð Þ=4

� �
Rj1OH� � 2i1OH�

� �
2F liq=qL

0
@

1
A ð46Þ

Cnew
2OH� ¼ C2OH� þ

wDz stb

n�1ð Þ=4

� �
Rj2HO�

2
þ 3 stb

n�1ð Þ=4

� �
Rj2OH� � 2i2OH�

� �
2F liq=qL

0
@

1
A ð47Þ
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heat output� heat input

¼ 2 liqð ÞclðDTÞ �
1000

PH2O

P�PH2O

� �
2gð ÞDHevap

MO2

2
664

3
775

¼ heat generation

ð58Þ

where D T is the temperature change across the section D z

in Fig. 7 and DHevap is the heat of vaporization of water

(42.85 kJ/mol) [23].

Neglecting entropy effects, the heat generation is

approximated by:

heat generation ¼ 0:001 Vr þ 2Vrc1 � 2Vrað Þj 1ð ÞwDz

ð59Þ

Equating 58 with 59 yields

DT ¼ 0:001 Vr þ 2Vrc1 � 2Vrað Þj 1ð ÞwDzð Þ
2 liqð Þcl

�
1000

PH2O

P�PH2O

� �
gð ÞDHevap

MO2
liqð Þcl

ð60Þ

The water vapour pressure PH2O is a function of

temperature of the reactor and is calculated at the local

temperature prevailing in the reactor with the assumption

that the temperature does not significantly differ in two

length increments in Fig. 7. Sensible heat carried by O2 is

neglected as it contributes little to the overall energy

balance.

Current efficiency and current bypass The current effi-

ciency (C.E.) for perhydroxyl generation and the bypass

current fraction (C.B.) are calculated from Eqs. 61 and 62.

C.E. ¼
2000F CHO�

2
liq=qLð Þ

Ireactor

ð61Þ

C.B. ¼
Ireactor � w le Rlin

1 Rj1HO�
2
� Rlin

1 Rj1OH�

� �
2Ireactor

ð62Þ

where Rlin
1 Rj1HO�

2
and Rlin

1 Rj1OH� are the total currents for

perhydroxyl generation and reduction respectively in cell 1

and are obtained using (39) and (41) and summing over the

cell length.

Specific energy The specific electrochemical energy for

perhydroxyl generation (S.E.) is:

S.E. ¼ 2FVr

2 3600ð Þ 34ð ÞC.E.
ð63Þ

The above equations were solved using a code based on

an algorithm written in MATLAB.

3.2.2 Parameters in the model

The parameters used in modeling the two-cell reactor for

peroxide generation are specified in Table 4. To achieve

convergence of the calculations, the number length incre-

ments lin was selected as 100 and the number of circuits/

equations n as 77. E.g. The effect of increasing number of

circuits/equations n on superficial current density (kA m–2)

at 3.8 V for a two-cell reactor is shown in Fig. 13. This

Figure shows that as the number of circuits increases, the

superficial current density increases and stabilizes at a

value of *3.8 kA m–2 for n [ 25; therefore n = 77 is a

good choice of the number of circuits/equations for the

convergence of the electrochemical analogue circuit.

4 Results and discussion

Previous work [3] described the experimental scale-up of a

perforated bipole trickle bed electrochemical reactor from a

superficial cathode area per cell of 3 · 10–3 (reactor-A) to

25 · 10–3 m2 (reactor-B) In that work the peroxide current

efficiency was increased by changing the diaphragm sep-

arator material from porous polypropylene (SCIMAT 700/

20 from SCIMAT, New Jersey, USA) to microporous-

polyethylene (SOLUPOR EH-06A from DSM Solutech,

Heerlens, Netherlands). That result implied that the poly-

ethylene diaphragm increased the peroxide current

efficiency relative to the polypropylene diaphragm by

lowering convective loss of peroxide to the anode.

Figures 14 and 15, Table 5 compare the experimental

values of performance indicators with each diaphragm in a

single-cell reactor-B, against the corresponding modeled

results with 2 M NaOH and an assumed eddy diffusion

coefficient (Ded) of zero. The agreement here between the

experimental and modeled current efficiencies with the

polyethylene diaphragm indicates that this separator

effectively constrains peroxide convection to the anode. A

similar agreement can be obtained for the polypropylene

diaphragm by increasing Ded to 2 · 10–8 m2 s–1. These

results show that the model can predict the experimental

peroxide concentration and current efficiency using Ded as

a single fitting parameter.

The experimental specific energies for peroxide gener-

ation for the polyethylene diaphragm were lower than that

for the polypropylene diaphragm as a result of the higher

current efficiencies. However, the modeled specific energy

values are all lower than the experimental values. A

plausible reason for the low specific energies predicted by

the model may be that the blocking effect of oxygen gas on

the anode was not included in the model. The rate of

oxygen generation at the anode is proportional to the

superficial current density and (at steady-state) must be
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matched by the rate of oxygen disengagement from the

anode to the adjacent electrode. Increasing current density

raises the gas hold-up in the nickel mesh anode and lowers

its effective area, thus inflating the cell voltage and specific

energy. This gas hold-up/wetting effect is corroborated by

the corrosion of the anode (nickel mesh) at current densi-

ties above about 3 kA m–2. The choice of anode material/

surface area is critical to the efficient disengagement of

oxygen and may ultimately be the key to a commercial

electrochemical route for peroxide generation.

Figures 16 and 17 compare the experimental values of

performance indicators with each diaphragm in a two-cell

reactor-B, against the corresponding modeled results with

2 M NaOH, 2% bipole perforation coverage and Ded = 0.

As for a single-cell reactor the experimental peroxide

concentration and current efficiency with the polyethylene

diaphragm are higher than those with the polypropylene

diaphragm and are predicted with Ded set at zero.

Also the specific energy values for peroxide generation

in the two-cell reactor with employing the polyethylene

diaphragm are closer to the modeled values than in the case

of the single cell. This result may be due to more facile

disengagement of oxygen from the anodes of a multi-cell

reactor and indicates good prospects for reactor scale-up,

provided the issue of fluid distribution between cells can be

resolved [3].

Both the single- and two-cell reactor models calculate

values for peroxide concentration and current efficiency

that are close to the experimental values. This model could

be used in future work on peroxide generation, particularly

to scale-up the perforated bipole reactor to more than two

cells—as would be needed for an industrial process. The

novel way of modeling the bipolar electrochemical reactor

described in this work may be employed for other reactors

with 3D electrodes.T
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Table 5 Experimental conditions

Experiment ? Figs. 14, 15 Figs. 16, 17

NaOH conc. M 1.0/2.0 1.0/2.0

NaOH flow ml/min 40–50 75–95

O2 flow ml STP/min/cell 400–600 400–600

Reactor pressure kPa(abs) in–out 700–500 700–500

Reactor �C in–out 20–80 �C 20–80 �C

Anode/bipole Ni 100#/Grafoil Ni 100#/Grafoil

Bipole perforation diam mm/coverage % 1.6/2 1.6/2

Diaphragm type SCIMAT 700/20 SOLUPOREH-06A SCIMAT 700/20 SOLUPOREH-06A

Cathode Thickness mm/porosity % Graphite felt 3.2/87 Graphite felt 3.2/87

No. of cells 1 2
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5 Conclusions

A method has been developed to model the perforated

bipole trickle-bed electrochemical reactor. This model has

novelty in terms of treating the flow-by 3D electrode as an

electronic analogue circuit that allows algebraic calculation

the potential distribution in the matrix and accounts for

ionic current bypass losses through the bipole perforations,

together with composition, pressure and temperature gra-

dients along the reactor length.

Using eddy diffusivity in the separator as the single

adjustable variable the model gives a reasonably accurate

prediction of the product peroxide concentration and cur-

rent efficiency for superficial current densities up to 5 kA

m–2 in both one and two-cell versions of reactor-B, but

underestimates the electrochemical specific energy con-

sumption by up to about 50 % (i.e. by 2–3 kWh/kg H2O2 at

5 kA m–2). The low predicted values of specific energy are

probably due to neglect of the blocking effect of oxygen

gas in the anode matrix.

Backed by further experimental work this model may be

developed to aid the design of multi-cell bipolar peroxide

reactors and other electrochemical systems, in which 3D

electrodes are employed in similar ways.
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