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A model for Kolbe electrolysis in a parallel plate reactor
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A parallel-plate reactor model is developed for the Kolbe electrolysis of acetate to ethane and carbon
dioxide with hydrogen evolution as the counterelectrode reaction. The parallel-plate reactor is
considered to consist of three zones: a turbulent bulk region in which streamwise convection is the
dominant mass-transport mechanism (plug-flow model) and a thin diffusion layer at each electrode
where diffusion and migration mass transport are dominant (Nernst diffusion-layer model). The
acetic acid solution is supported with sodium hydroxide, and the reactor is under steady cell-potential
control. Gaseous products are tracked by a hypothetical gas layer which increases in thickness in the
streamwise direction. The gas phase is assumed to be an ideal, three-component mixture of hydrogen,
carbon dioxide and ethane; the liquid phase consists of acetate, proton, acetic acid, and sodium and
hydroxyl ions. The model predicts streamwise profiles of concentration, current density, gas-void
fraction, and gas and liquid velocities in addition to reactant conversion, and cell-polarization
characteristics. The average current density exhibits a maximum at a base-to-acid ratio of 0.96 due to
the weak-acid/strong-base chemistry and a broad maximum at an interelectrode spacing of 0.37 cm
resulting from minimized ohmic losses.
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List of symbols F Faraday constant (96 487 C mol™})
H electrode height (cm)
j current density (A cm?)

A; constants used in Equation (C.1) i
b, anodic Tafel constant for acetate Kolbe i(0) inlet current density (A cm~2)
reaction (V) i* i/i(0)
be cathodic Tafel constant for hydrogen iaye  average current density in reactor (A cm~?)
evolution (V) ioaret €xchange current density of acetate Kolbe
CA stoichiometric concentration of acetic acid reaction at reference concentration (A cm?2)
(mol cm ™) iocref €xchange current density of hydrogen
CB stoichiometric concentration of sodium evolution at reference proton concentration
hydroxide (mol cm~?) (A cm™?)
C; concentration of species i ( mol cm™) IR ohmic-voltage loss (V)
Ciref reference proton concentration (mol cm—3) k mass-transfer coefficient (cm s~!)
Cyrer reference acetate concentration (mol cm™?) K, acetic acide dissociation equilibrium constant
D,ppa apparent diffusivity in anode diffusion-layer (mol cm™)
(cm? s71) K,  water ionization equilibrium constant
D,pp apparent diffusivity in cathode diffusion-layer (mol® cm~°)
(cm? s7h) N; flux of species i (mol cm? s!)
D; diffusivity of species i (cm? s~1) P pressure (atm)
E4c decomposition potential (V) R gas constant (82.05 atm cm? mol ™! K™
Eeqa equilibrium potential for acetate Kolbe Rjj molar volumetric production rate of species i
reaction (V) in reaction j ( mol em~3 s7!)
cqa Standard open-circuit potential for acetate Re  Reynolds number = 2v16/v
Kolbe reaction (V) qa reaction order of acetate in acetate Kolbe
Eeqc equilibrium potential for hydrogen evolution reaction
) qe reaction order of proton in hydrogen
E¢, . standard open-circuit potential for hydrogen evolution
evolution (V) Sc Schmidt number = v/Dypp
f gas—void fraction, 8g/0 Sh Sherwood number = 2k8/Dapp
Sfave  average gas—void fraction in reactor T temperature (K)
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1. Introduction

The Kolbe reaction, that is, the anodic oxidation of
the carboxylate moiety in an organic acid with sub-
sequent decarboxylation and coupling to yield a di-
mer, is an under utilized electrochemical technology.
Presently, the Kolbe reaction in a parallel-plate
reactor is an important step in the production of
sebacic acid from monomethyl adipate [1, 2]. As a
means to promote the use and development of the
Kolbe reaction, we developed and present below a
mathematical model of Kolbe electrolysis in a
parallel-plate electrochemical reactor under the con-
dition of turbulent flow. The model incorporates
mass-transfer resistance, electrode kinetics, variations
in the ionic conductivity due to concentration and
bubble effects [3], and homogeneous chemical equi-
librium. As a vehicle for illustrative purposes, the
model was applied to the Kolbe reaction of acetate

2 CH;COO™ — CH3;CH; +2CO,+2¢ (1)

in an acetic acid/sodium hydroxide solution at a fixed
cell potential, with proton reduction to hydrogen gas

2H' +2¢ — H, )

as the counterelectrode reaction. To our knowledge,
there is only one parallel-plate reactor model of
Kolbe electrolysis [4]. However, this model assumes
a constant bubble-free resistivity and neglects mass-
transfer resistance; limitations which are not present
in our work.

The present model is used to determine the effects
of operating parameters (e.g., cell potential, inlet so-
lution velocity and composition, and interelectrode
spacing) on cell performance, and provides a frame-
work to model the Kolbe reaction of other chemicals.
Optimization studies are not reported because: (i)
acetate oxidation was chosen for illustrative purposes
only (i.e., ethane production via acetate oxidation is
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Uo inlet solution velocity (cm s~1) 15, anode diffusion overpotential (V)
e gas velocity (cm s7!) Ne cathode overpotential (V)
vG vG/ Vo s, cathode diffusion overpotential (V)
UL liquid velocity (cm s~1) of solution potential at y coordinate j (V)
v} v /o 0 solution resistivity (Q cm)
Va anode potential (V) 0o solution bubble-free resistivity (Q cm)
Ve cathode potential (V) v solution kinematic viscosity (cm? s~!)
It applied cell potential (V)
x streamwise coordinate (cm) Subscripts
y direction normal to electrode surface (cm) 1 proton
7 charge number of species i 2 acetate
3 acetic acid
Greek symbols 4 hydroxyl
o gas-liquid slip ratio = vg/vL 5 sodium ion
0 interelectrode spacing (cm) b bulk conditions
0a anode diffusion-layer thickness (cm) ref  reference conditions
Oc cathode diffusion layer thickness (cm) S surface conditions
oG equivalent gas-layer thickness (cm)
K solution conductivity (S cm™') Superscripts
Na anode overpotential (V) ° stoichiometric concentration

not envisioned to be an economical viable process),
and (ii)) optimal operating conditions are reactant
dependent (e.g., the optimal conditions for the Kolbe
reaction of monomethyl adipate will be different than
that for oxidation of acetate).

2. Model development

The electrochemical cell wunder consideration
(Fig. 1(a)) is a vertical parallel-plate reactor of height
H and interelectrode spacing 6 operating under tur-
bulent-flow conditions. The feed solution enters at
velocity v, and is an aqueous mixture of acetic acid
and sodium hydroxide of stoichiometric concentra-
tion cp and cp, respectively. In the development
presented below, five species are numerically indexed
for notational convenience: (1) proton (H"); (2) ac-
etate (CH3COO™); (3) acetic acid (CH3;COOH); (4)
hydroxyl (OH™); and (5) sodium (Na*). The model
assumes steady-state and isothermal operation, and
dilute-solution theory and electroneutrality apply
(i.e., double-layer effects are insignificant), in addition
to the following considerations:

(a) The evolved gaseous products are assumed to be
ideal and are tracked by a hypothetical gas layer
of thickness d which increases in the streamwise
direction (Fig. 1(b)); simultancously, the liquid
flows in a hypothetical liquid layer § — dg which
decreases in thickness. This hypothetical gas
layer does not block ionic flow, but rather defines
an equivalent gas layer thickness as if all bubbles
coalesced at any streamwise position. The gas
layer increases the local ionic resistance which is
accounted for via the Bruggeman equation [3]

p=po(l—f)" (3)
where p, p, and f are explained at the outset.
Our approach is similar to that used by Funk
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Fig. 1. (a) Schematic of parallel-plate reactor with electrodes ori-
ented vertically; (b) Equivalent gas-layer used in the parallel-plate
reactor model.

and Thorpe [5] who modelled a parallel-plate
water electrolyser.

(b) The reactor consists of three zones: a turbulent
bulk region in which mass transport is by con-
vection only (plug-flow model), and a thin dif-
fusion-layer at each electrode where mass
transport is by diffusion and migration (Nernst
diffusion-layer model). The thickness of the an-
ode and cathode diffusion layers is d, and I,
respectively, and is calculated at each streamwise
position from a mass-transfer coefficient corre-
lation [6], as described in Appendix A.

(¢) The current density is unidirectional and normal
to the streamwise flow; consequently, the current
density is constant at a given streamwise posi-
tion.

(d) A single electrochemical reaction occurs at each
electrode: Kolbe electrolysis of acetate at the
anode and hydrogen evolution at the cathode.

(e) Tafel-like kinetics of the form

. . Cis ¥ Uk
1j = o jref l:C—er:| €Xp <b—j> (4)

govern the kinetics of both reactions. The sym-
bols are as listed at the outset. ¢ is the reaction
order, and subscripts j, ref and s indicate anode
or cathode and reference or surface conditions,
respectively.

(f) The cell voltage (V1) is constant along the cell
and is the sum of the thermodynamic decom-
position potential (Ege), anode overpotential
(n,), anode diffusion potential (1, ), ohmic volt-
age drop (IR), cathode diffusion potential (-7, ),
and cathode overpotential (—7,); that is

Vr = Eqec + 1y + 15, + IR — 115, — 1
V't = (Eeqa — Eeqe) + (Va — Eeqaa)
+ (o — bs,) + (5, — Po—s.)
= (e = b5-5.) — (Ve — Eeqpe) (5)

where Eeq, and Eq. are the equilibrium poten-
tials for the anode and cathode reactions, re-
spectively, calculated from the Nernst equation,
Vo —Eeqa and V. — Eqqc are the anode and
cathode overpotentials, respectively, and ¢; is the
solution potential at y coordinate j; for example
¢, 1s the solution potential at the anode surface.

(g) The two homogeneous chemical reactions, acetic
acid dissociation

CH;COOH == H" + CH;COO~ (6)
and water 1onization
H,O =—H"+ OH"™ (7)

are assumed to be at equilibrium throughout the
cell with concentrations related by the acetic acid
dissociation constant K,

K, =C1C/Cs (8)
and the water ionization constant Ky
Ky =CiCy 9)

The governing differential and algebraic equations
are summarized in Appendix B. The governing equa-
tions for the bulk solution and diffusion layers are
provided in greater detail in [4] and [7], respectively.
Note: unlike reference [4], the bubble-free solution
resistivity is not constant; instead, experimental data
[8] relating the solution conductivity to the sodium
hydroxide and acetic acid concentration were empiri-
cally correlated (Appendix C). The details of the
method of solution are provided in Appendix D.

3. Results and discussion

The parameters used in the calculations are listed in
Table 1, unless otherwise noted. The thermodynamic
and kinetic constants were obtained from the litera-
ture. The gas-liquid slip ratio o was set equal to unity
based on Funk and Thorpe’s [5] work with hydrogen
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Table 1. Parameter values for simulations

Dy = 9.312 x 107° cm? s~ [18]

D> = 1.089 x 107> cm? s~! [18]

D; = 0.97 x 107> cm? s~! [9]

Dy = 5260 x 1073 cm? s~! [18]

K, =1.8 x 10~% mol cm™3

Ky = 1.0 x 1072 mol®> cm~°
[CH;COOH]® = 1 x 1073 mol cm™3
[NaOHJ° = 0.65 x 10~ mol cm ™3

o3

0=1cm
H =100 cm
=6V
P=1atm
T =348 K

0o =20 cm s~!

v =3.88 x 1073 cm? s~ (water)

o=1

Clrer = 1 x 1073 mol ecm™ [19]

Crrer = 1 x 1073 mol cm 3 [20]

Eg,. =0.396 V [20]

Eg . =0.0V[19]

b, =0.072 V [20]

b. =0.013 V [19]

q. = 0.6 [21]

q. = 0.5 for pH < 4,0.0 for pH > 4 [22]
foaref = 1.9 x 10~'% A em~2 (calculate from Fig. 1 in [20])
focret = 1.0 X 1073 A ecm~2 [19]

and oxygen mixtures in water. The reactor geomet-
rical parameters were set to realistic values.

3.1. Equilibrium concentrations and current density
at reactor inlet

Figure 2 shows the equilibrium concentration of
proton, acetate, acetic acid, and hydroxyl at the re-
actor inlet as a function of the base-to-acid ratio
for a stoichiometric acetic acid concentration of
1073 mol cm 3. Adding sodium hydroxide increases
the degree of acetic acid dissociation and, hence, ac-
etate concentration. Clearly, the sodium hydroxide
concentration is critical in setting concentrations in
the liquid phase, especially as the base-to-acid ratio
approaches unity due to the large change in solution
pH.

107 CH,COOH
T
g _________________ H*
A
e T
£
=~ 107"°F  [CH;COOHI = 103 / mole cm™
<
© OH: - B
/'/ :
—t5] :
10 ¢ T

0 01 02 03 04 05 06 07 08 09 1 1.1
[NaOH]° / [CH,COOHJ°

Fig. 2. Equilibrium concentrations as a function of the base-to acid
ratio.
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Fig. 3. Inlet current density i(0) as a function of applied cell
potential for three feed base-to-acid ratios.

Figure 3 shows the current density i(0) at reactor
inlet as a function of the applied cell potential for
three different base-to-acid ratios. As the cell poten-
tial is increased, the current density increases to its
mass-transport limited value which is dependent on
the sodium hydroxide concentration due to migration
effects [7]. For all base-to-acid ratios, the current is
limited by mass transport in the anode diffusion
layer. The cathode reaction (hydrogen evolution) is
not mass-transport limited because reduction of
water effectively occurs as a result of incorporating
water dissociation into the model. When there is little
sodium hydroxide present, ohmic losses dominate
due to the low conductivity of the solution and the
current at 6 V, for example, is only a small fraction
(2%) of the mass-transport limited current. As the
base-to-acid ratio is increased above the lowest value
shown (107%), the solution conductivity increases and
likewise the current. The inflection at 7 V for the
base-to-acid ratio of 0.65 originates from changes in
the concentration profiles within the anode diffusion-
layer. At a potential less than 7 V essentially only
acetate is depleted throughout the anode diffusion-
layer, while at a potential greater than 7 V, both ac-
etate and acetic acid are depleted. The inflection does
not occur for the base-to-acid ratio of 0.99 because
acetic acid is essentially completely dissociated, and it
is not observed for the base-to-acid ratio of 1073
because of ohmic distortion (i.e., the current is too
low to observe the effect).

3.2. Concentration, gas—void fraction, current density,
and velocity profiles

Bulk concentration profiles in the streamwise direc-
tion for a cell potential of 6 V and a feed base-to-acid
ratio of 0.65 are shown in Fig. 4. Although acetate is
consumed at the anode, its concentration remains
essentially constant due to the buffering effect of the
undissociated acetic acid which does, however, de-
crease in concentration. Figure 4 also indicates that
the solution pH increases in the streamwise direction,
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Fig. 4. Streamwise variation of the liquid phase concentrations.

which results from two effects: (i) proton consump-
tion at the cathode, and (ii) the decrease in proton
concentration in equilibrium with the decreased ace-
tic acid content. None of the species’ concentration
change significantly which indicates that the reactor is
operating in differential mode at the chosen condi-
tions, that is, low conversion per pass. Figure 5 shows
the corresponding variations in current density,
gas—void fraction, and gas and liquid velocity. The
gas—void fraction increases from 0 to 0.26 due to
combined gas evolution from the anode and cathode.
The increased gas—void fraction increases: (i) the so-
lution resistance, thus lowering the local current
density, and (ii) the liquid velocity because of the
reduced cross-sectional area for flow. The gas velocity
increases because of the increased gas volumetric flow
rate. As a consequence of setting the slip ratio to
unity, the liquid and gas velocity are equal.

3.3. Cell potential balance
The cell potential distribution in the streamwise di-

rection is shown in Fig. 6 for the set of conditions
used to construct Figs 4 and 5. At any streamwise
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Fig. 5. Streamwise variation of gas velocity vg, liquid velocity v},
current density i and gas—void fraction f.
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Fig. 6. Streamwise variation of potential distribution for a 6 V cell
potential. Key: (O) Eqee; (V) 1, + Edec; (O) 115, + 1y + Edecs (D)
IR + 5, + 1y + Edee; (O) = =15, + IR+ 15, + 14 + Edee; () — 1=
N5+ IR + 15, + Ny + Edec-

position, the sum of the decomposition potential Egec,
the anode overpotential 7,, the anode diffusion po-
tential 75 , the ohmic-voltage drop IR, the cathode
diffusion potential —7; , and the cathode overpoten-
tial —y, is 6 V. The decomposition potential is es-
sentially constant because of the small changes in the
bulk concentrations. Because of the low exchange
current density for the acetate Kolbe reaction, the
anode overpotential consumes most of the applied
potential, although the ohmic-voltage loss is also
substantial. For example, at the reactor inlet, the
anode overpotential is about 2.9 V and the ohmic-
voltage loss is about 2.2 V. The anode overpotential
decreases in the streamwise direction while the ohmic-
voltage loss increases due to the increased solution
resistance. The anode and cathode diffusion overpo-
tentials, and cathode overpotential are minor con-
tributors to the 6 V cell potential.

3.4. Parametric studies

We have used the model to investigate the effects on
the average current density of varying the inlet
solution velocity, interelectrode spacing, and feed
base-to-acid ratio. The results are shown in Figs 7 to
10. The parameters used in these simulations are the
same as those listed in Table 1, unless otherwise noted.

The average current density increases with inlet
solution velocity and asymptotically approaches the
inlet current density (Fig. 7). The average current
density increases because the gas removal rate in-
creases with inlet solution velocity, thus lowering the
gas—void fraction and the solution resistivity. The
change in the average current density is most rapid
when the inlet solution velocity is low (v, <
20 cm s 1), because the total acetate conversion is at
its highest value. The infection at 155 cm s~! in all
three calculated quantities is unexpected but can be
explained. The average current density, and hence the
volumetric production rate of gas, is nearly constant



M. T. HICKS AND P. S. FEDKIW

1162
0.3+ |
0.2r |
i JAem= Inlet current density —
0.1+
0 Total acetate conversion
0 50 100 150 200

Inlet solution velocity / cm s7!

Fig. 7. Effect of varying the inlet solution velocity on iyyg, favg, and
total acetate conversion.

for an inlet solution velocity between 100 to
150 cms~!. Simultaneously, the volumetric removal
rate of gas increases with solution velocity. The in-
fection at 155 cm s~! results from the volumetric gas
removal rate being greater than the production rate
which decreases the average gas—void fraction and,
hence, solution resistance, thus increasing the average
current density. For the specified geometric cell pa-
rameters, the inlet solution velocity must be greater
than 5.8cm s~! to use the mass-transfer coefficient
correlation (i.e., Re > 2100 for turbulent-flow) [6],
which defines the lower limit used in these calcula-
tions.

The effect of interelectrode spacing 6 on the aver-
age current density, average gas—void fraction, and
total acetate conversion is shown in Fig. 8. The av-
erage current density has a broad maximum at an
interelectrode spacing of 0.37 cm. If the interelec-
trode spacing is less than 0.37 cm, the current density
decreases because of the increasing gas—void fraction
which lowers solution conductivity. But if the inter-

0.5 . . ;

0.4r

0.2r

Total acetate conversion

0 0.5 1 1.5 2
Interelectrode spacing / cm

Fig. 8. Effect of varying the interelectrode spacing on iyg, favg, and
total acetate conversion.

electrode spacing in greater than 0.37 cm, the current
density decreases because of the ohmic loss associated
with the longer ionic pathway. Both the average gas—
void fraction and total acetate conversion decrease
monotonically with interelectrode spacing, since the
ratio of electrode area to volumetric flow rate de-
creases. To use the mass-transfer coefficient correla-
tion for the given geometric cell parameters, 6 must
be greater than 0.29 cm [6].

The effect of the feed base-to-acid ratio on the
average current density is shown in Fig. 9. As the
ratio increases from zero, the bubble-free solution
resistivity decreases and the average current density
increases. However, as the base-to-acid ratio ap-
proaches unity, the average current density rapidly
decreases because the acid is becoming more neu-
tralized and the greater ionic content lowers the
migration flux within the diffusion-layers [7].

Figure 10 illustrates the effect of applied cell po-
tential on the average current density at three feed
base-to-acid ratios. The average current density in-
creases with cell potential. For any given potential,
the average current density at a base-to-acid ratio of
1073 is the lowest of the three due to the low con-
ductivity of the solution. For potentials greater than
3.7 V, the average current density for a base-to-acid
ratio of 0.99 is greater than the average current den-
sity for a base-to-acid ratio of 0.65 due to the higher
inlet current density (Fig. 3). However, at potentials
greater than 6 V the difference between the two cur-
rents decreases because of the higher average gas—
void fraction for the base-to-acid ratio of 0.99. The
limiting current for each base-to-acid ratio is different
because the migration flux within the diffusion layers
varies with sodium hydroxide concentration [7].

3.5. Effect of mass transfer resistance and the
concentration dependence of bubble-free resistivity

Figure 11 compares the inlet current density i(0) as a
function of applied cell potential with and without

0.2

0.1}

0.05¢

Total acetate conversion

—y i L —
o0 0.2 0.4 0.6 0.8 1
[NaOH]° / [CH,COOH]°

Fig. 9. Effect of varying the feed base-to-acid ratio on 7ay,, fave, and
total acetate conversion.
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Fig. 10. Average current density i,yg, as a function of applied cell
potential for three feed base-to-acid ratios.
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Fig. 11. Effect of mass-transfer resistance on the inlet current
density i(0) as a function of applied potential. [CH;COOH]* =
1 x 107 mol em™3; [NaOH]° =5 x 10~° mol em~3%; T =298 K;
constant bubble — free resistivity = 2.5 Q cm.

mass-transport resistance taken into consideration.
At low cell voltages, the two models are in agreement.
The current calculated from the model without mass-
transport resistance [4] is at least an order of mag-
nitude greater than the current calculated from the
model with mass-transport resistance for potentials
greater than 4 V. This result indicates that the reactor
performance (i.e., average current density and total
acetate conversion) for the mass-transport resistance
model will be less than the calculated in its absence.
Previously, we argued that mass-transport resistance
should only a concern when the solution velocity is
low due to the buffering effect of the undissociated
acetic acid [4]. However, as illustrated in Fig. 11, this
is not the case at potentials greater than 3.5 V. One
must remember that both acetate and undissociated
acetic acid are electrochemically active due to the
homogeneous chemical equilibrium. As a result, the
total acetate content (acetate and undissociated acetic
acid) is the reactant for the Kolbe reaction. Although
the undissociated acetic acid buffers the acetate con-
centration, the total acetate concentration is reduced.

In the previous model by Yan et al. [4], we assumed
a constant bubble-free resistivity of 2.5 Q cm for the
reactor feed at 298 K consisting of I x 10~ mol cm 3
acetic acid with 5 x 107> mol cm™> sodium hydrox-
ide. Because of the low conversion per pass in the
mass-transport resistance model, the assumption of a
constant bubble-free resistivity appears realistic. In
the model with mass-transport resistance, the bubble-
free resistivity only varied at most by 0.02%. A much
more important effect was underestimating the bub-
ble-free resistivity. Recent experimental data [8] indi-
cates that the actual bubble-free resistivity is
249 Q cm. The large bubble-free resistivity lowers the
current in comparison to our previous calculations.

4. Summary

A mathematical model has been developed to study
Kolbe electrolysis in a parallel-plate reactor operating
under turbulent-flow. The model has been applied to
Kolbe electrolysis of acetate in an acetic acid/sodium
hydroxide solution, but can be used as a basis to
study any Kolbe reaction by applying the proper
physical and electrochemical constants. The model
incorporates electrode kinetics, mass-transfer resis-
tance, homogeneous chemical equilibrium, and vari-
ations in ionic conductivity due to concentration and
bubble effects. Results indicate that the current den-
sity decreases in the streamwise direction due to in-
creased solution resistance resulting from gas
evolution. The inlet current density increases with
applied cell potential to the mass-transport limited
value, which is limited by transport in the anode
diffusion layer. At a 20 cm s~! inlet solution velocity
the reactor is operating in differential mode (total
acetate conversion of 0.6%). Parametric studies in-
dicate that the average current density increases with
inlet solution velocity and asymptotically approaches
the inlet solution current density. The average current
density exhibits a broad maximum at an interelec-
trode spacing of 0.37 cm. There is also a distinct
maximum in the average current density at a base-to-
acid ratio of approximately 0.96.
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Appendix A: Diffusion-layer thickness

The diffusion-layer thickness is calculated from the
following mass-transfer coefficient correlation [6]

Sh = 0.0153 Re"385c32 (A1)

where Sh,Re and Sc represent the Sherwood, Rey-
nolds and Schmidt numbers, respectively, and are
defined as
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Dapp
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v
Se=—" (A2)
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where k is the mass-transfer coefficient, D,pp is the
apparent diffusion coefficient [9], vy is the liquid ve-
locity, and v is the solution kinematic viscosity. At the
cathode, the apparent diffusivity Dippc 1S

Dapp,c = (Cl,bDl + C3,bD3)/CA (A3)

where subscript ‘b’ indicates bulk conditions; while at

the anode, the apparent diffusivity Dappa is
Dappa = (CrpD2 + C3pD3) /ca (A.4)

Recalling that k is equal to Dappi/d; [10]. Equation
A.1 is rearranged to yield

_ 26 —0.88 ¢ ,—0.32
= 00153 Re

(A.5)
where subscript ‘1’ indicates anode or cathode.

Appendix B: Governing differential and algebraic
equations

B.1. Diffusion-layer (boundary-value problem)

The steady-state balances are written for each species
as

VN, =R (B.1)

where R; ; is the molar production rate of species i per
unit volume from the homogeneous chemical reaction
j (Reaction 6 or 7). The flux of each species N; is
given by the Nernst—Planck equation with the
Nernst—FEinstein equation used to relate ionic mobil-
ity to the diffusivity

FC;

N; = —-D; (VC, +z; RT V(f)) (B.2)
where the symbols are as listed at the outset. The
steady-state material balances are appropriately
summed to eliminate R;;. It is assumed that the ho-
mogeneous chemical reactions are at equilibrium,

thus Equations 8 and 9 are valid, and that the elec-
trolyte is electrically neutral

5
ZziC,- =0
i=1

For both boundaries, the concentrations are pre-
sumed to satisfy electronuetrality and the equilibrium
relationships. At the diffusion-layer, bulk conditions
apply and the potential is arbitrarily set equal to zero.
(Note: the bulk concentrations and potential at the
diffusion-layer vary with streamwise position. How-
ever, since the method of solution uses potential

(B.3)

Table 2. Bubble-free resistivity coefficients in Equation C1

Temperature/K Ay Ay Az Ay As

298 0.331 17.8 -18.0 122 0.786
323 0.294 27.8 -279 183 0.784
348 0.355  41.7 -40.5 26.1 0.789

differences, the value of the potential at the diffusion-
layer is inconsequential in this model, and the
streamwise bulk concentrations are accounted by the
turbulent-bulk model, next Section.) At the electrode
surface, the flux of nonelectroactive ions is set equal
to zero, and the surface concentration of the elect-
roactive species (proton at the cathode and acetate at
the anode) is specified as a small fraction of its bulk
value. (The actual value is not important because the
method of solution adjusts the surface concentration
until the correct value is determined for the given
operating conditions, as described in Appendix D.)
The current is due to the motion of charged species
and is calculated as

5
i:FZz,-N,-
i=1

Additional information on the governing equations
and their manipulation to solve the boundary-valued
problem can be found in [7].

(B.4)

B.2. Turbulent bulk (initial-value problem)

The governing equations for proton, acetate, acetic
acid, and hydroxyl are acetic acid equilibrium
(Equation 8), water ionization (Equation 9), electro-
neutrality (Equation B.3), and the steady-state total
acetate mole balance

4 [(6 = 06)(Ca + C3)vi] = —i/F

= (B.5)

0.16 T T ; T .

0.14¢ x 4
0.12F 1
0.1t .

0.08r s

x/Scm™!

0.061 J

0.04r 1

0.02r i

0 0.2 0.4 0.6 0.8 1 1.2
[NaOH]° / [CH,COOH]®

Fig. 12. Acetic acid/sodium hydroxide conductivity as a function of
solution composition at 348 K. Symbols: experimental data; lines:
calculated using Equation C.1. [CH;COOH]’: (V) 0.1 x 1073, (O)
02x 1073, (*) 0.5x1073, (+) 0.7x107* and (x) 1.0 x

10~3 mol cm 3.
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Fig. 13. Algorithm used to solve model equations.

The liquid and gas velocities are obtained by dividing
the gas or liquid volumetric flow by the appropriate
cross-sectional area. Thus, the gas velocity vg is
RT [
5(;1)(; = ZE idx (B6)
0

Assuming constant liquid volumetric flow, the liquid
velocity vp is

(b — 5(;)UL = 51)0 (B7)

Finally, the slip ratio « is defined as the ratio of the
gas to liquid velocity

UG
o=—

. (B.8)

The equations are combined to yield three differential
equations for proton, acetate, and gas—void fraction
[4]. At the reactor inlet, the initial conditions are the

bulk proton and acetate concentration, and the gas—
void fraction is zero.

Appendix C: Concentration dependence of bubble-free
resistivity

Experimental conductivity data were provided by
DuPont [8]. The following empirical equation was
used to relate the conductivity to the sodium hy-
droxide and acetic acid composition

2 3

A1+ 4> (C—B) + A3 (C—B) +A4 (C—B) st
CA CA CA

(C.1)

where x(S cm™!) is the bubble-free solution conduc-

tivity and 4; i =1,...,5 are constant for a given
temperature and are listed in Table 2, although all

K=—=
o
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results discussed here are at 348 K. At this tempera-
ture and for a base-to-acid ratio greater than zero, the
maximum absolute percent difference between the
calculated and experimental solution conductivity is
45% which occurs at a base-to-acid ratio of 0.5 and an
acid concentration of 2 x 107* mol ecm™3. Figure 12
compares the measured conductivity at 348 K to the
correlation.

Appendix D: Method of solution

To solve the two-dimensional system, we have ‘di-
vided’ the problem into three coupled, one-dimen-
sional problems which represent each region in the
reactor: the turbulent core and the two diffusion
layers. Essentially, this procedure allows us to solve a
boundary-value problem at every streamwise position
across each diffusion-layer and an initial-value
problem in the turbulent bulk region. The results of
each region are coupled by the cell-voltage balance
(Equation 5). Our method is similar to that first
presented by Alkire and Lisius [11] and later by
Lapicque and Stork [12]. Figure 13 illustrates the
solution procedure which is described in more detail
below.

The inlet bulk concentrations are calculated first
and the cathode proton surface concentration at the
inlet is guessed. The Q-potential technique [13—17] is
used to solve the governing differential and algebraic
equations in the cathode diffusion layer with proton
concentration as the independent variable. The
equations are integrated numerically using odel5s, a
variable step-size integrator in the ODE SUITE of
Matlab®, from the bulk proton concentration to the
guessed proton surface concentration. The resulting
current density and cathode diffusion potential are
recorded. Next, using the predicted current density
from the cathode diffusion layer, the Q-potential
technique is again used to solve the governing differ-
ential and algebraic equations in the anode diffusion
layer. The equations are integrated numerically using
odel5s with the Q potential as the independent vari-
able in order to determine the anode acetate surface
concentration and the anode diffusion potential. The
independent variable in these anode equations is
chosen to be the Q potential (different than choice in
cathode layer) because the current density is known
(as a result of solving the cathode equations for the
guessed proton surface concentration) and the Q
potential is related to the current density [7]. Next, the
cell potential is calculated based on the output from
the cathode and anode diffusion-layer models. If the
absolute value of the relative percent difference be-
tween the calculated and applied cell potential is
greater than the specified tolerance (1077), then the

cathode proton surface concentration is adjusted and
the procedure repeated until convergence. If the ab-
solute value of the relative percent difference between
the calculated and applied cell potential is less than
the specified tolerance, the cathode proton surface
concentration is recorded and the governing differ-
ential equations in the bulk are integrated numerically
via the Euler method using the current density from
the diffusion-layer model to obtain bulk concentra-
tions and gas—void fraction at a new streamwise po-
sition. The previously recorded cathode proton
surface concentration is then used as the initial guess
at the new streamwise position, and the procedure is
repeated for a given streamwise distance.

As a means to test the numerical consistency, the
average current density was calculated by three
methods: total mole balance on acetate, mole balance
on gaseous products and integration of the local
current density. The results showed good agreement
for the three methods with a maximum deviation of
0.8%.
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