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Isotherm Model for Moisture-Controlled CO, Sorption®

Yuta Kaneko? and Klaus S. Lackner?

Moisture-controlled sorption of CO,, the basis for moisture-swing CO, capture from air, is a novel
phenomenon observed in strong-base anion exchange materials. Prior research has shown that Lang-
muir isotherms provide an approximate fit to moisture-controlled CO, sorption isotherm data. How-
ever, this fit still lacks a governing equation derived from an analytic model. In this paper, we derive
an analytic form for an isotherm equation from a bottom-up approach, starting with a fundamental
theory for an alkali liquid. In the range of interest relevant to CO, capture from air, an isotherm
equation for an alkali liquid reduces to a simple analytic form with a single parameter, Keq. In the
limit Keq > 1, a 2nd order approximation simplifies to a Langmuir isotherm that, however, deviates
from experimental data. The isotherm theory for an alkali liquid has been generalized to a strong-
base anion exchange material. In a strong-base anion exchange material, water concentration inside
a sorbent, [HyO], is not large enough to be regarded as constant, which allows us to extend Keq to
Keq(aEM)eft = Keq(aEm) X [H20]™" according to the law of mass action. The final isotherm formula
has been validated by experimental data from the literature. For a moisture-controlled CO, sorbent,
Keq(aEM)eft Varies significantly with moisture content of the sorbent. Depending on moisture level,
the observed K.qagmefr in @ specific sorbent ranges from a few times to a few thousand times the

value of Kq of a 2 mol L1 alkali liquid.

1 Introduction

Moisture-controlled CO, sorption™ is a novel phenomenon ob-
served in strong-base anion exchange materials (AEMs) with qua-
ternary ammonium cations. The CO; equilibrium partial pressure
over these sorbents can increase roughly 500-fold as the relative
humidity is raised from 20% to 100%5#. This makes it possible
to develop a cycle of sorption and desorption that is driven by
moisture rather than a direct energy input, i.e., a moisture-swing
sorbent cycle and its application to CO, capture from ambient
air (Direct Air Capture, DAC). DAC has been introduced to bal-
ance the carbon budget. It is useful in capturing CO, from
fossil carbon emissions that could not be collected at large point
sources, or has been generated at myriad small and distributed
sources like automobiles, trucks, ships and airplanes. In more re-
cent years the emphasis has shifted to negative emissions that are
necessary to draw down excess carbon from the environment8?,
DAC is one of the Negative Emission Technologies (NETS) that
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imate isotherm equation for negligible [CO,], [H] and [OH] (Siv); and derivation
of the Langmuir approximation of the isotherm (Sy).

are necessary to limit global warming to 1.5°CTI2T3 however,
the high energy demand and cost are currently the most challeng-
ing issues for DAC applications. Since water is a cheaper
resource compared to the heat that is necessary for temperature-
swing-based DACI78 moisture-controlled CO, sorption may re-
duce the cost of DAC.

In general, many different types of empirical formulas have
been proposed to fit various isotherm data?., Langmuir isotherms
offer an approximate fit to moisture-controlled CO, sorption
isotherm data®#20, but this approximation is not grounded in
an analytic model and its governing equations. Such a model is
critical to understanding the thermodynamics of this novel sorp-
tion mechanism. To characterize sorbents in more a quantita-
tive way, we investigated the analytic CO, isotherm equation that
can be directly derived from the governing equations of moisture-
controlled CO, sorption.

There is good evidence that the reaction of CO, binding to
AEMs that exhibit moisture-controlled sorption is analogous to
the sorption of CO, into alkaline aqueous solutions. Because of
their high ionic charge density these AEMs always contain water
embedded into the polymer matrix. The mobil anionic charge is
embedded into this water, while the cationic charge in the form of
quaternary ammonium ions is firmly affixed to the polymer ma-
trix. The AEM can be considered as an aqueous solution of anions
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perturbed by a polymer matrix to which the cations are attached.
This description is supported by various numerical simulations on
the atomistic level that indeed reproduce the moisture-swing ef-
fect 2122123

In developing a continuum model we therefore start from a de-
scription which is very similar to that used to describe an aqueous
solution of an alkali cations but assumes that the modification of
the property of water inside the strong-base AEM makes different
equilibrium constants. This model is very different from those de-
rived by treating CO, binding as a surface adsorption effect, i.e., a
surface complexation model?4, such as Van Cappellen’s model2>,
In AEMs the CO, binding happens throughout the volume of the
sorbent material. This is supported by experimental evidence.
For example, Tao Wang’s early capacity measurements show that
the CO, loading can reach every charge site inside a strong-base
AEMS#, Even though the water-mineral interaction on mineral
surfaces may have some similarities to the carbonate-bicarbonate
chemistry inside a strong-base AEM, the chemistry in the interior
of the strong-base AEM cannot be controlled by a surface poten-
tial. Therefore, the governing equations of Van Cappellen’s model
do not apply to our case. Van Cappellen’s model requires a sur-
face charge layer. Strong-base AEMs, which are not limited to
membrane geometry with a high surface-to-volume ratio but also
include amorphous spherical beads at the millimeter scale, must
obey charge neutrality.

While moisture-controlled CO, sorption is a novel phenomenon
and the interactions among CO,, H,O and the strong-base AEM
are not fully understood yet, research regarding CO, absorp-
tion in alkali liquids has a very long history of nearly a hundred
years2® and it has been widely investigated because it is of the-
oretical interest and industrial importance2Z282930  Most im-
portantly, the values of key parameters such as the equilibrium
constants of the chemical reactions are reported in the litera-
turel21l323384 wwhich is vital to understand the nature of CO,-
H,0-alkali liquid interactions. The magnitude of chemical equi-
librium constants varies dramatically with concentrations, tem-
peratures and chemical composition, which greatly affects the be-
havior. In this paper, we initially establish CO, sorption isotherm
equations for an alkali liquid optimized in our Area of Interest,
where the partial pressure of CO, is within the range relevant to
CO, capture from air, a few tens of Pascal for absorption and up
to more than 10 kPa for desorption. Then, we extend the theory
from alkali liquids to strong-base AEMs to derive an analytic ex-
pression of the moisture-controlled CO, sorption isotherm equa-
tion.

2 Chemisorption isotherms for alkali liquids and
strong-base AEMs

2.1 Exact isotherm equation for alkali liquids

We start with an alkali liquid in equilibrium with CO, that results
in a bicarbonate-carbonate-hydroxide system. Examples include
a potassium bicarbonate aqueous solution or a sodium carbon-
ate aqueous solution. We define alkalinity of an alkali liquid as
concentration of positive charges excluding HT minus negative
charges excluding OH™, HCOy5, and CO%’ 27 The alkalinity is
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denoted by [A]. Charge neutrality demands:

[A]+[H'] = [HCO3 ] +2[CO3 ] + [OH] 1)

where, [i] denotes the concentration of the chemical species i. If
other ions, e.g., chlorides are present, the alkalinity would include
them and include all charges except for protons, hydroxides, car-
bonates and bicarbonates. Note that HCO3, CO%’ and OH™ can
also be regarded as the counter ions in case of strong-base AEMs
that has been exchanged into the hydroxide form and then equi-
librated against a certain partial pressure of CO,. The following
four equations apply simultaneously2822130.

RN
COy(g) == COya) @
_ K _
CO; (g +OH™ == HCO;4 3)
_ _ Kk 9
HCO,” +OH™ == CO,*” +H,0 4
KW + —
H,0 —=H" +OH (5)

Note that the subscript g and aq refer to the gaseous and dis-
solved phase, respectively. We assume that these equations hold
both for an aqueous solution and an AEM. However, the equilib-
rium constants can be different.

By eliminating the [OH ] term, we obtain2822:

— 2—
2HCO;~ == CO,>" +COy(,y +H,0 ©)

aq

Note that the first reaction happens only at the surface of an
aqueous solution since CO, in gaseous phase exists only outside
the solution. For a system in chemical equilibrium, Henry’s con-
stant and the equilibrium constants of each chemical reaction are
defined as:

Ky = [H'][OHT] 7
Ky = % (8)
_ [HCOf]
Ki = oo ] ®
K = SO (10)
> 7 [HCO;J[oH ]

where Pco, denotes the partial pressure of the gaseous COj.
Henry’s law is valid since Pco, is much smaller than 1 atm in our
Area of Interest. Note that [CO,] represents the concentration of
CO; inside the aqueous solution, not that in the gas phase outside.
Also note that we follow the convention that [CO,] also includes
the small additional contribution of [H,CO3]. To understand or-
ders of magnitude and to introduce a reference value, we define
Ky, K, K7 and K3 as the value of these equilibrium constants for
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an ideal solution at 25°C. The literature=% indicates:

Ky =1.0x107%  [mol>L~% (an
Ky =33x10"7  [molL™'Pa!] (12)
K{ =4.4x10"  [mol 'L (13)
Ky =4.6x10°  [mol L] (14)

Substituting Eq.(7), Eq.(9) and Eq.(10) into Eq.(I) yields:

[OH™] = [A]+Kw/[OH |- K[CO,| {[OH](1+2K;[OH )}
(15)
Therefore, [CO,] can be expressed as a function of [OH|:
_ —[OH ]2+ [A][OH"] + Kw
[COy] = Ki[OH ]2+ 2K K,[OH 3 (16)
= f([OHT]) a7

Conversely, we can implicitly express [OH™| as a function of
[COyJ:

[OH"] = f!([co,)) (18)

A useful concept to simplify the equations is the Dissolved In-
organic Carbon (DIC), which is defined as
[DIC] = [HCO5 ] + [CO3 7] + [CO,] (19)

We can express [DIC] as a function of only [CO;| by substituting

Eq.(9), Eq.(10) and Eq.(18) into Eq.(I9) as

[DIC] = K;[CO,J[OH"](1+K>[OH]) +[CO] (20)

[coa] {Kif 7 ([C0a)) (1+Kof (€O ) 41}

(2D

Next, we define 6 as a ratio of absorbed carbon to alkalinity:

S
M1l

[DIC]/[A] (22)

_ [COZ]{Klf1([C02})E;;'K2f1([C02])) + l} (23)

Eq. expresses the sorbent saturation as function of [CO;]
on the sorbent. As long as Henry’s law applies, we can translate
the latter into a corresponding equilibrium partial pressure of CO,
over the sorbent, i.e., the isotherm of this sorption/desorption
reaction:

Physical Chemistry Chemical Physics

KPeo, {Kif ™" (KuPco,) (1+Kxf ' (KyPo,)) +1}

A (24

We refer to the exact isotherm (Eq.) as 0 = Si(Pco,)-
Fig.(1) and Fig.(2) show S plotted against Pco,, CO, concentra-
tion in 1-atm air in ppm, [CO,] and pH, assuming [A] and temper-
ature are respectively 2 mol L~! and 25°C. 8 =0, 0.5 and 1.0 in
Fig. ll means that OH™, CO%_ and HCO; are respectively domi-
nant over the others. The value at the x-intercept in Fig.(2) con-
firms that the pH of a 2 mol L~! potassium or sodium hydroxide
solution is 14.3. The pH at 6 = 0.5 in Fig. (@) is 12.2, correspond-
ing to a potassium or sodium carbonate solution. At the bicarbon-
ate point, 0 =1, Fig. confirms that the pH of a potassium or
sodium bicarbonate solution is 8.3. When [CO,] is very large, it
is observed that 6 goes beyond 1. CO, loading exceeds the alka-
linity due to the addition of carbonic acid to the solution. In this
regime, the contribution of neutral CO; is significant. However,
our interest is focused on the range 0.5 < 6 < 1.

2.2 Isotherm approximation for negligible concentrations of
[CO,]

When [CO,] is negligible compared to [HCO; ] or [CO%’], we can
approximate 0 as:

S
2

{[HCO5 ] +[CO3]}/[A] (25)

KnPco, {’fol (KnPco,) (1 +Kf ! (KHPCOZ)> } JIA] (26)

We refer to this approximate isotherm (Eq.(26)) as
6 = Su(Pco,). Fig.(I) and Fig.(2) confirm that this approx-
imate solution is virtually identical to the exact solution in our
Area of Interest (0.5 < 6 < 1) as long as 6 is not very close to 1.

2.3 Isotherm approximation for negligible concentrations of
[CO,] and [H™]

When [H™] is also negligible, we can express 0 as an explicit func-
tion of [CO,]. Eq.(15) simplifies to:

[OHT] ~ [A]=K[COyJ {[OH](1+2K[0H7])}  (27)

This is a quadratic equation for [OH]. By contrast, Eq.(15) is
a cubic equation. We can solve this quadratic equation for [OH™]
and substitute the solution into Eq.(20) and Eq.(25). After some
rearrangement of terms (see the Supplementary Information), we
obtain the isotherm:
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Fig. 1 The comparison of five expressions of 6 as a function of [CO3],
Pco, or CO, concentration in the gaseous phase in 1-atm air. [A] and
temperature are respectively assumed to be 2 mol L=! and 25°C. Note
that all the x-axises use logarithmic scales. The vertical lines indicate the
range of our Area of Interest.

6 ~ (KgKiPco,—1)
y /(1+KyKiPco,)? + 8Ky K1 Ko Pco, [A] — (1 4+ Ky Ki Pco,)
8Ky K1 K>Pco, [A]
+1 28)
2

We refer to this approximate isotherm (Eq.(28)) as
6 = Sm(Pco,). Fig.(l) and Fig.(2) confirm that this ap-
proximate solution is virtually identical to the exact solution in
our Area of Interest (0.5 < 6 < 1). The difference between Sy
and Sy appears only when [H*] is close to or exceeds [A].

2.4 Isotherm approximation for negligible concentrations of
[CO,], [H'] and [OH™]

When KgyKFPco,(= [HCO;]/[OH]) > 1 is satisfied (negligible
[OH | approximation), some rearrangement of terms in Eq.
(see the Supplementary Information) yields

Keq P
gNe‘iCOZ(14 (29)

4

where,
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Fig. 2 The comparison of five expressions of 6 as a function of pH.
[A] and temperature are respectively assumed to be 2 mol L~! and 25°C.
The vertical lines indicate the range of our Area of Interest.

KKy

K. =
« 2K, [A]

(30)

Note that the dimension of Kq is an inverse pressure. We can
define Kgq for reference, which is the value of K.q for an alkali
liquid at 25°C that has [A] = 2mol L~!. Substituting Eq.(12)),

Eq.(T3) and Eq.(T4) into Eq.(30) results in:

K, = 79x107*

q [1/Pa]

(3D

We refer to this approximate isotherm (Eq.([29)) as
0 = Siv(Pco,)- The graphs of §; through Spy are overlaid
on top of each other in Fig. and Fig., using Keq = Kgy-
While Sy (Eq.(28)) can be explicitly expressed as a functlon
of Pco, but has many material-specific independent parameters
such as Kj, K, and [A], Siv (Eq.) contains only one parameter
Keq and is much easier to analytically handle compared to Si, Sy
and Syj;. Nevertheless, Spy is virtually identical to Sy in our Area
of Interest, from a few tens of Pascal up to more than 10 kPa,

according to Fig.(T) and Fig.(2).

2.5 The Langmuir approximation of the Isotherm

The Langmuir isotherm equation describes a system with a fixed
number of binding sites that are all equivalent. For CO, that
is absorbed into an alkali solution, this is not quite a case. In-
stead, the binding is governed by the mass action laws (Eq.(2)
through Eq.). However, in the limit of a very large K.q, the
isotherm reduces to a Langmuir form. In this limit, one can as-
sume g—p-— P < 1. A Taylor expansion of Eq. Il up to the 2nd
order term and some rearrangement of terms (see the Supple-
mentary Information) yield

Page 4 of 10
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S (7[(“*1)‘302 ) ‘1 (32)
2 \1+KeqPco, 2

This result means that the isotherm converges to a Langmuir
isotherm defined between 0.5 < 6 < 1 if KyK;Pco, > 1 and
KeqPco, > 1 are satisfied. In other words, in this limit loading the
solution from the carbonate state to the bicarbonate state follows
an approximate Langmuir isotherm. Also, it has been explicitly
demonstrated that K.q has a physical meaning as Langmuir
constant in this limit.

We refer to this approximate isotherm (Eq.(32)) as 6 =
Sv(Pco,). Fig.(1) and Fig.(2) compare the Langmuir approxima-
tion with the other approximations. Here we can observe an ob-
vious misfit between S; and Sy even within our Area of Interest,
especially at the lower Pco, around the ambient CO, level in the
atmosphere (~ 400ppm). In this regime of our Area of Interest,
the assumption of KoqPco, > 1 is not valid.

2.6 Generalization of the isotherm equations to strong-base
AEMs

The above theory can be generalized to solid moisture-controlled
CO, sorbents such as strong-base AEMs. This is possible, because
the chemical reactions occurring inside the AEM are the same as
in the aqueous solution (Eq.(2) through Eq.(5))353¢. However,
the equilibrium constants will likely differ from those observed in
aqueous solutions. The alkalinity of a strong-base AEM is defined
as the ion exchange capacity (IEC) minus negative charges ex-
cluding OH™, HCOy3, and CO%’. The largest difference between
a strong-base AEM and an aqueous solution is that the concentra-
tion of water in the sorbent is not large enough to be regarded
as constant. The change of hydration status around counter ions
that depends on the water loading in a strong-base AEM needs to
be taken into consideration®#. In a strong-base AEM, the chem-
ical reactions that include hydration water attached to counter
ions can be written as423.;

Ky (aem)

Ki(aEm)

CO, (agm) +OH™ (H,0), HCO,™ (H,0), +nH,0  (34)

_ _ K>(aem) a_
HCO;™ (H,0), +OH ™ (H,0), +n,H,0 CO,> (H,0),
(35)
where,
n = z—x (36)
np = y—l—-x—z 37)

Note that x, y and z denotes the number of hydration H,O

Physical Chemistry Chemical Physics

molecules bounded to each counter ion, HCO3, CO%’ and OH.

If we eliminate the [OH ™| term, we obtain

2HCO;™ (H,0), +nH,0 == CO,>" (H,0), +CO,  (38)

where,

ny+ny (39

y—2x—1 40)

For the moisture-swing materials to satisfy the Le Chéatelier-
Braun principle®Z, y —2x — 1 has to be positive. Correspondingly,
the equilibrium constants have to be updated according to the
law of mass action®738 a5

[HCO5 (H,0),][H,0]™

[CO,J[OH™ (H,0)] “1)

Ki(aEMm)

[CO? (HZO)y]
[HCO3 (H,0),][OH ™ (H,0)][H,0]"

Ky (aEm) (42)

Taking the update of the definition of the equilibrium constants
from [K1,K>] to [Ky(aem), Ko(agm)] into consideration, Eq.(28) is
modified to:

Ku(aem)Ki(aEmyetrFco, — 1

o= 8K (AEM) K1 (AEM)efrK2(AEM)eft PO, [A]
x {v/N = (1+ Kyaem) K1 (aem)efrPco, )
41 43)
2
where,
n = (1+KyaemKiapmyerPco,)”
+8Kp(aem) K1 (AEM)eitK2(AEM)eft Peo, [A] (44
and
Kiaempett = Kiaem) x [H20]™" (45)
Kyapmpert = Kaapwm) x [H20]™ (46)

Eq.(@#3) is the expression of 6 for a strong-base AEM that cor-
responds to Eq.(28) for an alkali liquid. Eq.(43) indicates that,
even if Kjagm) and Kyapm are constant, the effective coeffi-
cients Ky agm) and Kyagm) (-e. Kjapmjerr and Ko agm)err) change
as function of [H,0] according to Eq.([5) and Eq.(46).

In the same way, Eq.(29) and Eq.(30) can be extended to:

Journal Name, [year], [vol.],
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K H,O]™"F
0 cq(aEM)[H20] " Peo, - 4 _ i
4 Keq(aem) [H20]"Pco,
1
+5 47)

_ Kegarmperfeo, - 4 ). 1 48)
4 Keq(aEm)eriFco,

where,

N

_ KyaemyKn(aem)
Keq(aEM) = W (49)

Keqaemyert = Keg(apm) [H20]7" (50)

Eq. is the expression of 6 for a strong-base AEM that cor-
responds to Eq.(29) for an alkali liquid. Since this expression had
been derived using the negligible [CO,], [H*] and [OH "] approxi-
mation for an alkali liquid, we need to check if this approximation
is still valid for a strong-base AEM in our Area of Interest.

Fig. shows the comparison between Sy and Sy, in which the
equilibrium constant Kyagm) Or Ky(apwm) are effectively changed
to 100 and 5,000 times smaller or larger than the value in an
aqueous solution at 25°C. This plot suggests that the negligible
[OH™] approximation is still valid in our Area of Interest (a few
tens of Pascal for absorption and up to more than 10 kPa for des-
orption) even if Ky agmyefr OF Ka(AEm)est Value is 100 times or even
5,000 times smaller or larger than K7 or K3.

3 Result: Validation of the isotherm equation using
literature data

In this section, we validate the theoretically derived isotherms us-
ing actual moisture-controlled CO, sorption isotherm data that
have been reported in prior research”. The digital data was ob-
tained by digitizing the figures in the original paper. The value of
0 was recalculated based on our definition of 0 (see Eq.) in
this paper.

3.1 Isotherm data from a wet strong-base AEM

The isotherm data from a wet strong-base AEM sample are plot-
ted in Fig.. If the isotherm follows a Langmuir-type model, the
data points follow a straight line in a plot of 1/(26 — 1) against
1/Pco,. The figure confirms that a Langmuir-type model is valid
for larger Pco, values. The data start deviating from a straight
line as Pco, gets smaller. We can observe that our newly de-
rived equation for a moisture-controlled CO, sorption isotherm,
Eq.([@8), can explain this nonlinearity in the data. The data fit
quantitatively over the entire range in our Area of Interest at
each temperature from 24°C to 45°C. The property of this sor-
bent in equilibrium can be represented by just a single parame-
ter, Kog(aEM)efi- The ratio Kegapm)efr/Keq 18 an indicator of how
far the properties of a strong-base AEM deviate from that of an
alkali liquid. The calculated values of Keqagm)efr/Keq are sum-

6 Journal Name, [year], [vol.], 1
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— (3) S, Ky =K¢ == (8) Sy, K1 =Ky
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(5) S, Ky =Ky /5000 (10) Sy, Ky =Ky /5000
B
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-
> he) g A
ISIRNIPNIRNY

— (1) S;, Kz =Ky x 5000 ---- (6) Sy, Kz =K; x 5000
— (2) S, K2 =K x 100 == (7) S, Kz =K; x 100
— (3) S, Ka=K; == (8)Swv, K2=K7

(4) S, K =K; /100 (9) S, Kz =K; /100

(5) Si, Kz =K5 /5000 (10) Sy, K2 =K /5000

Fig. 3 Comparison between the exact isotherm equation (Si) and the
approximate isotherm valid for negligible [CO,], [H"] and [OH™] (Stv)-
[A] and temperature are assumed to be 2 mol L=! and 25°C, respectively.
The top figure (A) evaluates isotherms for different choices of K;, 100
or 5000 times larger or smaller than K7. The bottom figure (B) instead
varies K;. The other parameters are assumed to be unchanged from
those in an alkali liquid. l.e., Ky =Ky, Ky =Kf;, K» = K5 (A) or K| =K7
(B). The vertical lines in (A) and (B) indicate the range of our Area of
Interest.
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4) Sy, Keg(aemerr = 5.3 X K;q' 24°C
5) Sv, Keqaempefr = 3.3 X K(;qv 35°C
6) Sv, Keqaemert = 2.0 X Koy, 45°C

m wet data (experiment), 24°C
@ wet data (experiment), 35°C
o wet data (experiment), 45°C

Fig. 4 The comparison between Sy (Eq.(48])) and experimental moisture-
controlled CO; sorption isotherm data of a wet strong-base AEM that
has been reported in the literature.

marized in Table(I). Note that the [IEC] of this strong-base AEM
is 1.90 mmol g~ 14, Table shows that the value of Kqagm)efr
in a wet strong-base AEM is slightly higher than Kg, for an alkali
liquid but of the same order of magnitude. The deviation from an
alkali liquid significantly increases as the strong-base AEM loses
water, which causes moisture-controlled CO, sorption, according

to Eq. ([@3).

Table 1 Summary of the calculated Keq(apmyerr/Keq Values.

sample temperature | ° C| Keq(aEM)efi/ Keg
alkali liquid 25 1 (by definition)
strong-base AEM (wet) 45 2.0
strong-base AEM (wet) 35 3.3
strong-base AEM (wet) 24 5.3
strong-base AEM (dry) 23 3400

3.2 Isotherm data from a dry strong-base AEM

The isotherm data from a dry strong-base AEM sample are plot-
ted in Fig. and fitted using Eq. with Keq(apm)etr = 3400K¢,
Since this value is significantly higher compared to that in a wet
strong-base AEM, Eq.(48) is closer to a Langmuir-type model. In-
deed, we can observe that the data distribution shows less non-

linearity in Fig. (5).
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1.25 =
m dry data (experiment), 23°C 7
—— S, Keq(aemefr = 3400 X K&y '/'
-=-= 5y, Keqeaemerr = 3400 X K,
1.2 L)

=

=

wu
T

1/(26 —1)

1.05f

! 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

1/Pco,[1/Pa]

Fig. 5 The comparison between Sty (Eq.(48])) and experimental moisture-
controlled CO; sorption isotherm data of a dry strong-base AEM that has
been reported in the literature3.

4 Discussion:  Physical interpretation of the
isotherm equations for strong-base AEMs

4.1 The driving force of moisture-controlled CO, sorption

Wang et al.# pointed out that the Langmuir constant of moisture-
controlled CO, sorption in a strong-base AEM changes by a
factor of roughly 500 as the relative humidity is varied from
20% to 100%. The Langmuir constant was obtained by fit-
ting empirically the experimental isotherm data to a Langmuir-
type model. We derived this Langmuir constant as KeqaEm)eft =
K (aem) Kn(aem)
2K2(AEM)[A]
equations. Therefore moisture-controlled CO, sorption can be
explained even if the equilibrium constants of the chemical reac-
tions (Ky(agm)»K2(aEm) and Keqapwm)) are constant. Instead, the
additional factor [HpO]™" transforms K.qagm) into Kegapm)efrs
which indeed depends on humidity. A wet environment (resulting
in a small [HyO]™" term) causes K.q agm)efr to be small but keeps
the original K.qagwm) constant. This formulation agrees with the
Le Chatelier-Braun principleZ. According to this, the chemical
reaction Eq.(38) is driven to the right-hand side (namely, to emit
CO,) when [H,O] is larger (namely, wet).

[H20]™" = Keq(apm) [H20] ™" based on the governing

4.2 Indistinguishability of K 1(AEM)eff and Ko(AEM)eft

Eq., Eq. and Eq. indicate that Kjapmyerr and
K>(apm)err are affected by different [H,O] terms independently.
Both can contribute to the change of the equilibrium CO, partial
pressure over a strong-base AEM. However, Eq.(48) shows that
Ki(apm) and Kapv) appear as % when the approximation
for Syy is valid. In this case, one cannot tell whether the change
of the isotherm comes from changes in Kjagmjetr OF Kao(aEM)efs
by just observing the isotherm data. We define an indicator of

distinguishability between K (agm)efr and Kp(AEmyefr @S
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Fig. 6 The plot of ASi(Pco,; ) with a =5000"", 100~!, 100 or 5000.
Note that all the x-axes use logarithmic scales. The vertical lines indicate
the range of our Area of Interest.

Sta(Pco,: 1, @) = Sig(Peo,; 001, 1)
{Sta(Pco,: 1, @)+ Sta(Pco,; a1, 1)}/

ASI(Pcoz;OC) = 2 (51)

where,

S1a(Pco; 01,00) = Si(Pco,; Ki = i K7, Ky = K5 Ky = Kpy)

(52)

If we define Syyq and ASyy in the same way, ASpy is always
zero regardless of the value of «, which means Kjsgm)err and
K>(aEm)efr are indistinguishable. However, when the approxima-
tion for Sy is not good enough, AS; can have a non-zero value.
Fig.@ shows AS; with o = 5000~!, 100~!, 100 and 5000. In our
Area of Interest, ASy takes the maximum values at the lower Pco,
due to the larger [OH™]. Even in an extreme case of o = 5000, the
difference between S; and Spy is 4.3% at its maximum. For the
other values of o, the maximum differences range from 0.35% to
0.65%. It would take extreme measurement accuracy to differen-
tiate between changes in Ky Agmyeft OF Ki(AEM)efr-

4.3 Physical meaning of K.qagm)etr/Keq

We have generalized the theory of an alkali liquid to a strong-
base AEM and treat them in a unified way. The non-dimensional
parameter K.qagmyeft/Keq characterizes an isotherm of strong-

8 Journal Name, [year], [vol.], 1

base AEMs in a quantitative way, taking values from 1 to ~ 3400.
Keq(aEM)etr/ Keq is defined as 1 for an alkali liquid at 25°C and can
be regarded as an indicator of how the property of a strong-base
AEM deviates from that of an alkali liquid as the surrounding hu-
midity level changes. For example, the value of a particular wet
strong-base AEM turns out to be slightly higher than 1, but of
the same order of magnitude (Keqagm)efi/Keq = 1 ~ 10). As the
strong-base AEM sample dries out, K.y AEM)eff/Ké’q increases get-
ting as large as ~3400.

5 Conclusions

We have shown that the governing equations of the moisture-
controlled CO, sorption can be reduced into a simple analytic
isotherm equation by taking advantages of realistic approxima-
tions in our Area of Interest. The theory has been established
for an alkali liquid first, then extended to strong-base AEMs. The
final formula (Eq.(48)) contains only a single parameter, which
means that the static properties of moisture-controlled CO, sor-
bents can be characterized by just one parameter Keqagmyefs- This
parameter can be decomposed into two terms as Keqagm)eft =
Keq(aem) X [H20]7". The first factor K.y apm) combines all the in-
dependent material-specific parameters such as [A], Ky, K| and
K,, which are indistinguishable in isotherm data. The second fac-
tor [H,O] ™" accounts for the fact that humidity level changes the
CO, affinity of the sorbent. Overall, we suggest that the equilib-
rium constant of the chemical reactions inside strong-base AEMs
is effectively changed from Keqapm) t0 Keq(apm)[H20]™" due to
changes in humidity.

It has been demonstrated that the final equation (Eq.) fits
well to the actual isotherm data of both a wet and dry strong-
base AEM that have been reported in the literature®. By com-
parison to the existing data, the difference between a site bal-
ance equation like the Langmuir equation and our more complex
model matters and is clearly visible in the data. The equation
provides the appropriate correction to the systematic misfit be-
tween a Langmuir-type model and the isotherm data that occurs
especially at lower values of Pcp, within our Area of Interest. The
concept of K.q apm)efi/ Keq has been introduced to bridge the the-
ory for an alkali liquid to that for a strong-base AEM seamlessly.
Keq(AEMYett/ Keq 1s @ unique parameter that by itself can character-
ize the property of the sorbents in equilibrium. Keqapm)er/Keq
increases to ~ 3400 as a strong-base AEM loses water. The value
gets smaller as the sorbents take up water, which causes a change
in the equilibrium pressure of CO, over the sorbent according
to Eq.. Keq(aEM)eff/ Keq is defined so that it takes the value
of 1 for an ideal alkali liquid at 25°C, s0 K.q(agm)efr/Keq can be
also regarded as an indicator that shows how far the property of
strong-base AEM deviates from that of an alkali liquid.
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