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a b s t r a c t

In this paper, we systematically studied the effects of membrane thickness, CO2 concentration, and
operating time on the CO2 flux density of an Al2O3-surface-modified and carbon-black-pore-former
derived silver-carbonate membrane. It was found that the CO2 transport through a silver-carbonate
membrane exhibited a critical thickness of 0.84 mm, below which no flux enhancement could be
achieved. The CO2 flux was also observed to be proportional to the difference of ðPCO2P

1=2
O2

Þ at the two
reacting surfaces, and not the commonly assumed logarithmic partial pressure difference. The CO2 flux
tested against time at 650 1C increased by 200% for the first 160 h, followed by a gradual decrease. At the
326-h marker, the flux was still the same as the original value when the test was started. Overall, the use
of carbon black as a pore-former and Al2O3 as a surface modifier for silver-carbonate membranes has
been proven effective and necessary to achieve a higher and more stable CO2 flux density.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Capture of post-combusted CO2 from predominant fossil-fueled
power plants is of technological importance to the stabilization of
atmospheric CO2 concentration and mitigation of global warming
and climate change. The conventional solvent and sorbent based CO2

capture technologies are costly, cumbersome and energy intensive
[1–4]. With the existing material systems and engineering designs, it
seems difficult to overcome the grand challenges in cost and energy
penalty for years to come. Development of new, cost-effective and
energy-efficient CO2 capture technologies is, therefore, imperative.

Recently, we demonstrated high-flux silver-carbonate mixed
electron and carbonate-ion conducting (MECC) membranes suitable
for post-combustion CO2 capture. This new class of electrochemical
membranes in theory can exclusively and continuously separate
CO2 from a CO2 source such as flue gas at high temperatures [5–7].
The working principle of the membrane is based on a concomitant
migration of CO3

2# and e# under a chemical gradient of CO2 and O2

across the membrane, thus transporting CO2 and O2 from higher
concentration to capture side. The captured CO2–O2 has been
suggested to convert into a mixture of easily separable CO2 and
H2O mixture by combusting in a syngas. The large amount of heat
can be recovered to produce steam for electricity [8]. It has also
been suggested to recycle back to the combustion chamber for oxy-
combustion. Therefore, MECC membrane has great potential to play

an important role in stabilizing the atmospheric CO2 concentration
by capturing CO2 emitted from the existing fossil-fueled power
plants. Since the capture process is continuous and operated at
elevated temperatures, the new membranes have great potential to
be a cost-effective and energy-efficient CO2 capture technology. We
also showed that the long-term stability of the membrane can be
significantly improved by modifying the surface of porous silver
networks with a thin layer of Al2O3 [9].

In previous study, the microcrystalline methylcellulose has
been used as a pore-former to fabricate the porous silver matrix.
Based on the knowledge we have learned from mixed oxide-ion
and carbonate-ion conductor (MOCC), smaller pore size and uni-
form porous structure are among keys to achieving high CO2 flux
density [10–13]. In this study, we further expand the previous
study by investigating the effects of membrane thickness, CO2

concentration and time on the flux of CO2 permeation. While the
same Al2O3 surface modification on silver network was kept for
the present work, a new pore-former carbon black, which is one of
the widely used pore-former [14,15], was tested with a goal to
create a better connected porous silver network.

2. Experimental procedure

2.1. Synthesis of silver-carbonate membranes

A two-step approach was employed to synthesize the dual-
phase silver-carbonate MECC membranes. The porous silver
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matrix was first fabricated by intimately mixing silver powders
(99.9%, Alfa Asear) with carbon black as a pore-former (Alfa Asear)
in a ratio of 60:40 (vol%). The powder was ball-milled (Mix/Mill
8000M, Spex Sample Prep) and uniaxially pressed at 200 MPa into
pellets using a static mold presser (18 mm in diameter), followed
by firing at 650 1C for 2 h. After that, the sample was loaded into
the vacuum impregnation unit (CitoVac, Struers). An Al2O3 colloi-
dal solution (0.05 μm, Alfa Asear) with 5 wt% concentrations was
then infiltrated into the porous silver scaffold for one time under a
vacuum condition. After drying and firing at 400 1C for 2 h, the
coated silver membrane was immerged into a carbonate melt
containing a eutectic mixture of Li2CO3 (Z99%, Alfa Asear) and
K2CO3 (Z99%, Alfa Asear) in 62:38 (mol%). The detail about
this procedure can be found in our previous work [10,16–18].

Fig. 1. The cross-sectional view of microstructure of a porous Ag matrix created by
carbon black as a pore former.

Fig. 2. (a) Microstructure and (b) EDS compositions of a porous Ag matrix coated with 5% Al2O3 colloidal; elemental distributions of Ag matrix with 5% Al2O3 colloidal (c) Ag
mapping and (d) Al mapping.

Fig. 3. Microstructure and elemental distributions of silver-carbonate MECC membrane decorated with Al2O3 coating (5% colloidal) before testing (a) SEM image; (b) Ag
mapping; (c) Al mapping; and (d) K mapping. Note: Li is not detectable by EDS.
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The fabricated membrane was finally polished using ethyl alcohol
as a solvent to remove the residual molten carbonate (MC) on the
surfaces, followed by a gas tightness check using a homemade
leak-check device before it was assembled into a permeation cell.
The effective area of the membrane was 0.92 cm2.

2.2. CO2 flux measurement

The configurations of CO2 permeation cell used in this study
have been previously described [9,10]. The button-type membrane
was first sealed to a supporting alumina tube with a commercial
silver paste as a sealant. A second short alumina tube was then
bonded to the top of the sample for the purpose of shielding the
feed gas. The feed gas for regular study was a mixture of
50 ml min#1 O2, 50 ml min#1 CO2 and 20 ml min#1 N2; N2 was
used as a tracer gas for leak correction if present. For the study of
CO2 concentration effects on flux density, the flow rates of CO2 and
O2 were systematically varied in the range of 16–55 and 20–
55 ml min#1, respectively, while keeping their ratio as 1:1. The
flow rate of N2 was changed accordingly to keep the total gas flow
(CO2þO2þN2) rate at 120 ml min#1. The actual flow rates of CO2,
O2 and N2 used for the study are shown in the inset table of
Fig. 6(b). We particularly studied the effect of the actual flue gas
composition emitted from a typical power plant; they are repre-
sented by the last row of flow rates and boxed data points. A high-
purity helium (99.999%) at a flow rate of 50 ml min#1 was used as
the sweeping gas, the composition of which was analyzed by an
on-line micro-GC (Varian 490-GC, Varian). To ensure the accuracy,
the GC was calibrated with four standard gas compositions for
each gas of interest (CO2, O2, and N2). The final CO2 flux density
was calculated out from an average gas composition of a total of
ten successive readings from the GC. For all gas flows, commercial

mass flow controllers (Smart-Trak, 50 Series) specifically calibrated
for the gas under use were employed to control the mass flow
rates. The temperature of permeation cells was varied from 500 to
650 1C in an interval of 25 1C. At each temperature, 30 min were
given to allow the cell to reach steady state before sampling.

2.3. Other characterization

The microstructural features and elemental distributions of the
porous silver matrix as well as MC-filled MECC membrane before and
after long-term test were captured and analyzed by a field emission
scanning electron microscopy (FESEM, Zeiss Ultra) equipped with
energy dispersive X-ray spectroscopy (EDS) analyzer.

3. A modified CO2 permeation flux equation for MECC
membranes

3.1. Bulk-diffusion controlled transport

For bulk-diffusion controlled charge transport in homogeneous
mixed conductors, the flux density Ji of the active species i is given by

Ji ¼ #
DiCi

RT
∇ηi ¼ #

si

ðziFÞ2
∇ηi ¼ #

si

ðziFÞ2
ð∇μiþziF∇ϕÞ ð1Þ

where Di, Ci, si and zi represent the self-diffusivity, concentration,
conductivity and charge of species i, respectively; ηi and μi are
electrochemical and chemical potentials of species i; R, F and T have
their usual meanings. For a dual-phase MECC membrane, by setting

Fig. 4. CO2 flux densities of uncoated and Al2O3-coated silver-carbonate mem-
branes as a function of temperature.

Fig. 5. CO2 densities of MECC membrane as a function of the reciprocal of thickness
at 550 1C and 600 1C.

Fig. 6. CO2 and O2 flux densities of MECC membrane with the thickness of 1.21 mm
as a function of CO2 and O2 chemical gradient at 550 1C; (a) with natural
logarithmic relationship; (b) with a linear relationship of ðPCO2P

1=2
O2

Þ. Inset table:
The actual flow rates of N2, O2 and CO2 used for the test. The boxed data points
represent the practical flue-gas composition of post-combustion.
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1¼ CO3
2# and 2¼e# Eq. (1) changes to

J1 ¼ #
s1s2

z21F
2

∇μ1#z1=z2∇μ2
s1þs2

! "
ð2Þ

Considering the local chemical equilibrium CO2þ1=2O2þ
2e# ¼ CO3

2# , one has

J1 ¼ JCO3
2# ¼ #

3
8F2

sCO3
2# se#

sCO3
2# þse#

 !

∇ ln PCO2 þ
1
2
∇ ln PO2

! "
ð3Þ

Assuming that sCO3
2# and se# are both PCO2 and PO2 independent,

the steady-state flux JCO2
¼ JCO3

2# can be obtained by integrating
across the thickness L of the membrane exposed to a gradient of
high P0

CO2
; P0

O2
and low P″

CO2
; P″

O2
, leading to

JCO2
¼ JCO3

2# ¼ #
3RT
8F2

sCO3
2# se#

sCO3
2# þse#

 !

ln
P″
CO2

; P″1=2
O2

P0
CO2

; P01=2
O2

ð4Þ

Considering the microstructural and volumetric effects, the
final CO2 flux density for MECC membranes is changed to

JCO2
¼ #

ε
τ

# $3RT
8F2L

φsCO3
2# ð1#φÞse#

φsCO3
2# þð1#φÞse#

ln
P″
CO2

; P″1=2
O2

P0
CO2

; P01=2
O2

ð5Þ

where ε and τ are the porosity and the tortuosity of the porous
silver matrix, respectively; L is the thickness of the membrane, cm;
φ is the volume fraction of the MC phase; sCO3

2# and se# are the
conductivities of carbonate-ions and electrons in S/cm, respec-
tively; P0

CO2
; P0

O2
and P″

CO2
; P″

O2
are the partial pressures of CO2 and

O2 at the feed and permeate sides in Pa, respectively. Eq. (5)
suggests that a plot of JCO2

against logarithmic chemical gradient at
a fixed temperature yields a straight-line.

3.2. Surface controlled transport

As the membrane thickness decreases, surface exchange
kinetics becomes rate limiting, a characteristic of which is the
critical thickness, Lc, represented by [19]

Lc ¼
2DCO3

2#

kCO3
2#

ð6Þ

where DCO3
2# (cm2/s) and kCO3

2# (cm/s) are diffusivity and
exchange coefficient of CO3

2# , respectively. This ratio of the
mobile ion0s ability to diffuse compared to the rate of dissociation
at the surface is vastly different depending on the nature of the
ionic species. Smaller molecules such as hydrogen that have fast
diffusivity but larger surface exchange rates exhibit Lc in the range
of 1 μm [20]. In comparison, the Lc of most oxygen ion transport
membranes is two orders of magnitude higher in the range of
100 μm [19]. There is little existing experimental data in the
literature on the thickness dependence of flux for metal-
carbonate dual-phase membranes.

Considering the surface-exchange limitation to the overall CO2

flux density, the thickness L in the bulk-diffusion controlled flux
equations such as Eqs. (4) and (5) becomes the effective thickness Le

Le ¼
1

1þð2Lc=LÞ
L ð7Þ

It is evident that the flux of CO2 across the membrane is reduced by
a factor of 1/(1þ2Lc/L).

4. Results and discussion

4.1. Microstructural features

The cross sectional view of microstructure from a porous silver
matrix made with carbon black as a pore-former is shown in Fig. 1. It
is evident that the matrix exhibits a rather uniformly distributed
porous structure with the pore size &10 μm. Compared to porous
silver network created by microcrystalline methylcellulose pore
former which is 15–20 μm in size as previously reported [9], carbon
black derived pores are smaller and more uniform. The microstruc-
tures of a porous silver matrix coated with an Al2O3 layer is shown in
Fig. 2(a). The homogenous porous structure was not affected by the
Al2O3 coating, but its pore size was decreased to &8 μm. The EDS
analysis shown in Fig. 2(b)–(d) confirms the presence as well as
uniform distribution of Al2O3 in the matrix. The dense microstructure
of the final as-synthesized carbonate-filled silver network (MECC) is
evidently shown in Fig. 3(a). The compositional EDS analysis shown
in Fig. 3(b)–(d) also suggests a uniform distribution of Ag, Al2O3 and
MC phases across the membrane.

4.2. The effect of Al2O3 coating on CO2 flux

The CO2 flux densities measured from silver-carbonate membrane
(denoted as Sample-A) and the one coated with 5 wt% Al2O3 colloidal
(denoted as Sample-B) are shown in Fig. 4 as a function of
temperatures. As expected, the CO2 flux densities increase with
temperature, confirming that the transport of CO3

2# and e# is a
thermally activated process. Compared to silver-carbonate mem-
brane with microcrystalline methylcellulose as pore-former, carbon
black derived membranes exhibit roughly 1.5 times higher flux
density [9]. On the other hand, the flux densities of the uncoated
and coated samples are equivalent over the temperature range
tested, which suggests that the 5 wt% colloidal Al2O3 coated layer
does not significantly affect the transport of CO3

2# . This finding is
consistent with our previous study, which was also concluded that
this composition yielded a more stable flux than the uncoated
samples [9]. Therefore, silver-carbonate membrane coated with
5 wt% Al2O3 colloidal was used as a standard for studying the effects
of membrane thickness and CO2 concentration.

4.3. The effect of membrane thickness on CO2 flux density

The effect of membrane0s thickness (L) on CO2 flux density was
investigated with five levels of thicknesses: 0.63, 0.84, 1.14, 1.21 and
1.45 mm. The CO2 density as a function of the 1/L at 550 1C and
600 1C are shown in Fig. 5. It is evident that the CO2 flux densities
exhibit almost a linear relationship with 1/L when L ranges from
0.84 to 1.45 mm, but a plateau at Lo0.84 mm. According to Eq. (5),
the linear relationship between JCO2

and 1/L at LZ0.84 mm sug-
gests a bulk-diffusion controlled CO2 transport mechanism. Below
0.84 mm, the insensitivity of JCO2

to 1/L implies that surface
exchange kinetics involving CO2 and O2 begins to dominate the
overall CO2 flux, which is a thickness-independent process. There-
fore, the critical thickness of CO2 transport through silver-carbonate
membranes is Lc¼0.84 mm. From Fig. 5, it is also interesting to note
that Lc is insensitive to temperature within 550–600 1C, implying
that the surface exchange and bulk diffusion may have a similar
activation energy. A silver-carbonate membrane with Lo0.84 mm
would not further promote CO2 permeation flux.

The significantly greater Lc than those for H2 and O2 permea-
tion membranes is not surprising due to the size, complexity and
anticipated slow surface-exchange rate of the CO3

2# compared to
simpler O2# and Hþ ionic species. Higher Lc value implies easy
domination of surface-exchange kinetics in CO2 transport in
metal-carbonate dual-phase membranes. The ceramic-carbonate
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CO2 membranes have also exhibited deviation from the linear
JCO2

& 1=L relationship. In this case, a 10-μm thick YSZ-carbonate
membrane exhibited a flux of only 10 times larger than that for the
200-μm thick samples compared to a 30 fold increase if the
behavior followed the linear relation [21]. More surface analysis
is needed to further clarify the adsorption and desorption mechanisms
in the future.

4.4. The effect of CO2 concentration on CO2 flux

The dependence of CO2 and O2 flux densities of the silver-
carbonate membrane on CO2 concentration is shown in Fig. 6. In the
bulk-diffusion controlled flux equation (Eq. (5)), the conductivity of
CO3

2# (sCO3
2# ) is assumed to be independent of PCO2 and PO2 . The

resultant JCO2
should, therefore, be proportional to ln(PCO2P

1=2
O2

).
However, such a relationship is not supported by the experimental
data shown in Fig. 6(a). This discrepancy implies the assumption
that sCO3

2# is independent of PCO2 and PO2 is problematic. According
to the basic surface reaction CO2þ1=2O2þ2e# ¼ CO3

2# , it would
seem to be reasonable to assume that the concentration of CO3

2#

and therefore sCO3
2# has the following dependence of PCO2 and PO2 :

sCO3
2# ¼soPCO2P

1=2
O2

ð8Þ

where so is a constant. Substituting Eq. (8) into Eq. (3) and
integrating over the range of chemical gradients of CO2 and O2

and thickness with the assumption of sCO3
2# ⪡se# yield the

following new flux equation:

JCO2
¼ #

ε
τ

# $3RT
8F2L

φsoðP″
CO2

P″1=2
O2

#P0
CO2

P01=2
O2

Þ ð9Þ

It is evident from this equation that JCO2
is proportional to the

difference of ðPCO2P
1=2
O2

Þ at the two reacting surfaces. Following this
new flux equation, we re-plot the JCO2

in Fig. 6(b) and find a nearly
perfect linear relationship between the two. This finding suggests
that Eq. (8) is an adequate expression to describe the dependence of
sCO3

2# on PCO2 and PO2 . On the other hand, it is also interesting to
note that the CO2 flux under a practical flue gas composition (boxed
data point in Fig. 6) can be as high as 0.08 ml min#1 cm#2 at 550 1C.

4.5. Long-term testing

The long-term variability of CO2, O2 and N2 flux densities is
shown in Fig. 7. The membrane exhibits CO2 and O2 flux densities
of 0.28 and 0.145 ml cm#2 min#1, respectively, at the beginning.
The flux densities keep increasing with time during the first 160 h,
reaching 0.60 and 0.32 ml cm#2 min#1 in approximately 2:1 ratio.
This represents a 200% increase in CO2 flux density from the
beginning. After 160 h, the flux begins to gradually decrease. At
the 326-h marker, the CO2 and O2 flux densities reach 0.26 and
0.13 ml cm#2 min#1, still in 2:1 ratio, roughly the same as the
original values.

To further understand the enhancement and degradation
mechanisms, SEM/EDS analysis were conducted. The elemental
distributions of the upstream side of silver-carbonate membrane
constituents are shown in Fig. 8, which suggests that Ag, Al2O3 and
MC phases are still well distributed across the membrane even
after the long-term test. There is no obvious change in phase
compositions and microstructure from the original sample. By
comparing the morphologies of the pre- (Fig. 3) and post-test

Fig. 7. Long-term flux variability of CO2, O2 and N2 of MECC membrane evaluated
at 600 1C.

Fig. 8. Microstructure and elemental distributions of Sample-B after a long-term flux variability test (a) SEM image; (b) Ag mapping; (c) Al mapping; and (d) K mapping.
Note: Li is not detectable by EDS.

L. Zhang et al. / Journal of Membrane Science 455 (2014) 162–167166



Author's personal copy

samples, it seems to suggest that loss of the MC in the membrane
has occurred during the test. This finding can be related to the
increase in flux shown in Fig. 7 in the sense that effective thickness
of the membrane has been reduced due to a loss of MC. As the loss
of MC continues and accumulates, the integrity of the membrane
was eventually compromised at the end of testing as indicated by
the increase in the concentration of tracer gas N2 in the sweeping
He. The 160-h marker appeared to be the tipping point as a result
of the MC-loss process.

5. Conclusions

Using carbon black as a pore former and Al2O3 as a surface
modifier, silver-carbonate membranes have been demonstrated
with the CO2 flux density that follows a linear relationship with 1/
L at LZ0.84 mm, suggesting a bulk-diffusion controlling mechan-
ism. Below 0.84 mm, the flux remains flat, suggesting that the
rate-limiting step has shifted to the concurrent surface exchange
kinetics of CO2 and O2. The CO2 flux density has also been found
proportional to the difference of ðPCO2P

1=2
O2

Þ at the two reacting
surfaces, not the commonly assumed logarithmic pressure differ-
ence, implying that the conductivity of CO3

2# in the mixed
conducting membrane is dependent on PCO2 and PO2 . For a long-
term test at 650 1C, the CO2 flux density was observed to increase
by 200% for the first 160 h, following by a gradual decrease for the
next 160 h. At the 326-h marker, the flux was still the same as the
original value. Overall, uses of carbon black as a pore former and
Al2O3 as a surface modifier for silver-carbonate membranes are
proven effective and necessary to achieve a higher and more stable
CO2 flux density.
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Nomenclature

i charge species
Ji flux density
Di self-diffusivity
Ci concentration
si conductivity
R gas constant
F Faraday constant
T temperature
L thickness
P0
CO2

partial press of CO2 at the feed side
P″
CO2

partial press of CO2 at the permeate side
P0
O2

partial press of O2 at the feed side
P″
O2

partial press of O2 at the permeate side
ε porosity

τ tortuosity
φ volume fraction of the MC phase
ki surface exchange coefficient
Lc critical thickness
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