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that fills the pore space in a solid oxide electrolyte (e.g. yttria doped zirconia (YSZ), or gadolinia doped ceria
(CGO)). The experimental evidence points to a transport mechanism based on opposing ionic currents of
carbonate and oxide ions. The flux of CO2 across these membranes has been shown to increase with tem-
perature, reaching permeabilities of 10−11 mol m−1 s−1 Pa−1 (or permeance of 3 × 10−8 mol m−2 s−1 Pa−1)
at 850 ◦C. The use of a non-ion conducting solid oxide, Al2O3, does not result in strong CO2 permeability

a fac
ual-ion membrane
arbon capture

or selectivity, supporting

. Introduction

Managing carbon dioxide (CO2) emissions, by far the largest
ource of greenhouse gas, is proving to be an ever important tech-
ological challenge. Carbon capture and storage, the method of
voiding emissions by separating CO2 from process gas streams
o then permanently store, is relevant in a world where fossil fuel
ower is still cheap and abundant relative to renewable power
eneration. High-temperature membrane-based CO2 separation
echnology could open the door for innovative process designs
anging from advanced power generation systems, such as IGCC
integrated gasified combined cycle) or novel, carbon fed fuel cells
1]. It is desirable to have a device that can efficiently separate
O2 at high temperature (>400 ◦C) and reducing atmospheric con-
itions.

Membrane systems have the potential to separate CO2 at lower
osts and with lower energy penalties [2,3]. Most CO2 membrane
evelopment is focused on porous polymer and inorganic struc-
ures that work best below 200 ◦C; at higher temperatures the

embrane selectivity for CO2 suffers [3–5]. At elevated temper-
tures, dense ion conducting membranes can be used for gas
eparation. Fluorite and perovskite solid oxide structures have been
xploited for their fast oxide conduction (O2−) to separate oxygen
rom a gas mixture, either utilizing a partial pressure gradient or

lectrical pumping [6]. Similar technologies are being developed
or hydrogen separation with high temperature proton conduction
5].

∗ Corresponding author. Tel.: +1 646 823 7501.
E-mail address: jlw2103@columbia.edu (J.L. Wade).

376-7388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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ilitated dual-ion transport mechanism.
© 2010 Elsevier B.V. All rights reserved.

Work on ion conducting membranes for CO2 separation has built
on molten carbonate fuel cell technologies where CO2 is trans-
ported across a molten carbonate electrolyte via electrochemical
conversion of O2 and CO2 into CO3

2−

CO2(g) + 1/2O2(g) + 2e− = CO3
2− (1)

Membranes based on the above reaction require a means of
transporting electrons across the membrane, either via electrodes
and an external circuit, with or without an applied electromo-
tive force [7,8], or with a composite, mixed conducting material
in which transport is driven by oxygen and/or carbon dioxide pres-
sure gradients [9,10]. Such membranes co-transport oxygen and
carbonate ions across the membrane and therefore require oxygen
in the feed gas. This makes it impossible to separate CO2 and oxy-
gen and it precludes applications of CO2 separation from fuel gas
mixtures.

In order to separate CO2 without the concomitant transport of
O2, a dual-ion transport mechanism has been employed [11–15].
Such a mechanism separates CO2 based on a conversion of CO2 into
CO3

2− with a mixed molten carbonate and solid oxide composite
material (Fig. 1). Carbonate and oxide ions are shuttled through the
bulk of the membrane in opposing currents.

On the feed side of the membrane, CO2 combines with an oxide
anion, O2−, from the solid oxide phase (so) to form CO3

2−, which
then shuttles across the molten carbonate (mc) material, according
to the reaction below (2).

CO2(g) + O(so)
2− = CO3 (mc)

2− (2)
On the low CO2 partial pressure surface, the permeate face of
the membrane, the carbonate ion releases CO2 back into the gas
phase, returning the oxide anion to the solid electrolyte, where
it travels back to the high partial pressure surface. Unlike the

dx.doi.org/10.1016/j.memsci.2010.10.053
http://www.sciencedirect.com/science/journal/03767388
http://www.elsevier.com/locate/memsci
mailto:jlw2103@columbia.edu
dx.doi.org/10.1016/j.memsci.2010.10.053
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Fig. 1. Schematic depiction of CO2 transport across a dual-ionic membrane. CO2
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ombines with an oxide anion, O2− , to become CO3
2− . At the opposite surface where

he partial pressure of CO2 is lower, CO3
2− ions drop the O2− back into the solid oxide

hase, releasing gas phase CO2. Similar concepts can be located in the literature
11–15].

embranes relying on reaction (1), there is no need for gas-phase
xygen and the short circuited oxide and carbonate currents allow
or CO2 separation in fuel gas mixtures where oxygen partial pres-
ures are negligible. Such a transport mechanism is the basis of the
ork in this study.

A system where carbonate and oxides are known to interact
s between lithium carbonate (Li2CO3) and zirconia (ZrO2). At ele-
ated temperatures (> 650 ◦C) or low CO2 pressures, carbonate ions
ecompose releasing an oxide ion to the zirconia, ZrO2, forming

ithium zirconate (3).

i2CO3 + ZrO2 = Li2ZrO3 + CO2 (3)

This process has been shown to be reversible, and Li2ZrO3 has
een explored as a CO2 absorbent in the temperature range of
00–650 ◦C [16–21]. However, the reverse absorption reaction pro-
eeds slowly when the carbonate that forms is in the solid state. In
study by Ida and Lin [18] it was concluded that the kinetics of the
bsorption reaction is limited by gas phase CO2 diffusion through
he solid carbonate shell. There is an initial rapid uptake of CO2 onto
he zirconate surface until layers of zirconia and lithium carbonate
orm. At this point CO2 must diffuse through the solid carbonate
ayer to reach the zirconia/carbonate interface. If the lithium zir-
onate is doped with excess alkali–metal carbonates the melting
oint of the carbonate phase is depressed, resulting in faster CO2
ptake. The new rate limiting step is dominated by ionic diffusion of
2− and Li+ through the solid zirconia shell to the reactive interface

18]. Since the original study of lithium zirconate as a CO2 absorbent
aterial, Nakagawa and Ohashi [16] and other groups have found

hat sodium zirconate and mixtures made up of lithium, sodium or
otassium can provide more effective CO2 absorption than lithium
irconate alone [22–24].

Membrane structures first making use of the dual-ion con-
uction mechanism were based on lithium zirconate and related

ithium silicate materials [12,13,15]. The lithium zirconate or sil-
cate material absorbed CO2 from the permeate, splitting into
oth an oxide conducting and carbonate conducting phase (2).
he lithium zirconate based membranes were able to achieve

selectivity of 4.5 for a CO2/CH4 mixture and a permeance
f 1–2 × 10−8 mol m−2 s−1 Pa−1. The Li4SiO4, structure, which is
nown to absorb CO2 to form Li2SiO3 + Li2CO3, delivered a total
as permeance of 1 × 10−8 mol m−2 s−1 Pa−1, and CO2/N2 selectiv-
ty equal to 5.5 at 550 ◦C. The flux of CO2 fell off above 600 ◦C. The
ong term performance of these membranes was not reported.

The work presented here differentiates from previous concepts
n that a membrane composite is derived from pairs of carbonate
nd oxide electrolytes optimal for ionic conductivity. This study
nvestigates the chemical reactivity between the phases, which in
urn is compared to how these materials behave as dual-phase CO2

eparation membranes. This is different from prior work that began
ith a reactive zirconate or silicate material that formed subse-

uent carbonate and oxide phases through CO2 absorption.
Composite materials made up of doped ceria oxide and carbon-

te salt, similar to what is being used in this study, is currently
ne Science 369 (2011) 20–29 21

being explored as an electrolyte for low temperature solid oxide
fuel cells [25–27]. Such a material has shown improved ionic con-
ductivity over electrolytes made from the individual components.
It is believed that an enhanced conduction of oxide ions exists at
the interface of the two phases [28,29]. Early results have been
released showing these same materials can function as CO2 per-
meable membranes [14].

In prior work an analytical model was derived to predict the flux
of CO2, JCO2 (mol cm−2 s−1) through this dual-ionic system [30]. For
purely ionic transport, the carbon dioxide flux can be written as:

JCO2 = − RT

LmemF24

(
ε�C(1 − ε)�V

ε�C + (1 − ε)�V

)
ln

(
pCO2 (perm)
pCO2 (feed)

)
(4)

In the above expression, Lmem is the membrane thickness, �c

and �v are the conductivities of the CO3
2− and vacancy charge car-

riers (O2− holes), ε is the volume fraction of the carbonate phase,
R is the gas constant, F is Faraday’s constant, T is absolute temper-
ature, and pCO2 are the partial pressures at the permeate and feed
surfaces. Eq. (4) takes on the familiar form of the Wagner equation
[31], which is used to describe the flux for mixed ionic-electronic
materials limited by bulk ionic transport. The CO2 flux vanishes
in the limit that either conductivity goes to zero. In the carbon-
ate/solid oxide system the oxide conductivity is at least an order
of magnitude lower than that of the carbonate phase (≤0.1 S/cm
versus ∼1.0 S/cm). For alumina the oxide conductivity approaches
zero. This flux expression will be compared to the experimental
results described within.

2. Materials and methods

2.1. Material characterization

Materials that have high oxygen ion conductivity rates, namely
doped zirconia and ceria, were combined with pairs of carbon-
ate mixtures to undergo thermogravimetric testing (TGA) under
various atmospheres of CO2. Any formation of new phases was
identified using X-ray diffraction. Finally, the results obtained from
the TGA/XRD studies were compared to the isothermal perfor-
mance of membranes made from these same materials.

2.1.1. Thermogravimetric analysis (TGA)
The precursor materials investigated were lithium, sodium and

potassium carbonates (Alfa Aesar, 99.0% purity), 8-mol% yttria
doped zirconia (YSZ, Fuel Cell Materials), and 10-mol% gadolinia
doped ceria (CGO, Fuel Cell Materials). All powders were dried
prior to use in air at 150 ◦C then combined in a 1:1 stoichiomet-
ric ratio by solid state mixing in an agate mortar. The resulting
mixture was contained within a shallow platinum pan during test-
ing. Data was collected using a Q50 thermogravimetric analyzer.
Gas mixtures of CO2 and N2 were combined using integrated mass
flow controllers to give total flow rates of 100 mL/min. The CO2
composition was varied between 10, 50 and 90 mol%. The tem-
perature profile applied in each run was a 4 K min−1 heat up to
900 ◦C with a 3 h hold, followed by a 4 K min−1 cool-down to room
temperature.

2.1.2. X-ray diffraction (XRD)
The carbonate–oxide mixtures underwent powder X-ray

diffraction (XRD) characterization before and after TGA measure-
ments were taken. An Inel X-ray diffractometer with real time

detection, CuK� X-ray emission (� = 1.54 Å) at 30 kV and 30 mA was
used. For membrane surface characterization a Scintag Model X2
diffractometer, with CuK� X-ray emission at 45 kV and 30 mA was
used. Phase identification was verified with reference data taken
from the International Center of Diffraction Data database.
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Table 1
Ceramic slurry formulation.

Component Wet wt%

Ceramic powder + pore former YSZ + graphite flake 54%
Dispersant Fish oil 1%
Solvent Ethyl alcohol 12%
Solvent Toluene 18%
Binder Poly(vinyl butyral) 8%
Plasticizer (Type I) Butylbenzyl phthalate 7%

Table 2
Ceramic sintering profile.

Process step Control

Heat to 263 ◦C 1 K/min
Isothermal at 263 ◦C 60 min
Heat to 738 ◦C 0.5 K/min
Isothermal at 738 ◦C 120 min
Heat to 1500 ◦C 0.5 K/min
Isothermal at final temperature 60 min
Cool to room temperature 1 K/min

Table 3
Composition and melting point of the alkali–metal carbonate mixtures investigated
[33].

Carbonate mixture (Li/Na/K – mol%) Melting point (◦C)

100/00/00 726
00/100/00 858
00/00/100 899

2

a
p
A
a
r
u
w
s
t

i
n
c
c
w
(
w
p
H

m
w
E
w
L
a
p
u
t
p

the gas, i, in the feed and permeate respectively, A is the exposed
membrane area, and Lmem is the membrane thickness. Note, per-
meance is an alternative metric reported, and is the permeability
divided by the membrane thickness. Selectivity of CO2 relative to
00/41/59 710
43/31/25.0a 397

a Indicates a eutectic mixture.

.2. Membrane fabrication and characterization

Porous ceramic discs were fabricated from YSZ, CGO or �-
lumina (99.95%, Alfa Aesar) using tape casting techniques. The
ore structure was created by adding graphite flake (325 mesh, Alfa
esar) to the tape casting slurry, which acted as a pore forming
gent upon burn out in the sintering process. A suspension of the
espective oxide powders and the graphite pore formers was made
sing organic solvents, dispersant, binder and plasticizer that were
ell mixed in a rotary jar mill with zirconia grinding media. The

lurry formulation used in this study is given below in Table 1. The
otal oxide powder and graphite flake was held constant at 54 wt%.

The suspension was cast into thin films, cut and then sintered
n air resulting in 2 cm diameter porous discs with various thick-
ess ranging from 200 to 400 �m. The sintering profile of the
eramics is provided in Table 2. Further details regarding the tape-
asting process can be found elsewhere [32]. The porous discs
ere attached to alumina support tubes using a ceramic sealant

Ceramabond, Aremco). The porosity and pore size distribution
ere analyzed using mercury porosimetry (Micromeretics Auto-
ore IV) and imaged with a scanning electron microscope (SEM
itachi 4700).

Once the porous solid oxide ceramic was sealed to an alu-
ina support tube, a measured amount of a carbonate mixture
as placed evenly on top of the feed surface of the membrane.

xcess carbonate was added to ensure the majority of the pores
ere filled, including any porous voids in the ceramic seal (e.g. 0.4 g

i/Na/K2CO3 ≈ 0.2 cm3 molten volume). The molar ratio of carbon-
te to oxide was roughly 2:1 in all membrane experiments. The
owder melted and filled the pore volume of the solid oxide disk

pon heat up within the testing reactor. The alkali carbonates inves-
igated are highlighted in bold in Table 3. The respective melting
oints of the carbonate mixtures are provided as well.
ne Science 369 (2011) 20–29

2.3. Permeation experiments

A schematic of the membrane permeation reactor setup is given
in Fig. 2. The membrane and alumina support tube house the per-
meate stream. An outer Inconel casing seals the alumina support
tube from the outside atmosphere and houses the feed stream. The
mixed feed stream contains CO2 and He. The mixture was approx-
imately a 1:1 composition with a total flow rate of 15 mL/min,
controlled with Aalborg mass flow controllers (MFC). The admix-
ture was used to determine selectivity and to detect any leaks that
may arise in the system, for example, from pinholes or cracks in
the membrane or ceramic seal. Heating of the reactor and the gases
was controlled with a Tempco Power Console, and all heat up and
cool down cycles were carried out at a rate of 2 K min−1.

The permeate sweep gas was a pre-mixed composition of either
argon or helium with 1% CO2 (certified standard, Praxair) and a total
flow rate of 15 mL/min. A small percentage of CO2 was maintained
in the permeate to prevent calcination of the carbonate salts and
subsequent volatilization of the oxides (5).

M2CO3(1) = M2O(1) + CO2(g) M = Li, Na or K
M2O(1) = 2M(g) + 1/2O2(g)

(5)

The feed and permeate outlets were exhausted to the atmo-
sphere keeping the total pressure of both streams at ambient
conditions. Each of the inlets and outlets were sampled with
syringes 60 min after the membrane reached temperature to ensure
steady state temperature conditions within the reactor. The sam-
ples were analyzed using gas chromatography (HP 6850) with
a Restek Plot Q column and thermal conductivity detection. The
molar flow rate of the gases across the membrane into the perme-
ate stream were derived from mole fraction gas chromatography
data, and calculated from a mass balance in the permeate. The
molar flow rate of the respective gas species, ṅi (mol s−1), is con-
verted to permeability, P (mol m−1 s−1 Pa−1), through the following
definition:

Pi = ṅi

(pi,feed − pi,permeate)
Lmem

A
(6)

where pi,feed and pi,permeate are the steady state partial pressures of
Fig. 2. Schematic of the membrane permeation reactor.
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elium, SCO2,He, is defined as the ratio of permeabilities.

CO2,He = pCO2

pHe
(7)

. Analysis and discussion

.1. Material characterization

.1.1. YSZ based TGA and XRD
Absolute mass loss over time is given in Fig. 3 for mixtures of YSZ

ith the carbonate salt combinations shown in Table 3. Each pure
arbonate and the two carbonate mixtures were analyzed with TGA
eparately in order to measure any mass loss due to calcination or
olatilization of any decomposition species. Less than 1% of mass
oss was seen in these experiments and is not considered to be
n important contribution. The same experiment was performed
ith pure YSZ. YSZ alone resulted in only low temperature mass

oss attributed to adsorbed species.

.1.2. YSZ + Li2CO3
Pure lithium carbonate and YSZ showed the greatest mass loss

ith a rapid decline beginning at 697 ◦C. Slower mass loss con-
inued over the 3 h dwell at 900 ◦C. A total of 21 wt% was lost,
hich corresponds to 99% of the theoretical maximum of CO3

2−

eleasing CO2. Upon cooling a slight increase of mass, 0.27 wt%,
as observed and this may be attributed to re-absorption of CO2.
-ray diffraction spectra of the powder mixtures before and after

he experiment are given in Fig. 4. They are compared to spectra
f pure YSZ powder and crystallized lithium carbonate. The reac-
ion of the two materials up to 900 ◦C resulted in the formation
f lithium zirconate species. Both the monoclinic and tetragonal
hases of lithium zirconate were identified (PDF # 01-076-1150
nd 00-020-0647, respectively). Further, more yttria rich phases of
ttria doped zirconia oxide were identified by the peak shift of YSZ
o lower diffraction angles.

The mass loss measured with the Li2CO3 + YSZ mixtures is due to
he formation of lithium zirconate according to Eq. (3). The forma-
ion of lithium zirconate upon the release of CO2 is an endothermic
rocess that has been shown to proceed above 650 ◦C [16,18]. Zir-

◦
onate appeared to form rapidly above 700 C in our study (Fig. 3).
he reverse reaction, where CO2 is absorbed and measured as mass
ain, was not observed during cool-down. The CO2 absorption
eaction becomes spontaneous below 629 ◦C with the pCO2 = 0.1
xperimental conditions. In other studies, under an atmosphere of

ig. 3. TGA curves of YSZ and alkali–metal carbonate mixtures in a 10% CO2 atmo-
phere (balance N2, total flow rate = 100 mL min−1). A temperature ramp of 4 K min−1

as applied up to 900 ◦C where the sample was held for 3 h and then ramped down
o room temperature.
Fig. 4. XRD spectra of both individual Li2CO3 and YSZ powders and a 1:1 stoichio-
metric mixture reacted in 10% CO2 up to 900 ◦C. Peak labels correspond as follows:
L = Li2CO3, Y = cubic YSZ, y = modified cubic YSZ, z1 = monoclinic Li2ZrO3 monoclinic
phase (PDF # 01-076-1150), z2 = Li2ZrO3 tetragonal phase (PDF # 00-020-0647).

CO2, this reaction has been observed to occur below the melting
temperature of pure lithium carbonate, 723 ◦C [16,17].

It was surprising that no level of CO2 absorption was mea-
sured. A 1:1 mixture of Li2CO3 and YSZ was reacted up to 900 ◦C.
The result was a mixture of monoclinic and tetragonal zirconate
species and residual YSZ. Both the relatively smaller sized zirconate
crystallites (as evidenced by the broader zirconate peaks), and the
presence of the faster absorbing tetragonal phase [17] should pro-
vide good conditions for CO2 uptake. Following the double-shell
reaction mechanism proposed by Ida and Lin, zirconate absorption
of CO2 should be limited by gas phase CO2 diffusing through a solid
lithium carbonate shell [18]. It was interesting that during cool-
down there was never an initial fast uptake of CO2 that should be
able to occur before layers of zirconia and carbonate have estab-
lished. It is likely the lack of CO2 uptake was due to the absence
of excess molten material at the temperatures where CO2 uptake
should have been observed (<630 ◦C). In prior powder studies it was
noted that excess liquid carbonate was important to get good inter-
facial contact between dissolved CO2 and the powdered zirconate
phase [17].

3.1.3. YSZ + Li/Na/K2CO3
Going back to the TGA mass loss curves in Fig. 3, the tertiary

carbonate and YSZ mixture gave rise to mass loss beginning at
765 ◦C. The maximum mass loss observed (6.8%) corresponds to
a 32% conversion of CO3

2− to CO2. Unlike the pure lithium carbon-
ates, substantial mass was gained with cooling temperature. By the
end of the experiment 84% of the original mass loss was recovered.
Absorption is possible with tertiary based mixtures because of the
lower melting point at 397 ◦C and due to incomplete reactivity of
the carbonate mixture (only a third of the carbonate reacted). This
reactive portion may have been due to the 1/3 lithium component
in the mix, but this was never directly determined. During cool-
ing the material remains in the molten phase for a longer time, and
because the carbonate did not completely react impenetrable shells
of tertiary phases, such as zirconate, may not have formed. In short
the uptake of CO2 is not limited to diffusion of the gas molecule
through a solid state crystal.

Fig. 5 gives the XRD spectra of the final powder at the end of

the TGA experiment compared to the pre-reaction mixture and
components.

Two new unidentified peaks were found in the reacted mixture
at 2� = 28.4◦ and 32.2◦. The remaining signals belonged to shifted
YSZ peaks and the crystallized tertiary carbonate mixture. The YSZ
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ig. 5. XRD spectra of crystallized Li/Na/K2CO3 tertiary carbonate, YSZ powders and
1:1 stoichiometric mixture reacted in 10% CO2 up to 900 ◦C. Peak labels correspond
s follows: Y = cubic YSZ, y = modified YSZ, t = crystallized tertiary carbonate mixture,
= unidentified peaks.

nd tertiary carbonate is expected if the restored mass returned
he materials back into the original phases. Evidence for zirconate
ormation is not clear with the tertiary salts. The two unidentified
eaks may correspond to tertiary phase zirconate material. The car-
onate peaks are not evident in the pre-reacted spectra due to their
morphous state.

.1.4. Na/K2CO3
Sodium and potassium carbonate with YSZ mixtures exhibited

ery little mass loss. All mass loss below 200 ◦C is assumed to be
ue to desorption of adsorbed species such as water. Only 0.4% mass

oss was measured at higher temperatures. It should be noted that
a2CO3 alone was shown to react with YSZ when in the presence
f alumina. Understanding the role alumina plays in the formation
f sodium zirconate is not within the scope of this paper. How-
ver, it is important to note that zirconate formation is possible
ith sodium carbonate and zirconia, but without the assistance of

lumina this reaction is very slow under the CO2 partial pressure
onditions tested in this experiment.

.2. CO2 partial pressure dependence

TGA experiments with variable partial pressures in CO2 emulate
he varying conditions that will be imposed upon the membrane
urfaces encountered in a separation process. In particular, the two
eactive YSZ mixtures (Li2CO3 and tertiary carbonate, Li/Na/K2CO3)
ere heated under 10, 50 and 90 vol% CO2 atmospheres. The results

f these experiments are given in Fig. 6.
Both carbonate mixtures are dependent on CO2 partial pressure,

ith more mass loss occurring in lower CO2 atmospheres. Further,
he onset temperature of mass loss is lower for lower partial pres-
ures of CO2. The theoretical maximum conversion of the carbonate
ons to gas phase CO2 are shown as percentages next to their respec-
ive mass loss curves. These values correspond to the maximum

ass loss measured at 900 ◦C subtracted from the mass at 200 ◦C.
he tertiary mixture did not appear to undergo any reversible mass
oss with high CO2 mixtures (pCO2 = 0.9). At 50% CO2 a theoret-
cal maximum of 13% conversion was achieved and of this mass
oss, 98% was recovered. The temperature of the mass loss onset

ccurred at 884 ◦C. This is in contrast to the 10% CO2 run where
nset mass loss occurred at 765 ◦C with a maximum conversion of
2% with 84% mass recovery above 440 ◦C.

Mass loss measured with lithium carbonate was never recov-
red under all three partial pressure conditions. However, at higher
Fig. 6. TGA of tertiary carbonate (Li/Na/K2CO3) and Li2CO3 with YSZ under 10%, 50%
and 90% CO2 atm., balanced with N2. Percentages indicated the maximum theoretical
conversion of CO3

2− to CO2(g). Total flow rate = 100 mL min−1.

CO2 partial pressures less mass loss was measured, and thus a lower
conversion of carbonate to gas phase CO2. The onset temperature
of rapid mass loss occurred at 702 ◦C, 751 ◦C, and 772 ◦C, respec-
tively for the 10%, 50% and 90% CO2 experiments. Thermodynamics
tell us that the partial pressure dependence of CO2 should impact
the temperature at which the zirconate reaction proceeds. This is
apparent from the Gibb’s free energy definition for Eq. (8).

�G = �H − T�S + RT ln(pCO2 ) (8)

where �H is the positive, endothermic enthalpy change, �S is
the positive entropy change, R is the gas constant, T is tempera-
ture and pCO2 is the partial pressure of CO2. Thus, the higher the
partial pressure, the higher the temperature necessary before the
zirconate reaction can become spontaneous. Under the three CO2
partial pressures investigated, spontaneous lithium zirconate for-
mation can occur at 629 ◦C, 727 ◦C and 771 ◦C, respectively. From
the experiments above it shows that temperatures in excess of
700 ◦C were necessary to kinetically allow the lithium zirconate
reaction to proceed. Again, this time with higher partial pressures
of CO2, the zirconate phase was unable to absorb CO2.

Exact thermodynamic data of the tertiary phase materials are
not available but the trends are the same, whereby CO2 release
requires higher temperatures under higher CO2 partial pressure
atmospheres (Fig. 6). Likewise, the reverse CO2 absorption reaction
can proceed at higher temperatures. It is interesting to see that the
tertiary mixture will not undergo a decarbonation reaction when
exposed to high partial pressures of CO2 and temperatures below
900 ◦C.

3.3. CGO + carbonates

Mass loss curves were obtained for 1:1 stoichiometric mixtures
of CGO, a known oxide conductor, and alkali–metal carbonates
(Fig. 7). All the experiments exhibited a similar mass loss profile,
including the experiment with CGO alone. The percent total mass
loss for the CGO alone, 5.82%, was greater than the others (with the
exception of K2CO3 + CGO). This mass loss occurred only in a single
run, a second heating profile of the same material did not result
in greater than 1% mass loss. Further, pure CGO was examined in
100% N2 and 10%O2 atmospheres but this data is not presented in
the figure.
The run of CGO in 10% O2 resulted in 0.7% less mass loss than in
the 100% N2 and 10% CO2 experiment. From this it is assumed that
the majority of the mass loss observed with the CGO powders can
be attributed to adsorbed species likely present from the processing
of the submicron starting powders. There is an additional smaller
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Fig. 7. TGA experiments of alkali–metal carbonate and 10-mol% gadolinia doped
ceria (CGO) mixtures under 10% CO2 atmospheres, balance N2. Total flow
rate = 100 mL min−1.
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ig. 8. XRD spectra of crystallized Li/Na/K2CO3 tertiary carbonate, CGO powders and
1:1 stoichiometric mixture reacted in 10% CO2 up to 900 ◦C. Peak labels correspond
s follows: C = 10% gadolinia doped ceria, t = crystallized tertiary carbonate mixture.

ontribution to mass loss that is due to the removal of oxygen from
he ceria crystal lattice. This is known to occur in ceria, which can
ccommodate extra oxygen vacancies due to the reduction of Ce4+

ations to Ce3+ cations [34]. The extra mass loss in the K2CO3 mix-
ure (over that of the other mixed carbonate/ceria experiments)

◦
ccurred below 140 C. The potassium carbonate salts are deliques-
ent, and if contaminated with bicarbonate ions will release water
nd carbon dioxide above 120 ◦C to form the carbonate species [35].

The XRD analysis of the mixtures before and after TGA heat
ycles is provided in Fig. 8. Only the respective crystallized car-

Fig. 9. SEM images of membrane cross sections: (a) un-infiltrated YSZ and (b) tertia
ne Science 369 (2011) 20–29 25

bonates and CGO peaks are identified. There is no evidence for
the formation of a new crystalline phase with the CGO based mix-
tures, and it is believed that no significant chemistry between the
two materials occurred under the conditions of the TGA experi-
ment. This is in agreement with other work that has explored these
materials for low temperature electrolytes in solid oxide fuel cells
[27,36]. Because CGO is a known oxide conductor, and is unique
in that it does not appear to chemically react with the carbonate
salts, it is of interest to test the performance of this electrolyte in
a membrane system in order to see if CO2 separation is possible in
the absence of zirconate chemistry.

3.4. Membrane characterization

SEM images of room temperature porous YSZ membrane cross
sections before and after infiltration with a molten carbonate salt
are provide in Fig. 9. The pore size distributions of pre- and post-
infiltration for the YSZ, CGO and Al2O3 membrane structures is
given in Fig. 10a–c.

In the SEM image in Fig. 9a, the dominant pore diameter of the
porous YSZ was around a micron, and this was confirmed with the
mercury porosimetry measurements provided in Fig. 10a, showing
pore diameters ranging from 0.2 to 3 �m. The total pore volume
within the oxide phase was 34% prior to infiltration. Fig. 10b and c
give the pore size distributions for the CGO and Al2O3 based mem-
branes. The total porosity of these membranes is similar, 36% and
38%, but the pore size range is tighter. Given the high surface ten-
sion of molten alkali carbonate salts (� ∼ 200 mN/m) [33], and the
excellent wetability on oxide surfaces (i.e. contact angle, � = 0), cap-
illary forces are sufficient to retain the molten salt in the pore space.
Using the Young–Laplace equation for cylindrical pores, (Eq. (9))
relating capillary force to the pressure differential across the pore,
�P, a pressure of 0.4 MPa can be applied for 1 �m sized pores before
blowout will occur.

�P = 2 × � × cos �

R
(9)

Both the post-infiltration image (Fig. 9b) and mercury porosime-
try data (Fig. 10a–c) demonstrate the filling of the pore volume
by the carbonate phase. The predominate micron sized pores
were eliminated from infiltration, and only sub-micron pores
remained after cooling. The total pore volume was reduced to
6% or lower. Any remaining void volume measured for the
infiltrated membrane could be due to the contraction of the
molten carbonate upon cooling (�molten,750 ◦C = 1.96 g cm−3 versus

�molten,25 C = 2.54 g cm )[33]. Based on this difference in density,
up to 7.5% porosity at room temperature can be possible, in good
agreement with the measured 6% porosity. Sealing of the pores
by the tertiary molten carbonate was complete at 500 ◦C, and was
noted by a sharp decrease in helium measured in the feed.

ry salt infiltrated YSZ. Infiltrated image taken after carbonate salt was frozen.
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ative to the YSZ and CGO based membranes. This experiment was
sustained beyond 4000 minutes and over this duration CO2 perme-
ability never exceeded 8 × 10−13 mol m−1 s−1 Pa−1. Unlike the ceria
and zirconia based porous oxide membranes, the low CO2 perme-
ig. 10. (a–c) Pore-size distribution of pre- (dotted) and post- (solid) infiltrated (a)
SZ, (b) CGO, and (c) Al2O3 membranes with corresponding total pore volumes of
he room temperature membranes.

.5. Membrane CO2 permeability

.5.1. Membrane sealing
To ensure membrane sealing by the molten salt infiltrating

he oxide pore space, a null experiment was completed with a
embrane made from a YSZ/tertiary carbonate composite. Helium
as provided in the feed chamber and the resulting permeabil-

ty into the permeate stream was monitored upon heating the
embrane to 800 ◦C (Fig. 11). The concentration of CO2 was main-

ained at 1 vol% in both the feed and permeate stream to minimize
alcination effects. In Fig. 11 the He permeability is as high as
× 10−10 mol m−1 s−1 Pa−1 at 300 ◦C. By 400 ◦C, just above the
elting point of the tertiary eutectic salt (397 ◦C), the He perme-

bility falls three orders of magnitude to 10−13 mol m−1 s−1 Pa−1,

ndicating the filling of the pores and sealing of the membrane.

.5.2. Isothermal experiments
Membranes made up of porous YSZ were infiltrated with mix-

ures of pure Li2CO3, Li/Na/K2CO3 eutectic and Na/K2CO3 mixture.
Fig. 11. Helium permeability of aYSZ/carbonate membrane upon heating in the
permeation reactor. PHe feed = 0.99 atm.

Porous CGO and �-Al2O3 ceramics infiltrated with the tertiary
carbonate eutectic were investigated as well. These particular car-
bonate mixtures were chosen because they all had melting points
below 750 ◦C (Table 3). The membranes were all tested at 750 ◦C,
and the CO2 permeability across the membranes over time is shown
in Fig. 12.

Both helium and CO2 were present in the feed stream
as a 1:1 mixture, and helium permeability never exceeded
5 × 10−13 mol m−1 s−1 Pa−1 (experiments are terminated if He leak-
ing is measured above 1 × 10−12 mol m−1 s−1 Pa−1). In the absence
of any facilitated transport mechanism that favors CO2 permeance,
helium has been shown to leak at approximately twice the rate of
CO2. Permeability of helium is caused by leaking through pores in
the seal connecting the membrane to the support tube and from
any unfilled pores within the membrane structure itself. To correct
the CO2 flux for any contribution due to leaking half of the helium
permeability is subtracted from that of CO2.

P∗ = PCO2 − 1/2PHe

The use of a non-oxide conducting membrane, �-Al2O3, was
used as a control experiment against the oxide conducting YSZ and
CGO based membranes. The objective was to examine the relevance
of oxide ion conductivity to the transport mechanism. Alumina is
an insulating material that has virtually zero oxide conductivity,
and therefore should result in very low bulk CO2 permeability rel-
Fig. 12. CO2 permeability at 750 ◦C with composite membranes made up of
CGO + Li/Na/K2CO3, YSZ with Li2CO3, Li/Na/K2CO3, and Na/K2CO3 and Al2O3

Li/Na/K2CO3 mixtures. Membrane thickness ranged from 200 to 400 �m.
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Fig. 13. Average CO2 permeability with YSZ, CGO and Al2O3 based membranes with
molten tertiary carbonate eutectic. Half of the helium permeability is subtracted
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can be inputted for comparison to experimental data. Table 4
lists the extrapolated temperature dependent conductivities for
the carbonate and vacancy species (�c and �v), ceramic pore vol-
ume, ε, and CO2 feed pressures used in the respective experiments
[33,34].
rom that of the CO2 to adjust for contributions due to leaking. Error bars corresponds
o 1� deviations over 2–3 separate experiments. Membrane thickness ranged from
00 to 400 �m.

nce with the non-oxide conducting alumina membrane did not
upport a flux of CO2.

With the YSZ based membranes the lithium carbonate behaved
ifferently from that of the binary and tertiary mixtures. With the
ure lithium carbonate salts, the membrane performance was ini-
ially between 3 and 4 × 10−12 mol m−1 s−1 Pa−1. The performance
radually dropped to below 1 × 10−12 mol m−1 s−1 Pa−1 after 37 h
nd less than 8 h later the membrane began to leak. Two additional
xperiments were repeated with YSZ and Li2CO3, and each showed
he same trend of permeability decay and membrane failure below
6 h. Membrane failure was determined by the background helium
ermeability, noted by orders of magnitude increase in He perme-
bility, 10−13 up to 10−11 mol m−1 s−1 Pa−1.

It is believed that the pure lithium carbonate based membrane
ailed due to the formation of a zirconate phase, which has shown
o occur with the previous TGA data. Zirconate formation results
n a 34% volume expansion of the zirconia lattice [16]. Because this
xpansion will not occur uniformly across the structure, it is not
ifficult to imagine the creation of compressive stresses that can

ead to membrane cracking. Further, the formation of a zirconate
hase may create new porous voids. Early in the experiment the
oid spaces can be immediately filled in with excess molten liquid
arbonate. Once a critical amount of the carbonate has converted,
fraction of the pores may be left unfilled leading to membrane

eaking.
The membranes made up of the tertiary (Li/Na/K2CO3) and the

inary (Na/K2CO3) carbonate mixture with YSZ showed similar per-
eability trends, however, in opposition to what was observed
ith the pure lithium carbonate. The CO2 permeability began rela-

ively low, around 1 × 10−12 mol m−1 s−1 Pa−1, and then increased
o 5–6 × 10−12 mol m−1 s−1 Pa−1 over 2500 min. Upon reaching
he higher permeability levels shown in Fig. 13, the membranes
ppeared to reach a steady state with lifetimes extending past
0,000 min in one run. Comparing the tertiary carbonate YSZ based
embranes to those of the Li/YSZ it is clear that the former is more

table. Looking back at the TGA data of tertiary carbonate and YSZ
aterials, the formation of secondary phase (possibly a zirconate

hase) is easily reversible and not all of the carbonate is converted.
hese effects may explain the higher permeability measured over
onger periods of time relative to the membranes with pure lithium
arbonate. The Na/K mixture was examined in membrane per-
eability experiments because there was no apparent reactivity

ith YSZ powder based on TGA (Fig. 3) and XRD data. However,

imilar permeabilities were achieved with these membranes as
ith the Li/Na/K carbonate based membranes. The permeability
as initially low over the first 500 min and then increased to over
ne Science 369 (2011) 20–29 27

5 × 10−12 mol m−1 s−1 Pa−1 during the next 2000 min. This is evi-
dence that the CO2 separation mechanism is independent of the
formation of a third phase.

The avoidance of zirconate chemistry altogether was tested
by examining the non-reactive oxide material, CGO. The ter-
tiary carbonate mixture and CGO membranes resulted in
strong and increasing permeability, similar to that of the YSZ
experiments with the tertiary or sodium/potassium carbonate
mixtures. The time-dependent permeability of CO2 was simi-
lar to that of the YSZ based experiment, beginning between 1
and 2 × 10−12 mol m−1 s−1 Pa−1 and increasing over time to val-
ues between 5 and 6 × 10−12 mol m−1 s−1 Pa−1. The permeability
appeared to have stabilized within this region and continued for
over 120 h. It is clear with CGO/carbonate material that a dual-
ion conducting mechanism can occur without the formation of an
additional phase. The explanation of the time dependence of these
membranes is currently unclear.

3.6. CO2 permeability and temperature dependence

CO2 permeability as a function of temperature with tertiary car-
bonate/oxide based membranes is given in Fig. 13. Each data point
is an average over 2–3 replicate experiments. The measurements
were taken 60 minutes after reaching steady state temperatures.

CO2 permeability in the YSZ and CGO based membranes was
shown to increase with temperature. Averaged permeability at
850 ◦C reached 7.0 × 10−12 mol m−1 s−1 Pa−1 ± 11% (or permeance
of 2.3 × 10−8 mol m−2 s−1 Pa−1). With Al2O3 based membranes, CO2
permeability did not show a strong increase with temperature. In
these runs the selectivity of CO2/He remained between 0.4 and 0.5
until 800 ◦C at which point CO2 became slightly selective over He,
(SCO2,He = 1–2 within 800 ◦C and 900 ◦C). However, the CO2 per-
meability measured at 800 ◦C and 900 ◦C is lower than the average
YSZ and CGO permeabilities at 800 ◦C. This lack of permeability
with alumina (also seen in Fig. 12) supports the necessity of an
oxide conducting material to complete the CO2 transport mecha-
nism.

CO2 permeability data for the YSZ and CGO based membranes
are compared in Fig. 14 to the analytical transport model derived
for the bulk, dual-ionic transport mechanism. By converting the
CO2 flux equation (Eq. (4)) to permeability, membrane porosity
and temperature dependent oxide and carbonate conductivities
Fig. 14. Average CO2 permeability with CGO and YSZ based membranes with molten
tertiary carbonate. CO2 permeability based on the ionic transport model is given for
the same materials. Calculations are based on Eq. (4).
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Table 4
Model parameters input into Eq. (4).

Temp (◦C) �c (S cm−1) [24] �v (S cm−1)
[27] (YSZ)

�v (S cm−1)
[27] (CGO)

400 0.3 0.0002 0.002
500 0.7 0.001 0.006
600 1.2 0.005 0.017
700 1.8 0.015 0.040
800 2.6 0.043 0.086
900 3.5 0.106 0.167
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Nomenclature

A membrane active area, cm or m
CGO 10-mol% gadolinia doped ceria
Di diffusion coefficient of species i, cm2 s−1

G Gibbs free energy, kJ mol−1

F Faraday’s constant, 96,485 C/mol equiv.
H enthalpy, kJ mol−1

Ji flux of species i, mol cm−2 s−1

Lmem membrane thickness, cm or m
Lfilm molten carbonate film thickness, cm
·

ni molar flow rate, mol s−1

pi(feed) partial pressure of species i in feed, atm.
pi(permeate) partial pressure of species i in permeate, atm.
Pi permeability of species i, mol m−1 s−1 Pa−1

P∗
i

leak corrected permeability, mol m−1 s−1 Pa−1

R ideal gas constant, 8.314 J K−1 mol−1

S entropy, J K−1 mol−1

Si,j selectivity of species i over species j
T temperature, K
YSZ 8-mol% yttria stabilized zirconia
ZC charge of carbonate = −2
ZV charge of vacancies = +2

Greek symbols
ε volume fraction of molten carbonate (i.e. solid oxide

porosity)
�i conductivity, S cm−1

Subscripts and superscripts
C carbonate ion
g gas phase
l liquid phase
YSZ CGO

ε 0.34 0.39
PCO2 (feed), Pa 44,000 51,700

Comparing the experimental data to the dual-ionic model, a
–2 order of magnitude discrepancy exists. The explanation for
he lower than expected flux rates is currently unclear. How-
ver, above 600 ◦C the slope of the experimental data agrees
ell with the model. This is evident by calculating the activation

nergy of the averaged conductivity. YSZ activation energies were
4 ± 14 kJ mol−1 versus 81 kJ mol−1 predicted with literature val-
es input into the analytical expression (Eq. (4)). CGO activation
nergies were 77 ± 6 kJ mol−1 versus 59 kJ mol−1 predicted with
iterature values. The similarity in the observed temperature acti-
ation suggests that the dominating resistance is controlled by
he conductivity of the solid oxide phase. Based on the known
igher conductivity of CGO oxides at lower temperatures, particu-

arly with composite CGO and carbonates, this material is expected
o outperform YSZ. Yet, at this time the uncertainty introduced
n the measurements by the temporal effects precludes a detailed
nalysis. Several phenomena can explain the lower than expected
ermeabilities and work is currently underway to better under-
tand what these are. One explanation for the higher permeability
ith YSZ based membranes may be due to the zirconate chem-

stry occurring at the carbonate/oxide interface. Further, surface
inetic constraints, composite conductivities and tortuosity of the
wo phases are all possible effects impacting the transport of these

embranes.

. Conclusions

High temperature membranes based on dual carbonate and
xide electrolytes have been shown to selectively separate CO2
bove 600 ◦C in the absence of gas phase oxygen. Pairs of
lkali–metal carbonates and two solid oxide conductors, YSZ and
GO, were examined using thermogravimetric analysis and X-ray
iffraction. These results were compared with the isothermal per-
ormance (750 ◦C) of membranes made up of pairs of the same
lectrolyte materials. The YSZ based membranes and lithium car-
onate react irreversibly to form lithium zirconate. These materials,
hen used as membranes, function well initially but the per-
eability declines with time. This is believed to be due to the

ormation of a zirconate phase interfering with the CO2 trans-
ort mechanism. Tertiary carbonates made up of lithium, sodium
nd potassium have been shown to react reversibly with YSZ,
nd membranes made up of these materials reach CO2 per-
eabilities of 5 × 10−12 mol m−1 s−1 Pa−1 (or CO2 permeance of

.0 × 10−8 mol m−2 s−1 Pa−1) at 750 ◦C. The YSZ based membranes
omposed only of sodium and potassium carbonates function
imilarly despite their slow reactivity with zirconia. CGO based

embranes do not show any sign of chemical reactivity with the

lkali carbonates based on the TGA and XRD results, yet mem-
ranes infiltrated with tertiary carbonates selectively permeate
O2, reaching permeabilities of 6 × 10−12 mol m−1 s−1 Pa−1 (or CO2
ermeance of 3 × 10−8 mol m−2 s−1 Pa−1). When using a non-oxide
ne Science 369 (2011) 20–29

conducting, alumina based membrane, very low CO2 permeability
was measured.

The successful performance of a non-zirconia oxide based mem-
brane proves that the CO2 transport mechanism functions in the
absence of zirconate chemistry and opens the door for a wide range
of other oxide materials to be explored for the purpose of selec-
tive CO2 permeability at high temperatures. Further, the lack of
permeability in the absence of oxide conductivity supports that
the CO2 transport results from the interplay between carbonate
transport in the molten carbonate and oxide ion transport in the
solid oxide phase. It is not a stretch to imagine analogous devices
for separation of other gas species, (e.g. sulfides, ammonia) based
on similar dual-ion transport mechanisms. The demonstration and
future refinement of a new type of membrane that has near per-
fect separation opens the door for advanced process technology
involving high temperature gas separation.
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