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A B S T R A C T

We present a model-based analysis of the transport of anions in anion exchange membranes (AEMs) with the aim 
of understanding the decarbonation process and its dynamics. The dynamic simulation model covers the diffusive 
and migrative transport of water, carbonate anions, and hydroxide anions through an AEM. To the best of our 
knowledge, this is the first model studying decarbonation process in AEMs. The model is validated using 
decarbonation data from anion conductivity measurements of ten different AEM materials. Driven by migrative 
transport, strong concentration gradients develop inside the membranes. A parameter study reveals that the ion- 
exchange capacity and the applied current have the largest effect on the decarbonation dynamics. Further, high 
hydroxide diffusivities increase the decarbonation time constant, whereas high carbonate diffusivities decrease 
it. The results further indicate that high diffusivities of both carbonates and hydroxide result in slower membrane 
decarbonation. This work provides new insights into properties determining the carbonation and decarbonation 
of AEMs, which is critical for AEM-based electrochemical devices such as fuel cells and electrolysers.   

1. Introduction

Anion-exchange membrane fuel cells (AEMFCs) are promising en-
ergy converter devices because, in the alkaline environment of the anion 
exchange membrane (AEM), low-cost materials can be employed [1–9]. 
Significant advances in AEMFC research bring this technology closer to 
real applications. Having said that, some remaining challenges still need 
to be overcome, among them, AEM alkaline stability and carbonation 
issues [10]. Unless new highly efficient CO2 sequestration techniques 
are developed [11], carbonation processes occur during the operation of 
AEMFCs under ambient air containing CO2 [12]. 

When AEMFCs operate with ambient air, hydroxide ions generated 
from the oxygen reduction reaction on the cathode side react with CO2 
and form carbonates (see eq. (1) and (2)). 

OH− + CO2 ↔ rc1 HCO−
3 (1)  

HCO−
3 + OH− ↔ rc2 CO2−

3 + H2O (2) 

The equilibrium reactions result in a nearly complete exchange of 
hydroxide ions to bicarbonate and carbonate ions when the membrane is 

in contact with air [13,14]. 
Using solid alkaline electrolytes like AEM prevents the precipitation 

of carbonates that is observed in liquid alkaline systems [15,16]. How-
ever, all CO2-exposed alkaline systems still suffer from the adverse ef-
fects of carbonate species [17,18]. The lower ion mobility of carbonates 
compared to hydroxide reduces the ionic conductivity in the membrane 
and the ionomer. Furthermore, the reaction overpotential at the anode 
and its open circuit potential increase with a pH decrease. The effects 
significantly reduce the overall fuel cell performance [19–21]. It has 
been reported that AEMs in a carbonated state are chemically more 
stable than membranes in a hydroxide state because carbonates are not 
as nucleophilic as hydroxide anions [22]. On the other hand, it has also 
been shown that (bi)carbonate ions reduced the water solvation of the 
hydroxides, increasing then the possibility of a faster degradation of the 
AEM [23]. Understanding and decreasing the negative effect of CO2 on 
the AEMs and the electrodes is an open challenge of utmost importance 
for AEMFC commercialization, as operation with ambient air is the only 
attractive and practical option for most applications. 

Research interest in this area has been increasing recently with 
experimental investigations of AEMFC performance under the influence 
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2. Experimental

Conductivity measurements during decarbonation - A large set
of experimental data for model validation is taken from the literature 
[25]. The data were recorded by a recent ex-situ decarbonation method 
developed by Dekel’s group [25,26]. In brief, a membrane in carbonate 
form is placed in a four-electrode conductivity measurement cell under a 
nitrogen flow with controlled humidity and temperature. After an 
equilibration time of approximately-three hours, a direct current is 
applied between the two outer electrodes. Water is split at the elec-
trodes, and hydroxide anions are produced at the cathode electrode. The 
generated hydroxide anions replace the carbonates resulting in an in- 
situ exchange of the AEM to its fully OH‾ form. To observe the ion ex-
change from carbonate to hydroxide, the variation of ionic conductivity, 
which results from the difference in ion mobility of hydroxides and 
carbonates, is recorded over time using two sensing electrodes. These 
decarbonation experiments allow us to study the ion transport processes 

with an applied external current under controlled conditions. A detailed 
description of the setup can be found in [26], and the experimental data 
are discussed in [25]. 

The AEMs investigated in [25] include Tokuyama A201 (Tokuyama 
Corporation, Japan); Sustainion® RT and Sustainion® Grade 60 (Diox-
ide Materials, USA), named hereafter Sustainion RT and Sustainion 60, 
respectively; AT-1 (Hespas-Energy, China); FAA-3 (FuMaTech, Ger-
many); ETFE-TMA and LDPE-BTMA [32,33] developed and supplied by 
Prof. Varcoe (Surrey University, UK); PF-AEM [34] obtained from Dr. 
Pivovar (National Renewable Energy Laboratory, CO, USA), named 
hereafter PF; PAPip membrane[35] obtained from Prof. Jannasch (Lund 
University, Sweden); and QPAF-4(TM) [36] obtained from Prof. Miya-
take (Yamanashi University, Japan). 

The values of the membrane-specific properties IEC, water uptake, 
and membrane geometry are based on data reported in [25] and can be 
found in Table 1, in addition to further parameters. The current density 
for the different membranes is calculated for a constant current of 0.1 
mA, which was applied in all experiments, unless noted otherwise. Due 
to different cross-sectional areas, the current density differs among the 
membranes. 

Visualization of the decarbonation process - Additional tests to 
visualize the decarbonation process were carried out in this study. An 
anion exchange membrane (low-density polyethylene functionalized 
with benzyl trimethylamine [32,37], LDPE-BTMA, developed and sup-
plied by Prof. Varcoe from Surrey University, UK) was immersed in 
thymolphthalein solution (0.2 wt% in 1:2 ethanol:water solution) for 24 
h, followed by immersion in 1 M KHCO3 aqueous solution for 24 h, to 
convert the AEM into its bicarbonate form. Finally, the AEM was rinsed 
in ultrapure water for 24 h to remove the excess electrolyte. This pro-
cedure was repeated every time before a new test was carried out. The 
membrane was then placed in an MTS740 four-electrode cell head 
(Scribner Associates). A constant current was then applied across the 
membrane by an Ivium-n-Stat (Ivium Technologies) under 100 sccm/ 
min nitrogen flow. Water was added regularly during the experiment to 
keep the membrane in a fully humidified state. As hydroxide ions start 
flowing, the local pH increases until the absorbed thymolphthalein 
changes color from white to a bluish color. Pictures were taken every 10 
min to record the dynamics of the decarbonation process. The tests were 
repeated at three levels of current values (0.1, 0.3, and 0.5 mA) to 
compare results with the developed model. 

3. Modeling

We adapted and extended a previously developed AEMFC model
[28] to describe the dynamic changes in conductivity and ion concen-
tration of the membranes during the decarbonation processes. The
model describes the effect of carbonation on the AEMFC under steady- 
state conditions. Full details of the model are given elsewhere [28]. In
this section, the adapted model structure and the equations are
explained.

Fig. 1 shows the model structure and the processes considered in the 
adapted model developed in this study. Initially, at t = 0, the membrane 
is in a full carbonate state, and no CO2 is present in the gas phase. When 
the constant current operation is started, the hydrogen evolution reac-
tion (HER) takes place at the cathode, producing hydroxide ions onto the 
AEM. Hydroxide and carbonate ions are transported towards the anode 
electrode, where the oxygen evolution reaction (OER) takes place, and 
carbonates are converted to and released as CO2 gas. The nitrogen flow 
over the membrane surface leads to a diffusive boundary layer. In the 
membrane, CO2 is formed from carbonates; it can change to the gas 
phase at the interface between the membrane and the boundary layer. 

In the following, the modeled processes and governing equations for 
all domains of the model will be detailed. 

Membrane - The key processes for the exchange of anions in the 
membrane during the conductivity measurement are the transport of 
ions through the membrane and the reactions between carbonate and 

of CO2 [21,24], ex-situ measurements of the membrane decarbonation 
[25–27], and simulations of the cell behavior under the influence of CO2 
[20,28]. These studies show, on one hand, that the addition of CO2 to an 
AEMFC has a severe negative impact due to the AEM carbonation, where 
the cell operating voltage is generally decreased by 200–400 mV 
depending on the reaction conditions. On the other hand, these studies 
prove that decarbonation can occur while applying current to the AEM. 
However, there are no models describing this decarbonation phenom-
enon. Nevertheless, the influence of CO2 on the AEMs is not yet fully 
understood. Especially the decarbonation dynamics and the corre-
sponding development of ion concentration profiles over time in the 
membranes are addressed in only a few studies. Understanding the dy-
namics is important, as it allows one to assess and optimize the startup or 
dynamic operation of the fuel cell. 

Dynamic AEM studies include simulation studies by Myles et al. [29], 
who simulated the carbonation process of two different AEMs when 
exposed to air but in the absence of current, and work by Wrubel et al. 
[30], who simulated the decarbonation dynamics of an AEMFC cell 
focusing on the mechanism of the CO2 release at the anode. Recent 
experimental work has been reported by Zhegur-Khais et al. [25], who 
experimentally studied the decarbonation of different AEM in a setup to 
determine the true hydroxide conductivity of the membranes. Similarly, 
Cao et al. [31] experimentally investigated the decarbonation of AEM 
with a pH indicator in a similar setting, which enabled the visualization 
of concentration fronts moving through the AEM. 

When an AEMFC is operated at a high current density, the carbonate 
concentration in the membrane is strongly reduced because carbonates 
are diluted by the high rate of hydroxide production at the cathode, from 
where the ions are driven to the anode by migration [28]. This process is 
also referred to as self-purging mechanism. During self-purging, a local 
carbonate accumulation occurs at the anode, and back-diffusion of 
carbonates is induced. Therefore, it is crucial to understand the transport 
of carbonates and the interplay of migration and diffusion under con-
ditions when an ionic current is flowing through the membrane. A 
thorough understanding of parameters and processes that determine the 
decarbonation process and its dynamics will facilitate the development 
of AEMs for improved AEMFCs for an efficient operation with ambient 
air under dynamic load profiles and during startup. 

In this work, we present a dynamic model that describes the ex-situ 
decarbonation of AEMs and analyze the effect of various parameters on 
the electrochemical de-carbonation process. The model is validated 
using decarbonation data from ten commercially available and research 
AEMs reported by Zhegur-Khais et al. [25]. The simulation results reveal 
deeper insights into transport and concentration gradients inside the 
membranes under relevant conditions. Finally, the factors influencing 
the velocity of the decarbonation process are discussed in detail. This 
work contributes to a better understanding of the AEM decarbonation 
process and the behavior of AEM in AEMFCs operated with ambient air. 



hydroxide ions. Ions are transported through the membrane by migra-
tion and diffusion. The hydroxide ions react with carbon dioxide and 
bicarbonate according to Eq. (1) and (2) to form bicarbonate and car-
bonate. These reactions are not very fast and do not quickly reach 
equilibrium [29]. The corresponding rates of the chemical carbonation 
reactions in the AEM, rc1 for eq. (1) and rc2 for eq. (2), are described by 
finite reaction rates for reversible reactions: 

rc1 = kc1faCOaq
2

aOH− − kc1baHCO−
3

(3)  

rc2 = kc2faHCO−
3

aOH− − kc2baH2OaCO2−
3

(4) 

where ai are the activities of the species (OH− , CO2−
3 , HCO−

3 ), and ki 

are the forward and backward reaction rate constants. The calculation of 
corresponding activity coefficients is conducted with the Truesdell- 
Jones model as described elsewhere [28]. 

In AEM, the dissociation of anions from the cationic groups e 
attached to the membrane backbone is not complete [28]. Thus, only the 
free anions in the membrane are available for reactions and transport. 
The activities of species participating in the chemical reactions and the 
concentration gradients in the membrane are based on the concentra-
tions of the free ions. Since the pKB values of the cationic groups and 
factors influencing the dissociation are unknown, the dissociation is not 
modeled in detail here. Instead, the free ion concentrations in the 
membrane, c̃M

ion, are linked to the concentration of the respective ion in 

the membrane cM
ion assuming a constant dissociation factor αdiss

ion , similar 
to what was reported in [28] (see SI1 for further details): 

c̃M
ion = αdiss

ion cM
ion (5) 

To model the transport and concentration changes in the membrane, 
the membrane is spatially discretized in the direction of the ionic current 
(z-direction in Fig. 1) because large concentration gradients occur in this 
direction. Transport in x-direction is neglected because of negligible 
concentration gradients in x-direction, as only very little CO2 will 
evaporate through the small interface plane y-z. Transport in the 
through-plane direction (y-direction in Fig. 1) is considered because 
dissolved CO2 can leave the membrane at the large membrane surface 
(x-z plane) and change to the gas phase. However, no gradients are 
spatially resolved in this direction because the length of the membrane is 
much larger than its thickness. The species balance, including the 
transport through the membrane, is described by the following balance 
equations: 

∂cM
OH−

∂t
= −

∂jM
OH−

∂z
+

1
F

∂imig
OH−

∂z
− rc1 − rc2 (6)  

∂cM
HCO−

3

∂t
= −

∂jM
HCO−

3

∂z
+

1
F

∂imig
HCO−

3

∂z
+ rc1 − rc2 (7)  

∂cM
CO2−

3

∂t
= −

∂jM
CO2−

3

∂z
+

1
2F

∂imig
CO2−

3

∂z
+ rc2 (8)  

∂cM
COaq

2

∂t
= −

∂jM
COaq

2

∂z
−

jM,BL
CO2

(z)
dM − rc1 (9) 

with the concentrations of the species in the membrane cM
β , the 

thickness of the membrane dM, the diffusive fluxes within the membrane 
jM
β , the flux of CO2 leaving the membrane into the gas phase jM,BL

CO2
, and the 

partial current densities imig
ion for the charge transport by migration 

defined by: 

imig
ion = − σion

∂Φ
∂z

(10) 

where σion is the ionic conductivity and Φ is the electric potential in 
the membrane. The total ionic conductivity at any point in the mem-
brane is the sum of the individual conductivities of hydroxide, bicar-
bonate, and carbonate ions. 

σM =
∑

ion
σion (11) 

Ionic conductivities are calculated by [28]: 

σion =
(
εM)1.5 F2

RT
(zion)

2c̃
M
ionDM

ion

xM
W(1 + δion)

(12) 

Membrane IEC  

(mmol/g) 

fM,eq
W (%) Density ρM

dry

(g cm¡3) 

Width wM (cm) Thick-ness dM (μm) Cross-section area+ Ac (cm2)*103 Current density i 
(mA cm¡2) 

A201  1.58  38.2  0.94  1.02  32.8 3.3  29.9 
FAA-3  1.43  26.2  0.99  0.75  33.8 2.5  39.4 
Sustanion RT  1.47  52.3  0.90  1.40  69.6 10  9.7 
Sustanion 60  1.44  50.6  0.80  1.29  79.6 9.7  10.3 
ETFE-TMA  1.59  43.5  1.10  0.96  44.2 4.2  23.6 
AT-1  2.12  30.4  1.02  1.25  59.2 7.4  13.5 
PF  0.92  25.9  1.07  1.11  48.6 5.4  18.5 
LDPE-BTMA  2.39  74.8  0.87  1.10  59.0 6.5  15.4 
PAPip  1.85  37.4  1.00  1.19  56.0 6.7  15.0 
QPAF-4(TM)  1.07  26.4  0.99  1.00  28.0 2.8  35.7  

+ In the experimental setup, conductivity was measured in-plane and the cross-sectional area for the current flow is thus Ac = wM * dM.

Fig. 1. Schematic illustration of the modeling domain and the processes 
considered in the model. A constant current is applied between anode and 
cathode. At the cathode, hydroxide ions are formed (rc), which gradually 
replace the carbonates in the membrane. Migration (iion) and diffusion (jM,diff

β ) 
govern the transport of ions through the membrane. At the anode, hydroxide 
and (bi)carbonate anions are oxidized electrochemically (ra1, ra2, ra3), A con-
stant stream of nitrogen Fin enters the setup. At the membrane/gas interfaces, 

gaseous CO2 is released to a concentration boundary layer 
(

jM,BL
CO2

)
from where it 

enters the gas bulk volume jBL,bulk
CO2 

and leaves the cell with the gas flow Fout. 

Table 1 
Properties of various evaluated AEMs as reported in [25] and resulting current density.  



With the membrane porosity εM =
fM
W ρM

dry
ρWl

, the mole fraction of water in 

the membrane xM
W =

fM
W

fM
W+MWIEC, and the diffusivity ratio δion. fM

W is the 

membrane water uptake. ρM
dry is the density of the dry membrane, ρWl is 

the density of liquid water, MW is the molar weight of water, R is the 
universal gas constant, T is the temperature, and IEC is the ion exchange 
capacity of the membrane. The diffusivity ratio δion is calculated by [28]: 

δion =
MW IEC

f M
W

(
ρWl

MW IEC ρM
dry

)2/3(

1 +
Mion

MW

)1/2

(13) 

The overall current density corresponds to the sum of all charge 
transport processes. 

i =
∑

ion
(imig

ion + zionFjM
ion) (14) 

The concentrations of dissolved CO2 and the anion species are low. 
Therefore the diffusive fluxes jMβ of dissolved species β ∈

{
COaq

2 , OH− ,

CO2−
3 , HCO−

3
}

are calculated by Fick’s law of diffusion: 

jM
β = − DM

β

(
εM)1.5∂c̃M

β

∂z
(15) 

Studies conducted on our prior model [16] showed that water uptake 
is constant everywhere for the experimental setup used to generate the 
experimental data. Because of the large interface between the mem-
brane and the gas phase, water is in equilibrium with the water vapor 
from the gas phase everywhere. Thus, water transport and gradients in 
membrane water uptake are not considered. Inaba et al. also confirmed 
in their simulations [9] that water transport in z-direction is negligible. 
The membrane water uptake fM

W was set equal to the experimentally 
measured water uptake fM, eq

W . Furthermore, it is assumed that phase 
changes at the interface of the boundary layer and membrane are fast so 
that the activity of dissolved CO2 in the membrane, aM,MBL

COaq
2

, is in equi-

librium with the partial pressure of gaseous CO2 pMBL
CO2 

and the corre-
sponding gas phase concentration cM,MBL

CO2 
at the interface: 

aM,MBL
COaq

2
= KCO2 pMBL

CO2
= KCO2 cM,MBL

CO2
RT (16) 

KCO2 is the activity-based Henry constant. It has been shown by Myles 
et al. [29] that a phase equilibrium at the interface is a justified 
assumption for a membrane in the absence of current, and their finding 
also holds for a membrane through which an ionic current is flowing. 
The diffusive transport over the phase boundary is described by the 
following diffusion equation for the gaseous phase: 

jM,MBL
CO2

= 2DCO2

cM,MBL
CO2

− cMBL
CO2

0.5dBL (17) 

With the gaseous binary diffusion coefficient for CO2 in nitrogen 
DCO2 . cMBL

CO2 
is the concentration in the middle of the boundary layer of 

thickness dBL. cM,MBL
CO2 

is the concentration at the interface (for details, see 
boundary layer model below). Factor 2 is added because transport oc-
curs through the upper and lower surface of the membrane. The trans-
port over the phase boundary must also equal the transport from the 
center of the membrane to the interface. 

jM,MBL
CO2

= 2DM
CO2

cM
CO2

− cM,BL
COaq

2

0.5dM (18) 

Combining eq. (16) – (18), the concentrations at the interface and the 
transport terms can be calculated. 

Cathode - At the cathode, hydroxide ions are produced onto the 
membrane according to: 

H2O+ e− →rc OH− +
1
2

H2 (19) 

Thus, rc is directly proportional to the total current I:rc = I
F.

The cathode is modeled as a phase boundary without volume. This is 
a simplification justified by the fact that the model’s purpose is to 
describe the membrane processes. All produced hydroxide ions are 
transported into the membrane by migrative transport, which is directly 
proportional to the applied current. No other ions enter the membrane 
from the cathode: 

imig
OH− (z = l) = − I (20)  

imig
CO2−

3
(z = l) = 0 (21)  

imig
HCO−

3
(z = l) = 0 (22) 

An equilibrium between gaseous CO2 in the boundary layer and 
dissolved CO2 is assumed at the interface between the cathode and the 
boundary layer, similar to the membrane. 

Anode - At the anode, the oxygen evolution reaction takes place via 
reactions (23)-(25): 

OH− →
ra1 1

2
H2O+

1
4
O2 + e− (23)  

HCO−
3 →

ra2 1
2

H2O+
1
4
O2 +CO2 + e− (24)  

CO2−
3 →

ra3 1
2

O2 +CO2 + 2e− (25) 

As discussed in our previous modeling work [28], the reaction 
mechanism at the anode does not need to be resolved in detail to obtain 
an accurate mass balance. All anions that reach the anode are consumed 
in an electrochemical reaction that may either be the direct conversion 
of carbonates to oxygen and CO2 or a reaction of carbonates with water 
to form hydroxide ions, directly followed by the electrochemical 
oxidation of hydroxide to oxygen. 

The reaction rates are described by: 

ra1 =
Ac

zF
imig
OH−

⃒
⃒

z=0 (26)  

ra2 =
Ac

zF
imig
HCO−

3

⃒
⃒
⃒

z=0
(27)  

ra3 =
Ac

zF
imig
CO2−

3

⃒
⃒
⃒
⃒

z=0
(28) 

where Ac is the cross-sectional area of the membrane. CO2 is removed 
by a diffusive flow between the anode and the anode concentration 
boundary layer ṅA,ABL

CO2 
and by a diffusive flow into the membrane ṅMA

COaq
2

. 
Since the anode is also described as a phase boundary without volume, 
the following steady-state balance equation for CO2 at the anode results: 

0 = ṅM,A
COaq

2
+ ra2 + ra3 − ṅA,ABL

CO2
(29) 

ṅA,ABL
CO2 

is the transport of gaseous CO2 from the anode into the 
boundary layer, given by: 

ṅA,ABL
CO2

= AcDCO2

cA
CO2

− cABL
CO2

0.5dBL (30) 

where cABL
CO2 

is the concentration in the middle of the anode boundary 
layer (see below). An equilibrium between gaseous CO2 and dissolved 
CO2 is assumed at the interface between the anode and boundary layer 
similar to the membrane. 

ṅM,A
COaq

2 
is the transport of dissolved CO2 from the membrane to the 

anode: 



ṅM,A
COaq

2
M,A = AcDM

CO2

∂c∼
M
CO2

∂z

⃒
⃒
⃒
⃒
⃒
⃒

z=0

(31) 

Boundary layer - The thickness of the diffusion boundary layer 
around the membrane, dBL, is calculated by the following equations 
assuming a laminar flow over a flat plate: 

dBL =
δhydro

Sc
(32)  

Sc =
ν

DCO2

(33)  

δhydro = 4.91

̅̅̅̅̅̅̅

νlM

2u0

√

(34) 

with the Schmidt number Sc, the kinematic viscosity of air ν, the 
thickness of the hydrodynamic boundary layer δhydro, the length of the 
membrane in the flow direction lM, and the free flow velocity of the gas 
u0. Since the free flow velocity is approximately 0.005 m s− 1 and the 
Reynolds number thus far below 100, laminar flow can be assumed. 
Inside the boundary layer, only a balance equation for CO2 is established 
because the production of oxygen and hydrogen is negligible compared 
to the nitrogen flow rate. 

The boundary layer is divided into the anode boundary layer and the 
membrane boundary layer. Both parts of the boundary layer are 
described as ideally mixed volumes with the averaged concentrations 
cABL and cBL. The corresponding species balances are given by the 
following ordinary differential equations: 

dcBL
CO2

dt
VBL = ṅM,MBL

CO2
− ṅBL,bulk

CO2
(35)  

dcABL
CO2

dt
VABL = ṅA,ABL

CO2
− ṅABL,bulk

CO2
(36) 

with the volume of the membrane and anode boundary layer VMBL =

AsdBL and VABL = AcdBL. The membrane surface area As = 2lMwM is 
twice as big as the product of the length lM and width wM of the mem-
brane because the top and bottom sides of the membrane are added up. 

The transport between the membrane and the membrane boundary 
layer is defined by: 

ṅM,MBL
CO2

= DCO2

∫z=lM

z=0

2wM cM,MBL
CO2

− cMBL
CO2

0.5dBL dz (37) 

The transport of CO2 between the boundary layers and the bulk 
volume of the test cell is defined by: 

ṅMBL,bulk
CO2

= DCO2 As cMBL
CO2

− cbulk
CO2

0.5dBL (38)  

ṅABL,bulk
CO2

= DCO2 Ac cABL
CO2

− cbulk
CO2

0.5dBL (39) 

Gas bulk volume – The change in CO2 concentration in the gas bulk 
volume cbulk

CO2 
is described by the following equation, assuming a well- 

mixed bulk chamber: 

dcbulk
CO2

dt
Vbulk = ṅMBL,bulk

CO2
+ ṅABL,bulk

CO2
− Fcbulk

CO2
(40) 

with the cell volume Vbulk and the volumetric flow rate F. 
It is still subject to debate which ion is dominant in the carbonated 

AEM, bicarbonate [38,39] or carbonate [40]. In the initial state of the 
model, the CO2 concentration in the gas phase is zero (100 % nitrogen), 
and the concentrations of OH− , CO2−

3 and HCO2−
3 equal the equilibrium 

values that result in a membrane in contact with air containing 400 ppm 

CO2. Simulations with different initial conditions (see fig. SI2) showed 
that the model is not very sensitive to the initial conditions because 
bicarbonate is quickly converted to carbonate in a CO2-free environ-
ment, regardless of the initial ratio of carbonate and bicarbonate. The 
selected initial conditions were chosen to improve numerical stability by 
starting in a situation where the concentrations of the ionic species are 
near their equilibrium values. 

Partial differential equations were discretized using a finite volume 
scheme. The model was implemented in MATLAB and solved by the 
ode15s solver. 

The only adjustable model parameters are the diffusion coefficients 
of the ionic species DM

ion. They will be discussed in the results section. 
Fixed model parameters and their values are summarized in Table 2. 

4. Results and discussion

The model is used to reveal the transport and reaction processes and
their interaction during the decarbonation of the various AEMs. The 
factors that affect the dynamics of the decarbonation are investigated to 
identify which membrane properties promote or impede the removal of 
carbonates from AEM. 

The model is validated by comparing simulation results to the 
measurements of anion conductivity during the decarbonation process 
from Zhegur-Khais et al. [25]. In the experiments, the conductivity was 
measured by two sensing electrodes placed in the middle of the mem-
brane with a 4 mm distance between them. For a direct comparison 
between experimental and simulation, the simulated conductivity is 
evaluated in the same interval. It is calculated by: 

σM, middle =
1

RM,middle =
1
∫z=13mm

z=7mm

dz
σM

(41)  

4.1. A case study of a fast vs A slowly decarbonating membrane 

In this section, a membrane that is decarbonated quickly and a 
membrane that is de-carbonated slowly are analyzed and compared in 
order to elucidate the factors that determine the decarbonation 
dynamics. 

The LDPE-BTMA membrane decarbonates comparatively slowly. The 
values of the ion diffusivities for the simulation of the LDPE-BTMA 
membrane (DM

OH− =1.5 10− 8 m2/sDM
CO2−

3 
= 2.3 10− 9 m2/sDM

HCO−
3 

= 4.5 

10− 9 m2/s) were identified by manually adjusting the diffusivities until 
an agreement of experiment and simulation was reached. DM

OH− was 
adjusted to reach the experimental conductivity at the end of the 
experiment when the membrane was in hydroxide form. DM

CO2−
3 

was 

Table 2 
Model parameters.  

Parameter Value Parameter Value 

u0 5.2 × 10− 3 m/s αdiss
CO2−

3 
0.2 [see SI] 

lM 20 × 10− 2 m T 313.15 K 
ν 1.57 × 10− 5 m2/s  

[41] 
kc1f 8.75 × 106 kg2 mol− 1 m− 3 s− 1

[28] 
F 8.3 mL s− 1 kc1b 0.53 kg m− 3 s− 1 [28] 
Vbulk 0.25 L kc2f 8.75 × 107 kg2 mol− 1 m− 3 s− 1

[28] 
RHin 95 % kc2b 4.32 × 104 kg2 mol− 1 m− 3 s− 1

[28] 
pin 1 bar aH2 O 1 mol kg− 1 [28] 
ρWl 991.9 kg m− 3 KCO2 0.025 mol kg− 1 atm− 1 [28] 
zOH− − 1 DM

ion See results section 
zCO2−

3 
− 2 DM

CO2 
2.87 × 10− 9 m2/s [28] 

zHCO−
3 

− 1 DCO2 1.77 × 10− 5 m2/s [28] 
αdiss

OH− 0.4 [see SI]   
αdiss

HCO−
3 

0.4 [see SI]    



200 % of DM
CO2−

3
. 

Fig. 2 a) shows the simulated and measured anion conductivity 
values of the LDPE-BTMA membrane over time for a current of 0.1 mA. 
Initially, the membrane is fully carbonated, and the conductivity is low. 
After an equilibration period of 4 h, a current of 0.1 mA is applied, which 
produces OH‾ ions at the cathode via in-situ water electrolysis. The OH‾
and carbonate ions migrate through the AEM to the anode, where the 
carbonates are released in the form of CO2 [26]. Due to this process, the 
anion conductivity continuously increases. After approximately 50 h, all 
carbonates are exchanged, and the membrane reaches the fully OH‾
form. The LDPE-BTMA membrane is decarbonated comparatively slowly 
among the membranes investigated in [25]. The simulated and experi-
mental conductivities agree very well. 

In Fig. 2 b), the simulated hydroxide ion concentration is shown for 
every location in the membrane and for the entire decarbonation pro-
cess. Once the current is switched on, carbonate is replaced by hy-
droxide ions, beginning at the cathode side, where hydroxide is 
generated by the HER. It can be seen that strong concentration gradients 
are developed in the membrane during the decarbonation process. The 
cathode side reached a hydroxide concentration of 1 mol/L 22 min after 
the current was applied. At the same time, the hydroxide concentration 
at the anode side is only 3.5 mmol/L, ca. three orders of magnitude 
lower. The hydroxide ions move through the membrane as a concen-
tration front which broadens over time while moving from cathode to 
anode. The reason for this broadening of the concentration front is 
diffusion which flattens the concentration gradients. 

In Fig. 2 c), the evolution of the anion concentrations over time is 
shown at three selected locations: at the anode side, the cathode side, 
and in the middle of the membrane. The initial bicarbonate concentra-
tion drops during equilibration before the current is switched on. The 
negligible amount of bicarbonate in AEM is consistent with the findings 
in our previous studies of AEMFC operated under CO2-containing 
(ambient) air [28]. The membrane is almost entirely in a carbonate state 
after 4 h. However, the carbonate concentration rapidly decreases under 
the current operation. At 50 h, the carbonate concentrations all over the 
membrane have fallen to almost zero. The decarbonation is thus 
completed, and the membrane is in its full OH− form. 

The hydroxide concentration front moving from cathode to anode 
was further verified by observing the decarbonation of an LDPE-BTMA 
membrane, to which a pH indicator had been added to make the in-
crease in OH− concentration visible. In Fig. 3, the experimental pictures 
showing the moving color front in a membrane treated with an indicator 
solution and the simulated hydroxide ion concentration fronts as com-
parison are shown. As can be seen, as the current is increased, the 

decarbonation dynamics increase, and the exchange to hydroxide ions 
occurs more rapidly towards the anode side. At all current values, an 
excellent agreement between both experimental and simulated dy-
namics of the decarbonation can be seen by comparing Fig. 3a and 3b. 
These results validate the model developed in this study, increasing the 
strength of the findings. 

Next, the processes that cause the observed dynamics and govern the 
decarbonation process are elucidated. In Fig. 4 a), the rates of migrative 
and diffusive transport in the middle of the membrane are shown over 
time for OH− and CO3

2− . During the decarbonation process, transport by 
migration is much larger than transport by diffusion for both OH− and 
CO3

2− . For instance, at 5 h, one hour after the current has been applied, 
the rate of migrative transport of OH− is 0.16 nmol s− 1, whereas the rate 
of diffusive transport is 0.04 nmol s− 1. The rate of migrative transport of 
CO3

2− is 0.41 nmol s− 1, whereas the rate of diffusive transport is − 0.003 
nmol s− 1. Migration drives the anions from cathode to anode. The car-
bonate diffusion counteracts the migration because the production of 
hydroxide at the cathode results in a concentration gradient from the 
anode, where carbonate concentration is still high in the direction of the 
cathode, where carbonates have already been replaced by hydroxides. 
This process is called back-diffusion and is an important factor influ-
encing the decarbonation dynamics of AEMs. 

The observation of carbonate back-diffusion is consistent with 
literature results [20,28]. However diffusion has a lower relative 
contribution than in [28] because the diffusion length is much larger for 
the transport in the in-plane direction (16 mm) than for the transport in 
the through-plane direction in an AEMFC (0.059 mm). 

In Fig. 4 b), the mechanisms of CO2 release during the decarbonation 
process are displayed. The rates of CO2 release from the electrochemical 
decarbonation at the anode, ra2 and ra3, and from the chemical decar-
bonation via the membrane surface, rc1, are compared. Chemical 
decarbonation and evaporation of CO2 during equilibration corresponds 
to the decrease in bicarbonate in Fig. 2c. Approximately 2 h after the 
current has been switched on, the rate of the chemical decarbonation 
reaction falls to a value near zero. This drop coincides with the drop of 
the bicarbonate concentration to almost zero (see Fig. 2 c), which shifts 
the equilibrium of reaction (1) so that practically no dissolved CO2 is 
present or produced anymore in the membrane. Even though the contact 
area between the membrane and the nitrogen atmosphere of the test 
setup is large, the chemical reaction does not contribute significantly to 
the decarbonation rate and the decarbonation via the anode dominates 
the self-purging mechanism. 

This explains why the decarbonation of the LDPE-BTMA membrane 
takes a relatively long time of 50 h at 0.1 mA. The current density is 
relatively small due to its large cross-sectional area of 6.5 × 10− 3 cm2, 
whereas its IEC of 2.4 mmol g− 1 is the largest among the membranes 
tested in the experiments. With a negligible contribution from chemical 

Fig. 2. Changes in the LDPE-BTMA membrane during the decarbonation process: a) experimental (red dots, adapted from [25]) and simulated (solid blue line) 
anion conductivity over time, b) hydroxide ion concentration over time and position in the membrane (black lines are isoconcentration lines), and c) anion con-
centrations over time at three different locations: dashed lines denote the concentrations at the cathode (z = 20 mm), dash-dotted lines at the anode (z = 0), and solid 
lines at the middle of the membrane (z = 10). The vertical grey lines in a) and c) denote the time when the current of 0.1 mA is switched on. 

adjusted to reach the experimental conductivity at the beginning of the 
experiment when the membrane was in carbonate form. DM

HCO−
3 

was set to 



Fig. 3. A) visualization of the decarbonation process for an ldpe-btma membrane pretreated with 0.2 wt% thymolphthalein solution, for currents of 0.1, 0.3, and 0.5 
mA. The current was applied at t = 0. The left electrode is the anode, the two middle electrodes are the sensing electrodes, and the right electrode is the cathode. The 
dark blue color represents higher hydroxide ion concentrations. b) Visualization of the simulation results for the experiments from a). 

Fig. 4. a) Migrative and diffusive transport of OH− and CO3
2− over time in the middle of the LDPE-BTMA membrane. b) Rate of CO2 release from the electrochemical 

decarbonation at the anode and the chemical decarbonation via the membrane surface. The vertical black line denotes the time when the current of 0.1 mA is 
switched on. 
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The difference between A201 and LDPE-BTMA membrane partly 
results from the lower IEC of the A201 membrane because a lower IEC 
leads to smaller absolute concentration gradients and, thus, a lower 

driving force for diffusion. Also, the lower cross-sectional area reduces 
the rate of diffusion, whereas the total rate of migrative transport is fixed 
by the constant current of 0.1 mA. 

The rates of the chemical and electrochemical decarbonation 
mechanism, which are shown in Fig. 6 b), show that the different 
decarbonation dynamics are not a result of changes in the decarbonation 
mechanism. Both the A201 and the LDPE-BTMA membranes are 
decarbonated almost exclusively via the anode reactions. 

Up to this point, it can be concluded from the comparison of the two 
membranes that ion exchange capacity, current density, and carbonate 
back diffusion are critical factors that determine the dynamics of the 
decarbonation of AEMs. This brings valuable insights into the operation 
of AEMFCs under ambient air. 

4.2. Properties influencing AEM decarbonation dynamics 

Next, the model is used to investigate the influence of factors that are 
not easily accessible in an experiment. To facilitate the discussion, the 
dynamics of the decarbonation process were quantified by calculating a 
time constant τ from the simulated data assuming that the change in 
conductivity would follow an exponential equation of the following 
shape [25]: 

σ(t) = σ0 + Δσ
(

1 − exp
(
−

t
τ

))
(42) 

where σ(t) is the anion conductivity at time t, σ0 is the initial con-
ductivity, and Δσ is the difference between the final and the initial 
conductivity. The time constants reflect the differences in decarbonation 
speed that were discussed above: it is 9 h for the LDPE-BTMA membrane 
and 3.6 h for the A201 membrane. 

Thus, the time constants provide some insights into the capability of 
the AEM to rapidly exchange its carbonates into hydroxide, even though 
lumping the dynamics and spatial distribution of the ion concentrations 
in the membrane into a single number is a substantial simplification. 

In Fig. 7, the effect of selected membrane properties and parameters 
on the decarbonation time constant is shown for the example of the 
LDPE-BTMA membrane. Their effect is assessed by changing each model 
parameter value relative to the original values in Table 2 and 3. 

In Fig. 7 a), the decarbonation time constant is depicted for varia-
tions of the normalized membrane thickness, IEC, current, and a 
simultaneous variation of IEC and current. Membrane thickness and IEC 
have an identical effect on the decarbonation time constant. Thus, their 
curves overlap completely. The time constant scales nearly linearly with 
both parameters because a larger value of either of the two parameters 
results in a larger total amount of carbonates that need to be purged out 
of the membrane. The fact that a thicker membrane poses a larger mass 
transfer resistance for transport from the inner membrane domains to 
the surface does not play a role since decarbonation via the membrane 

Fig. 5. a) Conductivity over time, b) Ion concentrations over time, and c) hydroxide ion concentration over time and position in the membrane during the 
decarbonation process for the A201 membrane. In b), dashed lines denote the concentrations at the cathode, dash-dotted lines the anode, and solid lines the middle of 
the membrane. The vertical grey lines in a) and b) denote the time when the current of 0.1 mA is switched on. 

decarbonation via the membrane surface, a large amount of carbonate 
needs to be driven to the anode by a small current density which leads to 
a long decarbonation time. 

Next, the decarbonation of the A201 membrane will be analyzed. 
The A201 membrane decarbonates comparatively quickly and the dis-
cussion will elucidate the differences between the A201 and the LDPE- 
BTMA membranes that can explain this behavior. The values of the 
ion diffusivities for the simulation (DM

OH−  = 2.9 10−  8 m2/sDM
CO2−  = 3.1 

3 

10−  9 m2/sDM
HCO−

3 
= 6.2 10−  9 m2/s) were identified by manually adjusting 

the diffusivities until an agreement of experiment and simulation was 
reached. The ion diffusivities of the A201 membrane are 1.5–2 times 
larger than those for the LDPE-BTMA membrane. 

In Fig. 5 a), the simulated and experimental changes in conductivity 
over time are shown for the A201 membrane. The conductivity reaches a 
new stable value much faster. Accordingly, the plots of the ion con-
centrations in Fig. 5 b) and c) show that the A201 membrane is in its full 
OH−  form already after 20 h, compared to 50 h for the LDPE-BTMA 
membrane. 

The reason for this behavior is the relatively high current density of 
the A201 membrane due to its ca. 50 % smaller cross-sectional area and 
its 30 % lower IEC compared to the LDPE-BTMA membrane (see 
Table 1). Exchanging a larger amount of carbonates (proportional to the 
IEC) at a smaller ionic current density is expected to take more time. The 
increase of decarbonation speed with a decreasing cross-sectional area, 
i.e., increasing current density, and the decreasing decarbonation speed 
with increasing IEC have been described before in experimental studies 
[25,31,42]. Thus, the simulations confirm the experimental results from 
the literature.

A further effect contributing to the faster decarbonation dynamics of 
the A201 membrane is illustrated by Fig. 6 a), where the rates of 
migrative and diffusive transport over time for OH−  and CO −  are dis-
played. Transport by migration outweighs diffusive transport by an even 
larger factor than in the LDPE membrane. One hour after the current has 
been applied, migrative transport of OH−  is ca. 50 times larger than the 
diffusive transport (0.64 nmol s−  1 vs 0.013 nmol s−  1), compared to 
around 11 times in the LDPE-BTMA membrane. Migrative transport of 
CO −  is ca. 210 times larger than diffusive transport in absolute numbers 
(0.19 nmol s−  1 vs −  0.0006 nmol s−  1). The minus sign indicates that 
diffusion acts in the opposite direction to migration. In the LDPE-BTMA 
membrane, diffusion also counteracts migration. Migration is faster than 
diffusion by a factor of ca. 320. Since the back-diffusion is a process that 
slows down the decarbonation dynamics by transporting carbonates 
from the anode back to the cathode, a lower relative contribution of 
diffusion causes faster dynamics. 



surface is negligible (compare Fig. 4). 
The time constant drops hyperbolically with the current. This posi-

tive effect of higher current (density) on the decarbonation of AEM and 
AEMFC is well documented in the literature [21,28,43] and results from 
the fact that the current is the main driving force for the decarbonation. 
When current and IEC are changed in parallel, the time constant remains 
unchanged because the effects cancel out each other. 

The data in Fig. 7 a) indicates that AEMFC containing a thicker AEM 
or an AEM with a higher IEC would require a longer startup time or a 
higher current density to purge out carbonates that may have accumu-
lated when the cell was not operating. 

In Fig. 7 b), the decarbonation time constant is plotted over the 
normalized ion diffusivities. While it is not possible to synthesize 
membranes with specifically tailored diffusivities of individual ions, the 
conductivity ratio between AEM in hydroxide and carbonate form 
ranges between 4 and 8 [25], suggesting that the ratio of ion diffusivities 

of carbonate and bicarbonate is not constant in all materials. Further-
more, there is evidence that hydroxide diffusivities in AEM do not 
change monotonically with temperature, which implies that the ratio of 
hydroxide and carbonate conductivity would be a function of temper-
ature [44]. Thus, the individual variation of the diffusivities can help 
interpret membrane characteristics and predict decarbonation time 
constants of future membranes. 

The time constant decreases hyperbolically with increasing carbon-
ate diffusivity (blue curve in Fig. 7 a)) and increases linearly with hy-
droxide diffusivity (red curve in Fig. 7 a)). The reason for this behavior is 
the dominant ion transport by migration. Because of the constant 
external current, the total ion current flowing through the membrane is 
constant. Inside the membrane, all ions are subject to the same driving 
force, i.e. potential gradient (see eq. (10)). The relative contributions of 
carbonates and hydroxides to the ionic current thus only depend on their 
relative contributions to the total membrane conductivity. The ionic 

Fig. 6. a) Migrative and diffusive transport of OH− and CO3
2− over time in the middle of the A201 membrane. b) Rate of CO2 release from the electrochemical 

decarbonation at the anode and the chemical decarbonation via the membrane surface. The vertical black line denotes the time when the current of 0.1 mA is 
switched on. 

Fig. 7. Effect of various parameters on time constant τ of the decarbonation process for the LDPE-BTMA membrane. (a) effect of normalized membrane thickness, 
IEC and current, (b) effect of normalized diffusivities. The line for membrane thickness overlaps completely with the line for IEC (red). Values are normalized to the 
parameters given in Table 1 and 3; the reference value for the applied current is 0.1 mA. 



Membrane DM
OH‾ 

(m2/s)  

*108 

DM
HCO3

−

(m2/s)  

*108 

DM
CO3

2−

(m2/s)  

*109 

coefficient of determi- 
nation, R2, 

Simulated time constant τ (h) for the 
experiment’s membrane geometry 

Simulated time constant τ (h) for wM 

¼ 1 cm and dM ¼ 50 μm 

A201  2.6  1.2  6.1  0.981  3.6  5.5 
FAA-3  4.4  1.3  6.3  0.969  3.8  7.9 
Sustanion RT  1.9  1.1  5.7  0.990  9.0  4.0 
Sustanion 60  3.0  2.1  10.6  0.981  6.6  3.1 
ETFE-TMA  2.2  0.8  4.1  0.987  6.5  7.8 
AT-1  3.5  1.4  6.9  0.964  14.0  9.6 
PF  7.2  2.7  13.4  0.935  4.8  4.4 
LDPE-BTMA  1.4  0.8  4.1  0.993  9.0  6.7 
ETFE-TMA, 

0.5 mA  
2.4  4.6  2.3  0.969  1.5  1.4 

PAPip  2.9  1.0  5.0  0.994  11.7  8.8 
QPAF-4(TM)  7.2  3.6  17.8  0.932  1.9  3.5 

Note: The values of the diffusivity coefficients used in this work deviate from those reported in [25] because in [25] the Nernst-Einstein relation (σion =

cM
ionDeff

ionzion
2F2R− 1T− 1) is used to obtain effective diffusivities from conductivity values instead of eq. (11).  

Fig. 8. Experimentally observed (symbols) and simulated (line) changes in anion conductivity of commercial and research AEMs before and after applying 0.1 mA 
direct current. Conductivity was measured at 95 % RH and 40 ◦C. AEM types: a), FAA-3b) Sustainion RT, c) Sustainion 60, d) ETFE-TMA, e) AT-1, f) PF, g) LDPE- 
BTMA, h) PAPip, i) QPAF-4 AEMs. j) shows contains results for an ETFE-TMA membrane when applying 0.5 mA current. The vertical grey line denotes the time when 
the current is switched on. The experimental data is from [25]. 

Table 3 
Ion diffusivities and decarbonation time constants of alkaline exchange membranes.  



The ratio between the diffusivity coefficients of hydroxide and bi-
carbonate and carbonate ions, DM

OH− / DM
HCO−

3 
and DM

OH− /DM
CO2−

3
, of most of 

the AEMs are in the range of 1.5–3 and 3–7, which is consistent with 
recent self-diffusion coefficients of hydroxide and (bi)carbonate ions 
measured using 1H- and 13C-pulsed field gradient nuclear magnetic 
resonance [46]. The high diffusivity coefficients of both QPAF-4(TM) 
and PF can probably be attributed to the hydrophobic character of the 
fluorinated-based chemistries of those AEMs. 

The coefficient of determination, R2, between experimental and 
simulated conductivity is included in Table 3 to provide a simple mea-
sure for the quality of the fit. The values are all larger than 90 % and 
indicate that model output and experimental data agree well. 

As can be seen in Fig. 8 a) to h), the dynamics of the decarbonation 
process are captured quite accurately for the different membrane ma-
terials. Some deviations between the experiment and simulation occur 
for the PF-AEM membrane and the QPAF-4 membrane. The reason could 
not be identified unambiguously. However, the membrane conductivity 
in carbonated state (before the current is applied) is not in a true steady- 
state. Thus, it seems likely that the deviations result from fluctuations in 
the experimental data rather than an inadequacy of the model. The 
fluctuations in the experiments may result from inhomogeneities of the 
research membranes with potentially less reproducible production 
process. Deviations between experiment and simulation may also result 
from the fact that membrane water uptake depends on the type of anion 
that is present in the membrane [47,48]. However, the effect has not 
been quantified for any of the membranes used in this study and could 
thus not be included in the model. 

To further support the validity of the model predictions, conductivity 
data and simulation results for the decarbonation of an ETFE-TMA 
membrane with a five times higher external current of 0.5 mA are 
shown in Fig. 8 i). As expected, and as predicted by the model, the 
decarbonation proceeds much faster at the higher current. The good 

agreement between experimental data and simulation result demon-
strates that the model also captures the effect of changing currents on 
the decarbonation process. The fluctuations in the experimental data in 
Fig. 8i) and a part of the deviation between the experiment and simu-
lation may be caused by the higher current that induces a stronger ox-
ygen and hydrogen formation at the anode and cathode. 

It must be remarked that the agreement between the model and 
experimental data was obtained with a series of AEMs with very 
different characteristics in terms of water uptake, cross-sectional area, 
conductivity, and decarbonation dynamics (see Table 1 and 3). We 
conclude that the model accurately describes the decarbonation dy-
namics of AEMs. Further, it can be concluded that despite the different 
nature and properties of the membranes, all membranes can be 
described by the same model, including decarbonation kinetics, trans-
port, and phase transfer. Their microscopic properties can be adequately 
lumped into macroscopic processes and parameters. Thus, once the 
diffusion parameters and the parameters from Table 1 of a given 
membrane are determined, the behavior can be predicted with the 
model. This holds not only for the setup modeled here but should also be 
applicable for AEMFC models. 

Further, the trends on parameter dependency from Fig. 7 will be 
applicable, allowing the virtual design of optimal membranes for 
AEMFC decarbonization and dynamic behavior, e.g., during startup. 

Finally, to identify which membrane material has the best decar-
bonation kinetics, the decarbonation time constant was simulated for a 
hypothetical set of membranes with identical dimensions of wM = 1 cm 
and dM = 50 μm. The Sustanion 60, QPAF-4(TM), and Sustanion RT 
membranes exhibit the shortest decarbonation time constants with 3.1, 
3.5, and 4.0 h. This order differs strongly from the order that one would 
obtain from the membrane pieces of different geometrical dimensions 
used in the experiments and thus allow no direct comparison of the 
materials. It must be remarked here that the QPAF-4(TM) membrane 
exhibited deviations between the experiment and simulation. 

This work provides new insights into the AEM decarbonation pro-
cess, which are crucial for operating AEMFCs with ambient air or 
recently suggested applications of AEM-based electrochemical CO2 
capturing technologies [49]. 

5. Conclusions

In this work, we present an analysis of the ex-situ decarbonation
process of AEM with an experimentally validated mechanistic model. 
The model can reproduce the experimentally observed decarbonation of 
ten different commercially available and researched AEMs, and thus, the 
presented findings may be extended to AEMs in general. 

The ion concentration front that moves through the membrane 
during decarbonization was visualized by incorporating an indicator 
into the membrane. A very good agreement between this experiment 
and the simulation of the concentration front was observed, giving 
further credibility to the model. 

It was found that decarbonation occurs almost exclusively via the 
anode and not via the membrane surface and ion transport is clearly 
dominated by migration. A parameter study showed that IEC and 
applied current have the largest effect on the decarbonation dynamics. 
Further, high hydroxide diffusivity values increase the decarbonation 
time constant, whereas high carbonate diffusivity values decrease the 
time constant. Interestingly, results indicate that high diffusivities of 
both carbonates and hydroxide result in a slower membrane 
decarbonation. 

Finally, simulations were used to enable a fair comparison of the 
decarbonation dynamics between different membrane materials. 

The successfully validated AEM model is suitable for integration into 
AEM fuel cells to study decarbonation and carbonation effects. The 
sequential process of external membrane parameterization and subse-
quent integration into fuel cell models is preferable to parameterization 
directly in AEM fuel cell models. The latter is difficult and error-prone, 

conductivity of each ion is directly proportional to its diffusivity (see eq. 
(12)). If hydroxide and carbonate conductivity are identical at a specific 
location in the membrane, identical migration fluxes towards the anode 
result. When the hydroxide diffusivity, and thus conductivity, increases, 
hydroxide transport by migration is increased and carbonate transport is 
decreased, resulting in an increase in the decarbonation time constant. 
Thus, the ratio of the diffusivities has a larger influence on the decar-
bonation time constant than the absolute diffusivities. 

However, the effect of the absolute values of the diffusivities is not 
zero. The green curve in Fig. 7 b) shows the effect of increasing or 
decreasing both diffusivities in parallel. The curve is much flatter than 
the other two curves. The reason for this is the fact that the transport by 
migration is unaffected when both hydroxide and carbonate diffusivity 
increase by the same factor because their relative contribution to the 
ionic current does not change. However, the back diffusion of carbon-
ates from the anode, which is counteracting the migration, becomes 
more important when the absolute diffusivity is increased. These results 
suggest that – contrary to what one might expect – higher hydroxide 
diffusivities come at the price of longer decarbonation times of AEM. 

4.3. Model generalization to other AEM materials and current densities 

The decarbonation dynamics of eight further AEM were simulated 
and compared to experimental decarbonation data from [25] to assess if 
the model can be used to describe a broad set of membranes with 
different properties. 

Table 3 displays the identified ion diffusivities for the considered 
membranes as well as their time constants. All diffusivities were 
adjusted manually to obtain an agreement between the experiment and 
the simulation. Based on the observation that the ionic conductivity of 
most membranes is nearly identical in carbonate and bicarbonate form 
[45], the bicarbonate diffusivity coefficients were always set twice as 
large as the carbonate diffusivity coefficients. 
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because effects from the catalyst layers are present and because mem-
brane humidity is difficult to control precisely. Further, the presented 
membrane parameterization and model was shown to be robust and 
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ational strategies, when integrating the parameterised membrane model 
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In the future, model accuracy may be further increased by including 
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