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ARTICLE INFO ABSTRACT
Keywords: Direct air capture of CO3 (DAC) sufficiently mitigates atmospheric CO5 to prevent the impacts of global warming
CO; capture of 1.5 °C above preindustrial levels. To overcome the challenges of the kinetics of sorbent under the ultra-low

Moisture swing adsorption
Mass transfer

Ion transport

Sorption kinetics

partial pressure (40 Pa) of DAC, the underlying mechanisms need to be constructed for better designs, simula-
tions, and developments of the separation processes of carbon dioxide. Herein, a transient model based on the
diffusion-reaction of ions at the molecular scale is developed for the moisture swing adsorption (MSA) process,
disclosing the mechanism of mass transfer of multi-ions of sorbents. To compare the model with the experiment
quantitatively, Fourier-transformed moisture-swing frequency response is applied to accurately measure the
H,0—CO2 concentration response, ensuring a systematic approach for unknown kinetic parameters for the
model. The results reveal that the gradient of water vapor causes a counter gradient of CO; concentration,
generating the spontaneous transportation of CO, of the MSA membrane from one side to another. Specifically,
the diffusion coefficient of HCO3 drives the CO2 adsorption process predominantly, where the diffusion coeffi-
cient of HCO3 increases about ten times, leading to a nearly 12 times enhanced CO3 separation rate accordingly.
Notably, CO4 adsorption kinetics can be stimulated by controlling specific ion conductivity in the moisture swing
sorbent. With the enhancement of adsorption kinetics and low capital cost, the progress of CO, mitigation using
Moisture Swing Adsorption can be achieved for direct air capture of COs.

diffusion of molecules for functionalization and CO; adsorption
[12-15]. However, the porous structures inside DAC adsorbents limit
the complete filling of pore channels, causing inhomogeneous sur-
roundings, thereby impeding the diffusivity of molecules [16,17]. The
adsorbents with homogeneous micropore structures, like bicarbonate
and carbonate ions, have been exclusively caught attention. Given the
fact that the CO5 capture capacity is reversely correlated with the tem-
perature required for sorbent regeneration, Ty, (temperature-swing): the
inevitable demand of T, over 100 °C restricts the flexibility of location
for DAC deployments [18-20]. Quaternary ammonium (QA)-based
materials step forward to solve energy and degradation issues using the
moisture swing adsorption (MSA) regeneration method [21-24]. Driven
by water evaporation energy, the quaternary ammonium-based ion ex-
change resin (QAER) can capture and release atmospheric CO, without
external heat input. That’s to say, QAER, as a moisture swing sorbent,
can absorb CO3 when it is dry and release CO; when wet [23,25]. On the
basis of the moisture swing properties, a material capable of pumping

1. Introduction

The continuously increasing anthropogenic activities account for a
severe rise in CO3 levels in the atmosphere [1,2]. In response to creating
a sustainable development society, CO5 Capture Utilization and Storage
(CCUS) has been recognized with significant impacts on controlling
global warming and leading to progressive transitions in the global
sustainable energy scenarios. Complimenting emissions reductions, the
emerging array of Negative Emission Technologies (NETs) at large scale
can reach the target amount to be removed, i.e., at least 10 Gt of CO5
removal by midcentury, according to the Intergovernmental Panel on
Climate Change (IPCC) report [3-5].

Direct air capture (DAC) has been declared promising among the
NETs by IPCC 1.5 °C special report [4,6,7]. Through decades of solid
sorbents development ranging from alkaline metals to solid amines
sorbents [8-11], the progress of the solid adsorbents facilitates the
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Nomenclature ke the Henry constant of CO,
P; the partial pressure of species i
¢ the one dimensional system IT; nondimensionalized partial pressure of species i
Rog given surface of the one dimensional system kp the equilibrium constant of reaction inside the sorbent
r the discretize the spatial derivative j2 the power constant of reaction inside the sorbent
t the discretize the time derivative D; the diffusion coefficient of the species i
k the discretization step of space C; nondimensionalized diffusion coefficient of the species i
m the discretization step of time I the ion’s mobility of the species i
n; the amount of the species i per unit volume F the Faraday constant
N; the nondimensionalized amount of species i F the electrical force inside the material
nf;urll::zorn the molar amount of carbon N the number of sorbent particles in the chamber
Neabon - pondimensionalized molar amount of carbon v the potential of the electric field inside the material
J; total current applied to the i moving particle T temperature
Jdiffusion the diffusion current applied to the i moving particle bs the solution of the volume of the beads divided volume of
Jarft the drift current applied to the i moving particle the air
2 the charge of species i g the charge of the i moving particle
K; the equilibrium constant of reaction on the surface kg the Boltzmann constant
Ky the equilibrium constant of reaction inside the sorbent R the gas constant
ky the Henry constant of H,O

CO4 without any resource except water is established [25,26]. There-
fore, optimizing the kinetics of sorbent for the efficient MSA process can
facilitate the cost- and energy-effective deployment of DAC of CO.

The ultra-dilute partial pressure of CO2 (400 ppm) in ambient air
obstacles high efficiency and rapid kinetics of DAC [25]. The adsorption
kinetics research consists of physical relations of diffusion-reaction,
mass transfer, and ions transport process, in which the intrinsic trans-
port coefficients include experimental measurements and data analysis
process. By using amine-loaded materials [27,28] and ionic function-
alized polymers [29,30] for the mass transfer process in sorbents, sig-
nificant development is reported in the quasi-steady-state CO
adsorption kinetics models, such as the shrinkage core model (SCM) [31,
32], progressive conversion model (PCM) [33] and homogeneous solid
diffusion models (HSDM) [34]. These models have a significant role in
revealing the limiting step for adsorption and characterizing the pa-
rameters of mass transfer, such as diffusion coefficients in the bulk
environment, chemical reaction rate constants, and activation energies
of each reaction. The quasi-steady-state kinetic model requires control of
the boundary conditions, parameters in the environmental experiment,
and the restriction of mass transfer of multiple components in moisture
swing adsorption of COq, such as CO2, H20, and multi-ions [1,25,35].
Thus, a transient model based on the kinetic relationships for each ion
transfer can better describe the coupling mass transfer process with
multiple components [36-38]. Developing a transient mass transfer
model with partial differential equations (PDEs) can function the
coupled mass transfer mechanism [39,40] associated with
Fourier-Transform, which transforms the second-order time-domain
PDE:s into the frequency-domain ordinary differential equations (ODEs)
[41,42]. The analysis of its series value facilitates the preliminary re-
sults, such as phase difference and amplitude in the frequency domain,
and thus, simultaneously acquires the parameters of mass transfer and
equilibrium, leading to fast searching, high precision, and easy opera-
tion processing.

Herein, we have developed a novel moisture-swing frequency
response method from the atomic scale to the continuum scale to
characterize the transportation of ions, water, and CO; inside a qua-
ternary ammonium-based resin for CO» adsorption. Specifically, a
transient model of the mass transfer process with the diffusion-reaction
of ions in a polymer is established in the manuscript. At the same time, a
homogeneous membrane model is transformed from it to an infinite
surface made of quaternary ammonium-based ion exchange resin. To
ensure the accuracy of the developed theoretical model, a Fourier-
transformed moisture-swing frequency response (MSFR) experimental

setup is established to collect the experimental data, which is further
compared to the model using the deep learning algorithms. The periodic
fluctuations in water vapor determined the working range for the model.
By combing the numerical and experimental methods, we reveal the
inhibited mechanism of multi-ion transport inside the COy sorption
process for moisture swing sorbents.

2. Materials and methods
2.1. Multi-ion transport model with a single particle sorbent

To present the general equations which describe the behavior of the
multi-ion transport process for CO5 adsorption, we consider the process
that happened inside a single particle CO5 sorbent with a given shape
and a given surface d¢ as shown in Fig. 1. Hence, the model illustrates
the function of the CO, sorbent, which is assumed as a homogeneous
spherical and symmetrical bead, capturing and releasing CO, through
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Fig. 1. Illustration of the multi-ion transport process. Inside the sorbent, the
species of H,O, CO,, HCO3, and CO%’ follow the diffusion-reaction.
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the MSA process. The backbone of the polymer sorbent is polystyrene,
which the quaternary ammonium cation is attached to it by a covalent
bond. The counter anion CO3~ interacts with the cation through an ionic
bond, which is mobile in the polymer. On the interface, the water and
CO5 molecules dissolve into the MSA sorbent, reacting with Cco% to
produce HCOs3.

A one-dimensional system ¢ is considered in the R coordinates with
the given direction 0¢. The surface of the bead divides the space into two
distinct regions: (1) Constant moisture air with a flux condition (Neu-
mann condition), in which the flux-CO, adsorption at the center of the
bead is null; (2) Wet air with constant moisture (Dirichlet condition).
The system is at chemical equilibrium at any time, i.e., reactions occur
extremely fast than any other transports phenomenon. As the surface is
in contact with the outside environments and inner side of the material,
resulting in two reactions:

On the surface : OH~ + CO, < HCO; )
Inside the sorbent : HCO; + OH™ < +C0Y + H,0 ©)

where K; and K3 as the equilibrium constant of reactions on the surface
and inside the sorbent, respectively.

The system undergoes continuous pressure and temperature, making
it uniform, spherical, independent, and indistinguishable at any time. In
addition, the system with a multi-ion charge follows the electro-
neutrality rule as follows:

2"cogf + nuco; + now- = ny = constant )

where n; refers to the number of ions inside the sorbent.

Gas-solid interface: The relation between the partial pressure of CO5
and H5O from outside environments and the concentration on the sur-
face d¢ is verified through Henry’s law. The equations can be written as,

Pu,o(t) = ku(nco, (Raa, 1)) -ni,0(Raq, 1) 4)
Pco, (1) = ke (n,0(Rag; 1)) nco, (Rao; 1) )

where V(Rjq,t) € 00 x R.refers to the space of the sorbent; ky and Py,0
refer to the Henry constant and partial pressure of H,0, kcand P¢o, refer
to the Henry constant and partial pressure of CO».

Chemical reactions: The main chemical reactions in the system occur
either at or out of equilibrium. On the surface of the single particle,
hydroxide reacts with CO5 in the surrounding atmosphere and forms a
bicarbonate ion; it transforms into anions through HCO3 and CO%™ in
the interior of the membrane. The equilibrium constant of the second
reaction Ky depends on the local humidity. At equilibrium, it can be
written as:

ki nxCco
K=o o, ®)
YTk o -Pco,
k N2 NMH,0
K> (ng,0) = R E g ky-(nu,0)° @)

k2 nou--nuco;

where k, and p are the forward and reverse rate coefficients, respec-
tively. All the n; depend on (r,t) € ® x R;.

Mass diffusion: The migration process creates diffusive fluxes of the
moving species, resulting in two components: the diffusion current and
the drift current. Fick’s first law relates the diffusive flux to the con-
centration. The drift current can be transformed using the Einstein
Relation [40]:

D; = p;kgT (€©))
where i refers to any of the four species, D; is the diffusion coefficient

(depends on quantities and time), y; refers to i ion’s mobility, kg refers to
the Boltzmann constant, and T is temperature.
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Hence, the drift current can be written as,

, D.Fz:
J" = puF = —p——t
= nip; N

\vA% (C)]

where the electrical force F equals the charge of the ion times the electric
field, .7 refers to the Faraday constant, R is the gas constant, and V is the
potential of the electric field.

The Nernst-Planck equation expresses the diffusive fluxes of the
moving species, which can be written as,

. . T
Jy = I 4 I — DNy = ST DTV 10

where i refers to any of the four species, J; is the total diffusive flux for
multi-species, JAUSIOM refers to the diffusion current, J&f refers to the
drift current, and 2; is the charge of species.

Under the electroneutrality condition, the Nernst-Planck equation
can be transformed by multiplying .7 z; and sum for all species i. Hence,
we get the electrical current due to the charged-species diffusion as

follows:

4 2 4
F
Jior = _FZZiDivni “RT ZZ,‘ZD;'”[VV:O 1D
i=1

i=1

where J;; refers to the electrical current due to the diffusion currents for
the charged-species, which is OH™, HCO3, C0%", and H,0.

3. Methodology of multi-ion transport model
3.1. Numerical analysis method

Nondimensionalization: In order to simplify and clarify the theo-
retical model, the numerical analysis method is shown in Fig. 2. With the
nondimensionalization of the model, apparent parameters, which are
linked to others, are eliminated to allow intrinsic quantities and scales to
emerge. Independent from units, this can be analyzed as a set of PDEs
coupled by a non-linear term [43]. Considering the differential equa-
tions are parabolic, it gives the uniqueness and stability of the solutions.

Initial parameters set

Multi-ion Bead model
solution

I Output results | | Experimental results

v ; ¥
Fast Fourier Transform

| First Fitting Parameters set

l

Random Walk & Conjugate
gradient Methods

Output results

Multi-ion Membrane model
solution
A

| Optimized Parameters set |

Fig. 2. Theoretical analysis of MSA homogeneous membrane.



T. Wang et al.

However, the involvement of four species makes the problem far more
complicated. The temporary and steady regimes in spatially discretized
grids can be written as follows:

on;
E_ " o2 N ca_r)l(_f(nl:n27n3’n4) 12

where Di% represents diffusion term, c% is the drift term, and +f(n;,

ng, ng,ny4) is the chemical term. In drift terms, c is a constant even though
the electrical field depends on n;.

Discretization: In order to compute all the parameters of the model, a
discretization method is applied, specifically for all the spatial and
temporal derivative terms. With a finite difference approximation to
discretize the spatial and time derivatives, initially, the whole experi-
mental domain (R-radius membrane & t;,-time experiments) is divided
into finite grids, as shown in Fig. 3. In this scheme, the first derivative of
time is approximated by:

ON; ~ Ni(ristwgr) = Ni(ri, tw)

()t (rkytm) - IN; (13)
The space derivatives are described as follows:

ON; _ Ni(resrs tm) — Ni(reei, tn)

07’ (rkvtm) - N (14)

aIvi Ni(rk+17tm) 72Ni(rk~,tm) +Ni(rk—1>tm)

ﬁ(rkvlm) = AR (15)

Nevertheless, the stability condition of Forward Time Centered
Space (FTCS) method is conditionally given by the Courant-Frie-
drichs-Lewy condition, i.e., DAA—VT2 < % [44]. As the described scheme is
not a simple diffusion equation, a similar condition with the water’s
diffusion coefficient is needed, which is the biggest to obtain stable so-
lutions [45].

This model is undoable analytically; the parameters are calibrated to
compare P, (theoretical pressure from the model) with Pg) (actual
pressure from the experiments) by imposing a periodic water vapor
signal Py, 0(t) and then varying the parameters until the theoretical re-
sults are equivalent to experimental ones. In fact, the ions’ concentra-
tions inside the beads are unattainable by experimental mapping in real-
time. The data accessed by experiments are Py,0, Pco,, Psystem, and

Time difference

Space difference

Fig. 3. The space-time grid discretized using the FTCS method. This grid rep-
resents a finite discretization of this model where space is divided into KAr and
time into MAt.
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potentially the weight of the sample. The relevant partial pressures
require to be measured in a closed system, leading to implementation in
the computer model.

During the experiments, the total amount of carbon in the system,

carbon
Myolar

dimensionalized units and with first-order approximations, the total
amount of carbon in the system can be written as follows:

(t), remains constant. To start with, working back with the

carbon

olar K [ (Muco; (i1 1) + nuco; (res t)
(n = = 3

k=

neor- (Mes1, 1) + nege- (1, 1) P,
+ Coj( il 3 €9 ~4ﬂNBrzAr +00RC;2 () Vair

(16)

In the meantime, define 1 as the solution of the volume of the beads
Vheads divided volume of the air in the chamber V,;. Therefore, using the
carbon conservation between the times t and t + At, the CO5 partial
pressure, Ilco,, can be calculated as follows:

K [ (ANuco; (Fevistm) + ANpcos (1 tm)
Meo, (t+ A1) = Tleo, (1) = 34-Ar ¥ (( oo, 5 0%
ANcoz- (Tt s tu) + ANeor- (1 tn) \
+ . = T
2
a7
ANpco; (res tw) = Nrcoy (T, tw + At) = Nuco; (ks tw) (18)
ANcor- (s tw) = Neor- (ks tw + A) — Neor (ks tm) 19

where r and t refer to the discretize the spatial and time derivatives, k
and mrefer to the discretization step of space and time, I1¢o, refers to the
CO-, partial pressure, A refers to the solution of the volume of the beads
divided volume of the air.

3.2. Data analysis by fast Fourier transform

The objective is to compute Pcoa(r,t) and compare its evolution to a
similar actual experiment, implying that the parameters are adjusted to
obtain the best fit experimental data. Some fixed parameters can be
experimentally estimated, while others are optimized according to the
simulation results.

Using a Fast Fourier Transform (FFT), the amplitude and phase of the
output Pcoy signal are compared at relevant frequencies. The compari-
son of the phase at the fundamental frequency and the first harmonic
gives similar results. Indeed, both experimental and simulated results
have a phase around. It provides sinusoidal waves of Pysp and P¢g2 in
the temporal domain, then FFT is applied to transform the data to the
frequency domain. For a linear system stimulated by a single driver,
APyoo = A sin(wt), and thus, the concentration of CO5 can be repre-
sented by the following equation:

APco, = Asin(wt) + Beos(wt) (20)
where wt is the phase of the signal.
The values of A and B depend on the peaks obtained from FFT. If the

output of FFT exhibits noise, it is essential to smooth them out using a
Gaussian. It is given by the formula:

win) = E(H/Z) (ﬁ» — (/) @1

3.3. Conjugate gradient with random walk method for global optimization
algorithm

The conjugate gradient optimization method is employed for the
numerical value of PDEs. The algorithm finds the minimum of a function
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through a number of variables. The steepest-descent method is a mini-
mization algorithm, which is generally used to optimize a sparse range
of data; the conjugate gradient is more efficient than the steepest-
descent method. These optimization algorithms mentioned before are
iterative methods to solve an extensive system of linear equations.

Considering an N-dimensional point P with the value of a function f
(P) and its gradient of, the conjugate gradient of the function is given by
the quadratic equations:

1 T
f(F) =57"a% - D T te (22)
VA(X)=AT - b (23)
Hence,
d = *Vf(yk—l) =b —AT, 24)
4 a4
-
[ %a X=X +ady (25)
di Ady

Therefore, the convergence property of the conjugate gradient
method is typically an iterative method, where the CG method mono-
tonically improves approximations X to the exact solution and may
reach the required tolerance after a relatively small number of itera-
tions. Thus, the convergence preconditioning is commonly used as

TAY = 0, and the calculating time step is limited to less than 10* time
in the employed algorithms.

In order to find the minimum of the function, a random walk
gradient-descent method is suitable for the initial value. The initial value
x is known in the early stage; however, the gradient descent search range
is small; the range of x in each dimension can infer that the function is
likely to fluctuate sharply and have multiple minimum points. By the
gradient-descent method, a function is expected to fall into the local
optimum. Thus, to change the initial value, the random numbers are
introduced with two requirements. First, the random number cannot be
too small, which too small lies in the local optimal range; second, the
random number cannot be too large, where the range may cross the
boundary. Thus, it needs to double the difference to select the random
number range: the final value and initial value of the gradient-descent.
Therefore, the objective function undergoes iteration until the optimal
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solution is obtained.

4. Experimental
4.1. Experimental setup for moisture-swing frequency method

The frequency response (FR) experiment employs a periodic (typi-
cally sinusoidal) perturbation of a system [31], and the frequency of
perturbation is introduced as an additional degree of freedom to
distinguish similar mass transfer mechanisms [46]. Since the adsorption
capacity is directly correlated with the partial pressure of adsorbate, the
pressure-swing frequency response (PSFR) and concentration-swing
frequency response (CSFR) techniques have been widely adopted to
measure gas diffusion in the sorbent. In contrast, a novel MSFR tech-
nique is developed in this paper if the adsorption capacity of a specific
sorbent is strongly affected by other factors. The experimental schematic
diagram of MSFR is shown in Fig. 4.

The experimental setup consists of a closed-loop system in which
Py is controlled and can be precisely measured along with Pgpy. The
obtained results are compared with the numerical simulation. The
experimental setup includes a sample chamber, infrared gas analyzer
(IRGA, LI-COR840A), pump, Peltier element, and an airflow controller.
The QA-based resin [25] with a diameter range of 0.3-0.6 nm for IER
and charge density of 1.3 mmol g~! is contained in the sample chamber
and is arranged in such a way that the individual beads are all inde-
pendent and do not touch each other. The exchange capacity of QA resin
isabout 1.17 mmol g 1. The IRGA is used to analyze the concentration of
CO29, H20, and pressure inside the system. The pump forces air to cir-
culate/counterbalance the pressure drops inside the entire system. The
Peltier element is a device that controls the moisture in the sample
chamber and imposes the correct value for Pgpp in the system. Its
function is basically based on the thermoelectric effect (Peltier effect),
which is a chamber with a water reservoir that is either cooled or heated
according to the voltage sign. The airflow controller controls the flow of
air into the chamber. In order to monitor our system along with control
over every parameter, the loop is connected to a computer to manage
through LabVIEW by a visual programming interface.

4.2. Water diffusion coefficient measurement

In order to temporally link our model with MSFR experiments, the

PID Controller

Buffer Valve

Valve

®

&) &)
= = .
= = Peltier element l\/\/\l

Humidity Swing Controller

Labview
co, .
Syringe CP
Therm
o-stat —m—’_

Thermo-stat

Sino signal (p)- —

developed -
(I >— Sorbent bed

Co, N,

©, a% ﬁm

Pump
Vent

Fig. 4. Experimental schematic diagram of MSFR. The apparatus mainly contained a sample chamber, infrared gas analyzer, humidity swing controller, PID

controller, airflow controller, valves, and pumps.
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Fig. 5. Weight evolution of the particles with change in Pyso.

8000

10000

Pyoo of the sample chamber is controlled by using a Proportional-
Integral-Derivative (PID) controller to measure any error between P
measured o4 pIeEROInt The Peltier element received this correction and
transformed to the current, which drives the temperature to optimize the
moisture in the system. Thus, it is achieved to impose periodic setpoint
values for humidity inside the system. In addition, it is necessary to
know the model time scale given by Do with conducting a water
adsorption experiment to obtain the diffusivity of water. With a step in
Pyso and the corresponding characteristic time of the weight, the
response can evaluate Dyyo by data fitting. As shown in Fig. 5, the blue
dots are the experimental data points. The black line is the first expo-
nential approximation, and the red one is the numerical simulation of
the diffusion model. By calculating, the value of Dyao is 4.2 x 10" m?%/
s.

4.3. Multi-ion transport model calibration with experiment

The comparison of the shape and amplitude between the actual ex-
periments and the corresponding numerical simulations is presented in
Fig. 6, as obtained by four sine functions with nearly close frequencies. It

presents the system with a single frequency at a time and lets the system
reach its equilibrium in between.

By observing from Fig. 6, an apparent offset, which is almost similar
between the simulation and experiment, at amplified modeled signal is
noticed with high frequencies, as previously mentioned. The input signal
for Py starts with 20 min-period sine. Every six periods, it switches to a
new signal whose period is calculated by adding additional minutes with
respect to the previous period. Starting at Pgop = 400 ppm, an offset is
observed due to the non-linear behavior of the beads. Indeed, both re-
sponses oscillate around a higher value, which is 700 ppm for the
experimental response and 650 ppm for the numerical response. In
addition, a low-frequency oscillation was noticed in both cases, even
though it is emphasized in simulated results. Thus, the theoretical
amplitude could be more perfectly relevant, especially at relatively high
or low frequencies.

5 1200
— Pyyo signal (exp) | i e
1 —— Pgoy singal (exp) B
—— P¢o2 singal (simu) 800 [
4 - 1600
g L
° -
g ~400 | 1200
£
8 3 - 3 i
£
- 800
2 -0
8 1 L
= I - 400
S
o - -400 F
< 0
| - -800 [
14 - -400

T
0 20000

T
40000

T
60000

Time (seconds)

Fig. 6. Ppoo excitation signal and corresponding experimental and modeled Pcoo response. Pyao signal consists of four different wave trains with different fre-
quencies. The numerical response (blue line) lies in the middle, and the experimental response (red line) displays at the top of the figure.
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Table 1
Fitting values of unknown parameters.

Parameters  Initial values employed in the Best fitting values with
model experiments
Dizo 4.20 x 10711 4.20 x 10711
Doy 3.20 x 10712 3.10x 10712
Drcos 6.30 x 10712 6.60 x 10712
Dcosz-— 5.10 x 10712 4.90 x 10712
K, 2.10 x 107° 2.10x 1075
Kc 8.70 x 1073 8.60 x 1073
K; 4.00 x 108 4.10 x 108
kp 5.10x 10712 5.30 x 10712
9.50 9.50

5. Results and discussions
5.1. Parameters fitting by Fourier analysis

As shown in Table 1, humidity impacts the kinetic parameters of COy
adsorption. As humidity increases, more water is dissolved into the
polymer, blocking the gas diffusion of CO2 in a porous structure. The
diffusion coefficient of CO5 (D¢o2) decreases with high humidity around
the polymer. Meanwhile, the increased water vapor weakens the in-
teractions between cation and counter anions, accelerating the transfer
process of counter anions. Consequently, the value of diffusion

International Journal of Heat and Mass Transfer 216 (2023) 124551

coefficients of carbonate and bicarbonate (Dgo3~ and Dicos) is stimu-
lated with increasing humidity in the environment. The difference be-
tween experimental data and 1D numerical result is represented by the
delay time, which can be calculated by the phase difference of Pcoy
based on the variance formula, as shown in Fig. 7b, in which the error is
calculated by dividing the difference between experimental data and
numerical result by experimental data:

(26)

Table 2
Fitting results of unknown parameters in the simulation of the membrane under
different absolute humidity.

Parameters 10 ppt* 15 ppt 20 ppt

Di2o 4.2 x 107 m?%/s 4.2 x 1071 m%/s 4.2 x 1071 m%/s
Don 4.9 x 107" m?%/s 4.4 x 107 m%s 4.1 x 107" m%s
Diicos 4.1 x 1072 m?/s 6.6 x 10712 m%/s 8.2 x 1072 m%/s
D353 4.0 x 1072 m?%/s 5.0 x 1072 m%/s 6.4 x 1072 m%/s
Ky 2.1 x10°° 2.1 x107° 2.1 x10°°

Kc 4.7 x 1072 8.6 x 1072 1.2 x 1072

kp 5.3 x 10712 5.1 x 10712 5.2 x 10712

P 9.5 9.5 9.5

a
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Where S? represents the variance value of the difference between
experimental data and numerical result, x; each represent the experi-
mental data from the four periods, X is the numerical result. From
Fig. 7d, it represents the four-dimensional data point and the path of
gradient descent. Since the hydrophilicity of CO%™ is greater than that of
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higher than that of bicarbonate Dcos. Table 2 indicates that the amount
of CO, dissolved in the polymer decreases as the humidity increases.
Generally, high humidity accelerates the CO, adsorption process'®, as
most carbon inside the particles is diffused as ions instead of CO,.

5.2. Multi-ion transport model of the homogeneous membrane sorbent

On the basis of moisture swing properties, a membrane capable of
pumping CO, without any resource except water is established. The
hypothesis and physicochemical behavior of the model consisting of
homogeneous membrane sorbent is similar to a single particle sorbent,
as the cations inside the beads, being quaternary ammonium ions, are
immobile. The anions in the forms of OH /HCO3 /CO%_ groups are
mobile and responsible for the transport of CO5 in and out of the system.
The membrane creates a CO5 gradient due to the H,O gradient, which is
indeed opposed. The degree field can generate a stable carbon flux, and
the humidity gradient is used to collect CO3, named "CO, pump", as
shown in Fig. 8.

The diffusion-reaction model of the membrane is simplified into a
two-step process by considering a mass balance on an infinitesimal
volume. The first step is the diffusion phase of ions and then an
instantaneous readjustment of every concentration in order to meet the
chemical equilibria at any time. The equations can be explained as fol-
lows:

HCO3, the variation of the diffusion coefficient of carbonate Do is
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degree field; (d) Elucidation of specific ion effects, such as HCOg3, CO%’, and OH, in CO, sorbent during the water gradient inside the membrane.
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efficiency on CO, adsorption rate.

Consequently, the diffusion-reaction equations are given as,

4
= V-(ZD,kVnk) +ryi=1,..,4
k=1

on;
ot

(28)

where Dy is the diffusion coefficient of species i in the concentration
gradient of species k:

_ 2izkDiDyn; Lifi=k
Dic = Didy === where 5“‘{ 0, otherwise (29)
Z ZiD}Jlk

k=1

As depicted in the model, the membrane creates a CO, gradient
contributed by the H,O gradient (in the opposite direction), and then the
water vapor transfers. It is observed from the experiment that water
diffuses faster than HCO3 and CO3%  ions. In addition, the carbon
diffusion profile is more curved than previously predicted, which may be
ascribed to the diffusion velocity of CO,. For quaternary amine-based
polymers, the functional, active sites assist the humidification regener-
ation characteristics, generating an inorganic carbon flux related to the
humidity gradient field during the moisture swing adsorption of COq,
where Pcoo,1> Pcoz,2 and RH;> RHy, as shown in Fig. 9d. The water
gradient field can generate a stable inorganic carbon flux of OH™, CO%‘,
and HCO3 concentration (Fig. 9a—c). Thus, the humidity gradient per-
formed adsorbing/desorbing CO,, i.e., CO, pump. By maintaining the
continuous water vapor and, in consequence, the humidity gradient
inside and outside the polymer is maintained. The quaternary ammo-
nium functionalized polymers generate a CO, gradient in the opposite

direction of water vapor transfer. Therefore, by diffusing water from the
inside of the polymer to the outside, CO, diffuses in the opposite di-
rection, forming steam of CO; enrichment.

5.3. Design optimization for dynamical behavior

Humidity exhibits a significant effect on the dynamic characteristics
of CO, adsorption by quaternary amine-based particles. The higher the
humidity is, the greater the adsorption rate is. The bound water not only
affects the thermodynamic equilibrium of CO, adsorption by quaternary
amine-based particles but also influences the kinetics of the adsorption
reaction, and the influence on the thermodynamic equilibrium is
dominant. As shown in Fig. 10a, the diffusion coefficient of HCO3 shows
the most impact on the CO, adsorption process, i.e., lower humidity
causes a greater apparent adsorption rate constant. It is attributed to the
diffusion of CO, gas molecules, which is the predominant way for the
diffusion of inorganic carbon, but the proportion of gas-phase CO5
molecules in the particles to the total inorganic carbon is deficient. The
effect of COy concentration on the dynamic characteristics of CO5
adsorption by quaternary amine-based particles is not noticeable. At
higher CO, concentrations, the apparent desorption rate constant is
slightly larger.

As the humidity increases, more water is dissolved into the particles,
which blocks the diffusion of CO,. Therefore, Dgop decreases as the
humidity increases. The added water causes weak interactions between
cations and counter-anions, accelerating the movement of counter-
anions. Therefore, D33 and Dfjcos increase as the humidity increases.
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Since the hydrophilicity of CO3™ is higher than that of HCO3, the vari-
ation of D%E)g is more significant than that of Dycos for a change in
humidity. Table 2 summarizes that the amount of CO, dissolved into the
particles decreases as the humidity increases. Generally, high humidity
accelerates the CO4 adsorption process, as most carbon inside the par-
ticles is diffused as ions instead of CO,. This result shows that the
diffusion coefficient of HCO3 has the most impact on the CO, adsorption
process. In terms of improvement of efficiency, if the diffusion coeffi-
cient of HCO3 increases about ten times, the CO, separation rate im-
proves about 12 times, respectively.

The above discussion confirmed the reliability of the simulated re-
sults. However, the amplitude of the simulated results shows a smaller
range of variation than that of experimental results, especially at high or
low frequencies. This may originate from the assumption that the
diffusion coefficients are constant. Indeed, the diffusion coefficients
depend on water concentration. Here, we conducted a series of experi-
ments with a slight swing size of Pyso under different humidity values,
as shown in Table 2.

In Fig. 10b, a type of ion-membrane in the electrodialysis process
exhibits the diffusion coefficients of ions in the range of 10712-10~8 mol
m~2 571, which is much higher than the polymer (we used in experi-
ments) [47]. The results illustrate that with the thickness of the mem-
brane around 100 pm, the CO, adsorption rate improves about 10°
times. The hydroxide ion can transport across the membrane more
quickly than either carbonate or bicarbonate ions. If the material is
replaced, the intermediate ion rate can increase, and the related change
of CO, diffusion flux in the membrane is shown in Fig. 10. With the
membrane being put in the carbonate/bicarbonate form, the reduced
CO; concentration in the performance of humidity change is seen by
both the model and the experimental results. The fitting results are
shown in Fig. 10c. The low ionic conductivity agrees with the trend
observed for the ion-membrane diffusion coefficients. If an ion has a
lower diffusion coefficient, then its ionic conductivity would be lower as
well. This model enabled the performance of the MSA process in the
hydroxide form and found compatible experimental results. The specific
ion diffusion efficiency changes CO, adsorption rate, such as HCOg3,
CO%’, and OH™, in CO5 sorbent: the diffusion coefficient of ions has a
significant improvement of about 10? times for different membrane
materials.

6. Conclusions

In summary, we developed a mesoscopic model to describe the
physicochemical behavior of the moisture swing membrane. The model
combined particle diffusion, electrical fields, thermodynamics, and
chemical equilibria with respective parameters: diffusion coefficients,
electrical mobilities, Henry’s constant, and chemical equilibrium con-
stant. A theoretical study was conducted with parameters used in the
experimental data to further calibrate the model. To confront a theo-
retical model with experiment quantitatively, Fourier-transformed
moisture-swing frequency response is applied to accurately measure
H20—CO, concentration response, ensuring a systematic approach for
unknown kinetic parameters for the model. In this paper, the results
show that the gradient of water vapor causes a counter gradient of CO5
concentration, resulting in the spontaneous transportation of CO5 from
one side of the MSA membrane to another side. Specifically, the diffu-
sion coefficient of HCO3 drives the COy adsorption process predomi-
nately, and the diffusion coefficient of HCO3 increases about ten times,
leading to a nearly 12 times enhanced CO; separation rate accordingly.
Notably, CO adsorption kinetics can be stimulated by controlling spe-
cific ion conductivity in the sorbent. With the enhancement of adsorp-
tion kinetics and low capital cost, real progress in MSA can be achieved
for direct air capture of CO,.
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