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Simulation of an Electrochemical
Carbon Dioxide Concentrator

The performance of an electrochemical device for the concentration of

OMAR E. ABDEL-SALAM

and

carbon dioxide from the atmosphere of a spacecraft cabin is analyzed.

The removal rates as well as the concentration distributions of the different
species are calculated for any set of operating conditions by a model which
embodies the fundamental electrolyte properties and design parameters.

JACK WINNICK

Chemical Engineering Department
University of Missouri-Columbia
Columbia, Missouri 65201

SCOPE

Electrochemical concentration emerged in the last few
years as the best technique for carbon dioxide control
in a long duration manned space flight (Winnick et al.,
1974). There are two different designs under development
for possible applications in a life-support system (Huddle-
ston and Aylward, 1975; Woods et al., 1975). The former
design has undergone several modifications in the past
few years in order to improve its efficiency and widen its
capability in various environment. First, a new electro-
lyte (tetramethylammonium carbonate) was introduced to
replace cesium carbonate. Second, a new cathode with
a relatively high porosity was found to improve the carbon
dioxide removal rate to a great extent. Third, the matrix
material and compression were changed in order to mini-
mize the internal cell resistance and chemical deteriora-
tion in the electrolyte medium.

Preliminary experiments showed that these changes had
a significant effect on the carbon dioxide removal rate.

Correspondence concerning this paper should be addressed to Jack
Winnick.
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To obtain an optimum system design it was necessary
to identify the factors which determine the carbon dioxide
removal rate as well as the limits of cell operation, This
was done through a model which simulates the funda-.
mental transport processes taking place in the cell.

The carbon dioxide concentration is a multistep proc-
ess involving mass transport in gas phases, chermical ab-
sorption and reaction in a liquid phase, and ionic trans-
port in an electrolyte medium. The analysis of these proc-
esses (Lin and Winnick, 1974) yields two nonlinear or-
dinary differential equations which can be solved to
obtain the carbon dioxide removal rate as well as the
concentration distribution of the different species. This
model was successfully used in simulating the performance
of the early designs which used Cs,CO; electrolyte.

Here we examine the applicability of this model in
the present situation by utilizing the new electrolyte
properties and the changes associated with the new
cathode and matrix designs. The model is then used in
the design of a full scale unit. In addition to operating
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at the predetermined design conditions, the unit must
be flexible enough to operate over a wide range of other
operating conditions. This requires extrapolation of the
known performance characteristics. The present model
simulates the fundamental processes occurring in the
cell, using, nearly exclusively, independently derived pa-

rameters, Predictions are therefore more reliable than
those made strictly from empirical curve fitting.

The equations are of a general nature and can be
used, with certain modifications, in the design of any
electrochemical device which would remove and concen-
trate a pollutant from a gas or liquid stream.

CONCLUSIONS AND SIGNIFICANCE

The performance of a new electrochemical carbon
dioxide concentrator can be simulated by a fundamental
model embodying the electrochemical and physical prop-
erties of the electrolyte as well as parameters associated
with the electrodes and electrolyte matrix. Two empirical
assumptions are required; first, the rate constant of the
CO,-OH ™ reaction is dependent on the square root of
the hydroxyl ion concentration, and second, the active
gas-electrolyte area is dependent on the current density.
Both assumptions can be explained on physical grounds.

The experimental results obtained with a small scale
cell were used to verify the model assumptions. From these

results it was possible to design a full scale unit. The
nominal current density chosen is a compromise between
high current (carbon dioxide removal) efficiency and high
carbon dioxide removal rates.

In addition to operation at the nominal conditions, the
concentrator may also be required to work at other con-
ditions. The model predicts the performance under these
off-design conditions. The concentration distributions of
the different species are also predicted. These determine
the operating conditions which would lead to irreversible
electrolyte precipitation.

The concept of electrochemical carbon dioxide concen-
tration, originally developed for aircraft rebreather systems
(Quattrone et al., 1970), has been found to meet all the
requirements of establishing a long duration life-support
system in a six-man spacecraft (Winnick et al., 1974). The
process utilizes the hydrogen/oxygen fuel cell reaction
to establish a hydroxyl ion concentration gradient between
fuel-cell electrodes. Carbon dioxide is absorbed at the cath-
ode and released at the anode. In this way the concentra-
tion of carbon dioxide in the cabin atmosphere is kept be-
low a prescribed level. At the same time, the exhaled
carbon dioxide is recovered in a concentrated form suitable
for oxygen regeneration.

Crew activity (for example, maintenance) in remote re-
gions of a spacecraft require a portable self-contained sys-
tem designed specifically to be used by one man. One of
the requirements imposed on such units is to have a capa-
bility of working over a wide range of air relative humid-
ity, usually set between 35 and 909%. Therefore, the cell
electrolyte is selected such that it remains soluble at the
driest conditions at every point in the cell. Other provi-
sions are also needed to accommodate the expected change
in the electrolyte specific volume between the two extreme
conditions.

The use of Cs;CO3 (Winnick et al.,, 1974) as the elec-
trolyte is limited to air relative humidities above 60%.
Lower humidities cause drying of the electrolyte leading
to CsHCOjs precipitation at the anode. This leads to hydro-
gen crossover to the air side, creating a hazardous situa-
tion. Precipitation of the electrolyte within the electrode
pores can also decrease the active area available for the
electrochemical reactions and will, correspondingly, result
in the increase of the electrodes overvoltage. Humidity con-
trol of some sort can be used, but this adds to the total
system equivalent weight which is of prime importance in
space applications.

Two solutions for this problem have been proposed: the
use of TMAC (tetramethylammonium carbonate) (Hud-
dleston and Aylward, 1973) or the use of LSI-B* electro-
lyte (Woods et al., 1975). The saturated aqueous solutions
of the carbonates and the bicarbonates of both electrolytes

& A proprietary electrolyte of Life Systems, Inc., Cleveland, Ohio.
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have much lower water vapor pressures than those of
Cs3CO; and CsHCO;s, enabling operation at lower air rela-
tive humidities. The expected change in the electrolyte
specific volume between the two extremes of the air hu-
midities is accommodated in the former design by the
incorporation of a reservoir of porous Tissuquartz to ad-
sorb the excess electrolyte at the humid conditions.” Con-
trolled cell cooling and careful selection of the electrode
to matrix volume is the method used in the latter design.

Among other modifications in this design, new electrodes
and new cell matrix material and compression have been
used to improve carbon dioxide removal rates and power
efficiency.

Optimum design of the concentrator requires an accu-
rate model which can simulate the cell performance over
a wide range of operating conditions. Knowledge of the
concentration distribution of the different species is needed
to predict the incidence of precipitation in low humidity
environments. These concentrations may also be useful in
determining the IR drop and overvoltage components in
the cell. The determination of these concentrations in an
actual operating cell is experimentally difficult because of
the small thickness of the cell.

We will present a model which simulates the perform-
ance of this new cell design (Huddleston and Aylward,
1975) using basic physicochemical data. No attempt is
made here to analyze the performance of the latter de-
sign (Woods et al., 1975) because of the lack of proper-
ties of the proprietary electrolyte (LSI-B). When these
properties become available, the model can be used with
this design.

THEORY

The mechanisms of cell reactions in the carbon dioxide
concentrator have been described in a previous work
(Winnick et al., 1974). Basically, they are:

+ Recent results from full scale tests (Huddleston and Aylward, 1975)
indicate that a cell of this design charged with a single concentration
of TMAC is not capable of operation over the entire proposed range
of 35 to 90%. The variation in the electrolyte specific volume is not
quite compensated by the inclusion of a reservoir into the cell. Improve-
ments in the mechanical design would be required to enable coverage
of the entire range.
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1. The cathode reactions leading to the carbonate for-
mation from the absorbed carbon dioxide:

1/2 Oy + HyO + 2¢— — 20H~ (1)
CO; + OH™ — HCO;3~ (2)
HCO;~ + OH~ 22 C0Os2~ + H,O (3)

2, The conversion of the carbonate ions to bicarbonate
ions by reaction (3) as they move from a high pH at the
cathode to a low pH at the anode.

3. The decomposition of the bicarbonate ions releasing
carbon dioxide at the anode

HCO;~ —> CO; + OH~ (4)
HCO;~ + H;0— H;CO; + OH™ (5)
H,CO3; — CO; + H,0 (6)
4. The formation of water at the anode
Hy— 2H* 4 2e¢~ (7)
2H* + 20H~ — 2H,0 (8)

If the carbonate ions were the only charge carriers in the
solution, then 1 mole of carbon dioxide would be trans-
ferred for each two Faradays of electric current. This cor-
responds to 1009 current efficiency. In practice, some of
the hydroxyl ions escape from the cathode region with-
out reaction with carbon dioxide or HCO3™ ions, reacting
with the H* ions at the anode to form water. This leads
to a lower current efficiency.

The analysis of the transport equations (Appendix A)
depends on dividing the cell into subcells in the direction
of the air flow and subdividing each subcell into five zones
as shown in Figure 1. The analysis leads to the following
two nonlinear ordinary differential equations:

dC dc
f1(Cy, C5) == + £,(Cy, C3) —= =
dx dx
— Ngp + f3(Cy, C3)I/F - (9)
dc, dcC;

fo(Cy, C3) T + £5(C3, C3) — =

— I/F + fs(Cy, C3)I/F  (10)
The boundary condition at the cathode is

N5T = Sc(ki D5CC2>V3 [C5c e Cl/(KlCZ)] at x = _d/2
(11)
where

Cs. = {(Ps:)1
— N5;ART/[Vo(1 — exp {— hs A/VHIWE  (12)

The boundary condition at the anode is similar except that
ki is replaced by (k; + K’y ag) and the subscript ¢ by a.
The third boundary condition is obtained from the energy
and water balance equations (Lin et al., 1974). It arises
from the condition, at steady state, that all water produced
at the anode must be released at the cathode. The anode
gas flow rate is too low to remove a significant amount of
water. This boundary condition is

C, + C3/(CiKy) + 2C3 = C4 = f(Pees Te)
at x= —d/2 (13)

These equations contain several parameters depending
on solution properties, electrode design, and matrix ma-
terial and compression. To obtain the parameters related
to cell design, a small scale cell was constructed and tested
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Fig. 1. Schematic of subcell.

with TMAC. Fundamental property tests were also made
to obtain the electrolyte properties and the effect of the
matrix compression on the internal cell resistance.

ANALYTICAL CELL DESIGN

The analytical cell was constructed of one layer of
Tissuquartz of 0.46 mm (18 mils) thickness sandwiched
between two layers of fuel-cell asbestos, 0.51 mm (20
mils) each, and the whole compressed to a final thickness
of 0.64 mm (25 mils). The electrodes were made of me-
tallic screens upon which a mixture of platinum and teflon
was applied. The electrode length in the air flow direc-
tion was 152.4 mm (6 in.), and the width was 25.4 mm
(1 in.). Previous experience showed that increasing the
cathode porosity had a favorable effect on the carbon di-
oxide removal rate; the later cathode designs have re-
flected this observation. The anode material and catalyst
loading were chosen so as to minimize the anode over-
voltage. The whole system was enclosed in a metallic hous-
ing with four rectangular air ducts, 5.1 X 4.8 mm (0.2 X
0.19in.) each.

ANALYTICAL CELL TESTS

The carbon dioxide removal rate was measursd at se-
lected conditions of current densities between 12.9 and
32.3 mA/cm? (12 to 30 A/ft?), Pco, in the range 0.25 to
4 mm Hg, air velocities in the range 151 to 463 cm/s (5
to 15 ft/s), air temperature of 21.1°C, and air relative
humidities in the range 34 to 71%. The hydrogen flow rate
was fixed at about 10 cm3/s. Each test was run for ap-
proximately 2 days with at least three data readings taken
each day. The results of these tests were reported by
Huddleston and Aylward (1973). Generally, the reported
data were accurate to = 4%,
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Fig. 2. Current (carbon dioxide removal) efficiency in the analytical
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Fig. 3. Effect of current density on active cathode area.
(5* is S for analytical cell at | = 19.3 mA/em2).

PARAMETER EVALUATION

Electrolyte Parameters

The electrolyte parameters including the activity coeffi-
cients, diffusion coefficients, and mobilities were calculated
from the water vapor pressure data, viscosities, densities,
and specific conductivities of (NMey);CO;, NMedCOs,
and NMe,OH solutions (Aylward, 1974), The detailed
calculations and tables are available elsewhere (Abdel-
Salam, 1976).
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Henry’s Law Constants

No data were available for the physical solubility of car-
bon dioxide in aqueous (NMey)sCO;3 and NMeHCO; so-
lutions. The Henry’s law constants are different from their
values at infinite dilution by a factor depending on the
activity coeflicients of carbon dioxide in the solution. A
theoretical expression due to Van Krevelen and Hoftijzer
(1948) represents this relation as follows:

log (H/H®) = (iy + i- + ip)n (14)

This expression was used by taking i+ as 0.030, i. as
0.021, and 4, as —0.010. The value of i+ is the reported
value for NHy" ion, since there was no value reported
for NMe,* ion. This may result in some error in estimating
H, but this will not have a significant effect on the calcu-
lations since H appears in the analysis only in conjunction
with the empirically determined cathode active area. The
values used for i— and i; are those of COs2~ and carbon
dioxide, respectively.

Carbon Dioxide Diffusivity in the Solution

The molecular diffusivity of carbon dioxide in the solu-
tion was estimated from the following formula obtained
for carbon dioxide diffusion in viscous liquids (McMan-
amey and Woollen, 1973):

D = Do (n/4°)047 (15)

Gas-Phase Mass Transfer Coefficients

The data obtained in the analytical cell at a current
density of 19.3 mA/cm? and air velocity of 305 cm/s were
used to estimate the gas-phase mass transfer coefficient for
carbon dioxide in the air zone. At a low Pco,, the process
becomes gas-phase mass transfer controlled, and in the
limit of zero Pco, Equation (12) reduces to

dN
hs, = — (Vo/A) In [1 — (ART/V,) (—i) ]
dps, / , _,

(16)

The calculated mass transfer coefficient was 6% lower than
that for laminar flow in rectangular ducts with uniform
wall concentration (Knudsen and Katz, 1958):

Sh = Sh. [1 + (0.003 + 0.039 5,/s5) Re Sc d/L]
(17)

It was assumed that for air velocities normally used in the
cell, the gas-phase mass transfer coefficients of carbon diox-
ide are always 94% of that calculated from the above ex-
pression. Other mass transfer coefficients (for example,
that of water vapor in the air stream) were estimated from
similar expressions (Abdel-Salam, 1976). The heat trans-
fer coefficients were estimated from a slightly different ex-
pression for heat transfer in rectangular ducts with uniform
heat flux (Knudsen and Katz, 1958):

Nu = Nu.[1 + (0.003 + 0.019 s,/s;) Re Prd./L]
(18)

Matrix Labyrinth Factor

To calculate the effective diffusion coefficients and mo-
bilities in the matrix zone, the values in free electrolytes
should be multiplied by a factor depending on the matrix
material and compression. This factor was determined in-
dependently by comparing the electrical resistance -of one
free electrolyte with that of the matrix-electrolyte com-
bination in a special micrometer cell (Huddleston and
Aylward, 1973). The matrix labyrinth factor at the same
compression used in the cell was 0.34.
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Gas-Electrolyte Interface Area in the Anode

Experimental as well as simulation results show that the
carbon dioxide removal rate is almost independent of the
anode parameters. Therefore, an approximate value of the
parameter S,[Ds(k; C; + K ag)]* which appears in
Equation (11) when written for the anode zone, was esti--
mated from test data and the approximate compositions
expected in the cell. This parameter was then used as
such in the model.

Gas-Electrolyte Interface Area in the Cathode

Experimental as well as simulation results show that the
carbon dioxide removal rate is highly dependent on the
cathode parameters. The air-catholyte interface area can
be selected so that the calculated carbon dioxide removal
rates match the experimental results. Calculations show
that the test data (Figure 2) can be simulated within ex-
perimental error only if the rate constant k; was propor-
tional to C,* and if the air-catholyte area is presumed de-
pendent upon the current density as shown in Figure 3.
The calculated current efficiencies are represented by the
dotted lines in Figure 2. The dependence of the reaction
rate constant on the square root of the hydroxyl ion con-
centration and the gas-electrolyte interface area on the
current density is explained in Appendix B. The calculated
results are in good agreement with the experimental data.
The effect of Pco, on the carbon dioxide removal efficiency
is correctly predicted by the model.

The mode! predicts optimum current densities, resulting
in maximum current efficiencies, which vary with Pco,.
The presence of an optimum current density for each value
of Pgo, has been previously reported for similar devices
(Marshall et al., 1973). However, the present model pre-
dicts these extrema from fundamental considerations.

No significant effect of the cell temperature, hydrogen
flow rate, or hydrogen-anolyte interface area is seen on the
carbon dioxide removal efficiency. On the other hand, this
efficiency is greatly dependent on the air-catholyte inter-
face area.

FULL SCALE CELL DESIGN

The NASA one-man unit standard for carbon dioxide
production is 1 kg/man day. To maintain the manned
spacecraft within the prescribed limits, the life support
system must remove the carbon dioxide at this same rate
from the ambient condition of 3 mm Hg partial pressure
and air relative humidities between 35 and 909%. The unit
can be used for ambient carbon dioxide concentrations up
to 15 mm Hg, but if the concentration in the cabin atmo-
sphere exceeds that limit, the unit is shut down and other
systems (for example, LiOH absorbers) are used to re-
sume the normal concentration in a short period after
which the system is started again. It is possible by using
the same device to reduce the carbon dioxide concentra-
tion in the cabin atmosphere to earthlike conditions (0.25
mm Hg), but this would require three to four times more
cells.

Since operation will occur mainly at the nominal condi-
tions, a primary design consideration is achievement of
high current (carbon dioxide removal) efficiency at these
conditions. Figure 2 shows that the model predicts a maxi-
mum efficiency at 3 mm Hg carbon dioxide partial pressure
at a current density of about 15 mA/cm?2, These same re-
sults, plotted instead as actual carbon dioxide removal flux
vs. current density (Figure 4), show a relatively large
slope at this point. This means that increasing the current
density slightly from the value at the maximum efficiency
greatly lowers the transfer area needed. A compromise de-
sign was arrived at, 2940 cm?, requiring 19.3 mA/cm? (18
A/ft?) at nominal conditions.
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Previous experience of using analytical cell data in full
scale cell sizing showed that a safety factor of about 20
to 30% in electrode area may be required. Accordingly, a
full scale (one-man) system was fabricated consisting of
four identical cell pairs with common hydrogen chambers
to give a total electrode area of 3720 cm? (4 ft?). Each
cell was made of the same fuel-cell hardware used in the
analytical cell, except that the width of each electrode was
twelve times that used in the analytical cell (305 mm, or
12 in.); that is, there were forty-eight air ducts per elec-
trode instead of four. The air path length was kept the
same as in the analytical cell (152.4 mm, or 6 in. ;.

FULL SCALE CELL TESTS

Parametric testing results were obtained for current
densities of 5.4 to 19.3 mA/cm? (5 to 18 A/ft?) and Pco,
of 1 and 2.5 mm Hg. The air velocity was fixed at 203
cem/s (6.6 ft/s). No other variation of test conditions was
made except for the decrease of the inlet air relative hu-
midity from 71 to 34% in the last stages of the program.
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. 6. Model predictions of carbon dioxide removal rates in the
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Fig. 7. Predicted ionic concentration distribution in the analytical
cell at the following conditions: Pcoy = 4 mm Hg, | = 32.9 mA/
cm2, air velocity = 203 cm/s, air temp. = 21.1°C, air dew point —
4.4°C, cell voltage = 0.3V.

The results of these tests were summarized by Huddleston
and Aylward (1975). The current efficiencies were, as
expected, lower than those of the analytical cell at the
same test conditions. They are shown in Figure 5. Since
there was no difference between the full scale and analyti-
cal cell designs except in the dimensions of the electrodes,
this reduction in the carbon dioxide removal is probably
due to the decrease in the specific cathode active area. By
using a constant scaling-down factor of 0.37 for the active
area as shown in Figure 3, the full scale cell data were
simulated (Figure 5}.

MODEL PREDICTIONS

Effect of Pco,

At a constant current density, increasing Pco, in the in-
let cabin air increases the carbon dioxide removal rate. This
is apparent from Figure 6 which gives model predictions at
off-design conditions. The increase is rather sharp in the
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low Pco, region, becoming much slower as Pco, exceeds
the base line condition (3 mm Hg).

The increase in Pcoy in the air zone reduces the OH~
concentration in the catholyte as predicted by the model.
This is in agreement with the pH measurements of the
catholyte in the analytical cell (Huddleston and Aylward,
1973). This also explains the increase of the cathode over-
voltage with Pco, increase (Huddleston and Aylward,
1973).

Effect of Current Density

The simulated results as well as the experimental data
show that there is a maximum current efficiency at a cer-
tain current density for each value of Pco,, and the value
of the optimum current density increases with Pco,. It is
necessary to operate at or near this current density in
order to obtain best utilization of consumables (hydrogen
and oxygen). The existence of an optimum current effi-
ciency is associated with a certain OH™ concentration in
the catholyte at which carbon dioxide removal efficiency
is maximum. The optimum OH™ concentration is depen-
dent on the carbon dioxide concentration at the air inlet.

Effect of Air Velocity

In the experimental air velocity range (151 to 463
cm/s), actual as well as model results show little effect on
the carbon dioxide removal rate at the design Pco, concen-
tration (3 mm Hg) and above. The carbon dioxide removal
rate decreases gradually as the velocity decreases below
that level, indicating the influence of gas-phase mass trans-
fer limitations. In the low Pco, region (=0.25 mm Hg),
the process becomes totally controlled by the gas-phase
mass transfer coefficient. In that range the increase of the
carbon dioxide flux with air velocity is accompanied by a
decrease in the OH~ concentration which also increases
the cathode overvoltage, verified experimentally. As the
Pco, increases above this level, the effect of the air velocity
diminishes.

Effect of Matrix Thickness and Compression

The matrix thickness and compression are chosen on the
basis of the internal cell resistance and other mechanical
considerations. However, it is desirable to predict the effect
on the carbon dioxide removal rate of changing these
parameters. Increasing the matrix thickness from the de-
sign value over a small range causes a predicted increase
in the carbon dioxide removal rate. This increase is due
to the decrease in HCO3™ ion back diffusion from anode
to cathode. The carbon dioxide removal efficiency reaches
a maximum, then decreases again as the matrix thickness
increases. This decrease is due to the increase of the OH™
flux from cathode to anode to maintain the constancy of
the cell current, which decreases the carbon dioxide re-
moval efficiency. The effect of the matrix thickness on the
carbon dioxide removal rate as predicted by the model
agrees completely with prior experiments on similar sys-
tems (Marshall et al., 1973).

Increase of the cell compression over a limited range,
simulated in the model by use of a lower matrix labyrinth
factor, also increases the carbon dioxide removal rate. This
is due to effects similar to those involved in increasing the
thickness. The total effect on the internal cell resistance
must be considered in obtaining the optimum thickness
and compression for certain design conditions.

Effect of Air Relative Humidity and Temperature

Solubility Limitations. The model is important in pre-
dicting the limits of cell operation in low humidity environ-
ments. Unlike CsHCO;, the molar solubility of NMe,;HCO3
is high enough (7.3 g mole/l at room temperature) to
avoid precipitation of the electrolyte at the anode. On
the other hand, the solubility of (NMey),CO; is low (2.7
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g mole/1 at room temperature), and it can precipitate
when the concentration of the catholyte in equilibrium
with the air humidity condition exceeds the solubility
limits. Figure 7 shows the concentration distribution of
the different species in one case at which precipitation is
predicted at the cathode. The concentration of the catho-
lyte is considered to be the total cation concentration, and
precipitation is indicated if it exceeds 5.4 g jon/L

The humidity-current density criteria in the TMAC units
are different from those in the CsgCO;3 units (Lin et al.,
1974). Since CsHCO; precipitation is the limiting factor
in the case of Cs3COj units, precipitation is indicated when
the current density drops below a certain value for a fixed
air humidity condition. This reduces the cation concentra-
tion gradient across the matrix and increases the CsHCOj;
concentration at the anode. On the other hand, precipita-
tion of the catholyte in the TMAC units is determined by
several factors, including current density, cell voltage, and
air humidity. These are discussed below. The energy and
water balance lead to the following two equations (Lin
et al,, 1974):

{Z/(pVepL) + 1/[2 Uen(sy + s2) L1} (19)
(Ps.)o = (Pec)1 + IRT/ (2heF) (20)

From these equations together with the water vapor pres-
sure data of (NMey)oCO;s solutions, Table 1 was con-
structed to show the limit of the full scale cell operation at
an air relative humidity of 33.6%, assuming a fixed cell
potential of 0.2 V. The probable small increase in
(NMe4)>CO; solubility with temperature was ignored.
Unlike the Cs;COj cells, incidence of precipitation with
TMAC increases with current density.

We have no precise experimental verification of the
predicted concentrations. As part of the experimental pro-
gram, however, rough pH measurements were made of
the catholyte and anolyte from pH paper. Table 2 contains
the calculated and experimental pH values obtained in
the analytical cell at a current density of 19.3 mA/cm? and
an air inlet relative humidity of 71.2%. The calculated
pH values were obtained by assigning an activity coeffi-
cient of unity for the OH~. The true individual ionic ac-
tivity coefficient cannot be determined or estimated with-
out a nonthermodynamic assumption, The measured val-
ues will also contain some error (about = 0.5), not only
because of the approximate nature of the pH papers used,
but also because the taking of representative samples of
surface catholyte or anolyte is difficult, The direction of
deviation of the measurements from the predictions con-
firms this suggestion.

Carbon dioxide transfer efficiency. The model predicts a
6% increase in the carbon dioxide removal efliciency of
the analytical cell operating at 3 mm Hg Pco, and 19.3
mA/cm? as the air relative humidity decreases from 71
to 349%. The earliest data obtained with the analytical cell
did not show a significant effect of this parameter beyond
the experimental error limits (Huddleston and Aylward,
1973). Later data on the full scale cell (Huddleston and
Aylward, 1975) in the very low humidity region (15 to
20% ) agree qualitatively with the results of the model.
Precipitation is predicted at these low humidities; how-
ever, it has been reported that TMAC can form unstable
supersaturated solutions (Huddleston and Aylward, 1972).

The increase of the carbon dioxide removal rate pre-
dicted by the model is due to the increase of electrolyte
viscosity with concentration which increases the selectivity
of CO3%~ ions as charge carriers and increases the carbon
dioxide removal rate. This viscosity increase will be more
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TABLE 1. PRECIPITATION PREDICTIONS IN THE FurLi SCALE
CEeLL AT AN AIR INLET TEMPERATURE OF 21.1°C, AR DEW
or 4.4°C, anDp A1r VeLocITY OF 203 c™M/ -

Average
water
Current Average cell ~ partial Catholyte
density, temperature,  pressure, concentration,
mA/cm? °C mm Hg gion/l
5 22.4 6.37 5.23 (no precipitation)
10 23.8 6.44 5.29 (no precipitation)
15 25.1 6.51 5.36 (no precipitation)
20 26.4 6.58 5.43 (precipitation)
25 277 6.65 5.48 (precipitation)
30 29.1 6.72 3.61 (precipitation)

TABLE 2. PREDICTED AND MEASURED pH VALUEs IN THE
ANALYTICAL CELL AT A CURRENT DENsITY OF 19.3 MA/CM2
AND AIR ReLaTive Humipiry oF 71.2%

Inlet Pco, Catholyte pH Anolvte pH
mm Hg Measured  Predicted  Measured Predicted
0.25 13.5 14.3 9.2 8.1
1 13.3 14.1 9.2 8.4
4 13.0 134 9.0 8.7

marked at the very low humidities (high TMAC concen-
trations).

Changing the temperature over a limited range has little
effect on the carbon dioxide removal rates because the in-
crease in the reaction rate constant k; with temperature
compensates for the decrease in the electrolyte viscosity.

Effect of Hydrogen Flow Rate and Gas-Anolyte Interface Area

As mentioned earlier, conditions at the anode have little
effect on the calculated carbon dioxide flux. The only con-
clusion that can be obtained from the model is that de-
creasing these parameters lowers the anolyte pH which in-
creases the anode overvoltage (Huddleston and Aylward,
1973) probably by the formation of an adsorbed carbon
dioxide complex layer on the anode or by increasing the
sticking of the matrix to the anode surface.

CONCLUSIONS

The study showed that the performance of the carbon
dioxide concentrator using TMAC can be simulated by a
fundamental model of the mass transfer and reaction rates
of the processes which take place in the cell. Most of the
model parameters have been estimated from independent:
measurements. The only assumptions required to simulate
test data were the dependence of the rate constant of the
carbon dioxide-OH™ reaction on the square root of the
OH~ concentration and the dependence of the air-catho-
lyte interface area on the current density. The model en-
abled the design and simulation of a full scale cell over
a wide range of operating conditions. The concentration
distribution of the different species were also calculated.
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NOTATION

a = activity

A = geometric electrode area
¢p = specific heat of air
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molar concentration

matrix thickness

equivalent diameter of rectangular channel
molecular diffusivity or ionic diffusion coefficient
cell voltage

f4, fs, f& = functions of concentrations, diffusion
coefficients, mobilities, and equilibrium constants
defined by Equations (A6) to (A12)

Faraday’s constant

gas-phase mass transfer coefficient

Henry’s law constant

heat of formation of water vapor

coefficient defined by Equation (14)

current density

mechanical heat equivalent

reaction rate constant

reaction equilibrium constant

length of air channel

number of air channels per electrode

molar flux

Nusselt number

pressure

Prandtl number

universal gas constant

Reynolds number

length of short side of rectangular duct

length of long side of rectangular duct
gas-electrolyte interface area per unit of geo-
metric electrode area

Schmidt number

Sherwood number

air temperature

cell temperature

ionic mobility

gas-phase heat transfer coefficient

solution bulk velocity

volumetric gas flow rate

coordinate dimension between electrodes

ionic charge

coordinate dimension in the air flow direction
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Greek Letters

activity coefficient
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electrical potential

function defined by Equation (A12)
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Subscripts

anode
cathode

gas

inlet
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total
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OH-

CO42-

NMe4+
carbon dioxide
water

reaction (2)
reaction (3)
reaction (6)
cation

anion

limiting value
activated complex
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Superscripts

s == interfacial value

0 = infinite dilution

’ = backward reaction

APPENDIX A: FUNDAMENTAL EQUATIONS

The following treatment is slightly different from the analy-
sis given by Lin and Winnick (1974). The mass transfer in
the gas phase is represented by the equation

N = h(P — P*)1m/RT (A1)

The reaction between carbon dicxide and OH— results in the
following equation:

N = (kiD5C2)%[(P*/H) — C1/(KiC2)1S. (A2)

The second term inside the brackets is much smaller than the
first term at the cathode under normal operation and can be
neglected. The combination of Equations (Al) and (A2) re-
sults in the boundary condition (1l). Similar treatment gives
the boundary condition at the anode.

The ionic transport in the electrolyte is represented by the
Nernst-Planck equation:

dc; dg
N]': —_ Dj—x-{-ZjFUjCjE +le? (A3)

In the concentrator, almost all the water produced at the anode
is removed by the air stream. The bulk velocity term is ap-
proximately calculated from the water transport in the cell.
However, the assumption of zero bulk velocity (Lin and Win-
nick, 1974) does not cause a significant change in results. The
following equations result from the conservation of mass and
charge at steady state:

Ny 4+ N3+ Ns = Nr (A4)
Ny + Ny + 2N3 = I/F (A5)

By substituting for each term from Equation (A3) and utiliz-
ing the reaction equilibrium relations and electroneutrality, we
obtain Equations (7) and (8) where

f1 = D1 + D4(C2 — C3/Kii) (u1 + 2u3C3/C1)/(us )
+ 2DsKiCy/(KiC3) (AB)
fa = D4(2C1 + 1/Ki;) (u1Cy + 2u3C3)/ (ugy)
+ D3 — DsKiiC12/(KiCs2) (A7)
fa = (C1 + C3 + C5 — Cyus/ug — 2C3u3/us)/(2Cr)
(A8)
fa = D1 + D4(C1? — C3/Kyi) [ur 4 u2C3/(KiuCq?)
+ 4u3C3C11/ (ugy) — D2C3/(KuCi2) (A9)
fs = D4(2C1 + 1/Kii) [u1Cy + u2Cs/(KuCy)

+ 4u3C3]/(ugy) + 2D3 + D2/(KiC1) (Al0)
fo = (C1 4 C2 4 2C3 — Cyuy/uy — Cous/ug
— 4Cgug/us)/(2Cr) (All)
and y is given by
¥ = C12 4 2CC3 + C3/Ki; (Al2)

APPENDIX B: MODEL JUSTIFICATION

The dependence of the reaction rate constant'k; on the
square root of the hydroxyl ion concentration in the catholyte
requires some justification. The reaction rate constant in con-
centrated solutions is different from the value at infinite dilu-
tion by a factor depending on the activity coeficients of car-
bon dioxide, OH~ ions, and the activated complex formed dur-
ing the absorption reaction { Frost and Pearson, 1961). The fol-
lowing equation represents this relation:

log k = log k° + log (vcoz + vou— — vt) (B1)
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The rapidly increasing activity coefficients of NMesOH with
concentration (Abdel-5alam et al., 1976) suggest that the re-
action rate constant depends, in some way, on the OH~ con-
centration. Further support of that view comes from the early
work on the alkaline decomposition of diacetone alcohol in
presence of NMesOH and KOH, successively (Halberstadt and
Prue, 1952). The reaction rate in that case increased with in-
creasing NMesOH concentration but decreased slightly in the
case of KOH. This behavior is consistent with the activity co-
efficients of the two electrolytes.

The dependence of the gas-catholyte interface area on the
current density and the electrode configuration is less clearly
understood. It is known that the equilibrium of the electrolyte
meniscus inside the electrode pores depends on several factors,
such as the capillary forces, gas pressure, etc. It may be that
the electroosmotic forces, which depend on the current density
distribution in the electrode, affect the air-electrolyte equilib-
rium and hence their interface area.
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SCOPE

The determination of optimal process reliability can be
described as a mixed integer optimization problem. Al-
though not usually included in the optimization study, re-
liability is an important aspect of process design, affecting
both the safety and economics of the installation.

Process reliability can be improved by redundancy
(spares), by use of more expensive components (or con-
trols), and by subdividing large units into smaller units
that will accomplish the same task. Differing reliability re-
quirements involve new, and sometimes quite different,
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process arrangements. Improving reliability of 2 process
usually adds to the cost, and this added cost must be offset
by better operation,

Reliability can be incorporated in the process study as a
constraint that must be met by the process arrangement,
or reliability might be built into the cost function as a
penalty imposed for less reliable systems. Both of these
methods require manipulation of the process arrangement
to determine the best configuration. At the same time,
however, it is necessary to consider other independent
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