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Abstract
Molten Na2CO3–K2CO3 (NKC, 56–44 mol%) eutectic compositions were
vacuum-impregnated, at the eutectic temperature, into two porous
ZrO2:8.6 mol% MgO (magnesium-partially stabilized zirconia, MgPSZ) and
ZrO2:8 mol% Y2O2 (yttria-fully stabilized zirconia, 8YSZ) ceramics. Thermo-
gravimetric analyses were performed in mixtures of that composition with
MgPSZ and 8YSZ ceramic powders. Before impregnation, porosity was achieved
in the two compounds by addition and thermal removal of 30 vol.% NKC. To
ascertain the carbonates had filled up through the ceramic body, both sides of
the parallel and fracture surfaces of the disk-shaped impregnated compositions
were observed in a scanning electron microscope and analyzed by energy-
dispersive X-ray spectroscopy. The electrical conductivity of the two ceramics,
before and after impregnation, was evaluated by electrochemical impedance
spectroscopy in the 5 Hz–13 MHz frequency range from approximately 530 to
740◦C. The permeation of the carbonate ions through the membranes via the
eutectic composition was assessed by the threshold temperatures of the onset
of the carbonate ion percolation. The objectives were to prepare dual-phase
membranes for the separation of carbon dioxide and for the development of
carbon dioxide sensors.

KEYWORDS
carbon dioxide permeation, ceramic membranes, impedance spectroscopy, scanning electron
microscopy, stabilized zirconia

1 INTRODUCTION

Overall, 56mol%Na2CO3 (M.P. 854◦C) and 44mol%K2CO3
(891◦C) constitute a eutectic composition that melts at
710◦C.1 At that temperature, CO3

2− ions are the mobile
charge carriers under an electric field. Hence, oxide ion
conducting ceramic mixed to that eutectic compound,
with improved electrical conductivity, was proposed as
high-temperature membranes for carbon dioxide separa-
tion or capture, and also as solid electrolytes in solid

oxide fuel cells for alternative electric energy supply.2-9 The
dual-phase membranes for carbon dioxide capture were
composed of a solid electrolytematrix,mainly gadolinium-
doped ceria or samarium-doped ceria, mixed to or impreg-
nated with eutectic compositions of alkali halide car-
bonates, for example, (Li2,Na2)CO3,10–13 (Li2,K2)CO3,14 or
(Li2,Na2,K2)CO3.13,15,16–21 The melting points of 56 mol%
Na2CO3–44 mol% K2CO3, 52 mol% Li2CO3–48 mol%
Na2CO3, 62 mol% Li2CO3–38 mol% K2CO3, and 43.5 mol%
Li2CO3–31.5 mol% Na2CO3–25 mol% K2CO3 eutectic
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F IGURE 1 Thermogravimetric (A) and differential thermal
analysis (B) curves of MgPSZ (ZrO2:8.6 mol% MgO) ceramic
powders mixed to 30 vol.% of NKC (56 mol% Na2O3–44 mol%
K2CO3); (C) simultaneous mass spectrometric relative data of N2,
O2, H2O, CO2, and C. N2 was the sweeping gas.

compositions are 710, 501, 498, and 397◦C, respectively.1
MgPSZ was also reported as oxygen ion conducting solid
electrolyte matrix.22
The mechanism involved in the CO2 separation mem-

branes is based on carbonate and oxide ions transport
through the membrane, both O2− and CO3

2− ions in
counter flow motions, resulting in net CO2 transport.15
The oxygen ion conductivity is lower than the carbon-
ate ion conductivity at the temperature of the molten
carbonates.23,24 Percolation of the carbonate ions is
achieved by a suitable composition of the two-phase mem-
branes, allowing for a surface-to-surface ionic conductivity
in disk-shaped membranes.
Several methods have been used for the fabrication of

porous ceramics: polymer derived,25 gelation-freezing,26
direct foaming,27 tape casting,28 freeze casting,29 and spark
plasma sintering.30
The aim of this work was to study carbon dioxide

ions motion in molten sodium–potassium carbonates
through two oxygen ion conductors as ceramic matrices:

F IGURE 2 Thermogravimetric (A) and differential thermal
analysis (B) curves of 8 mol% yttria-stabilized zirconia (8YSZ)
(ZrO2:8 mol% Y2O3) ceramic powders mixed to 30 vol.% of NKC
(56 mol% Na2O3–44 mol% K2CO3); (C) simultaneous mass
spectrometric relative data of N2, O2, H2O, CO2, and C. N2 was the
sweeping gas.

zirconia:8.6 mol% magnesia (MgPSZ) and zirconia:8 mol%
yttria-stabilized zirconia (8YSZ). MgPSZ is a well-known
toughened ceramic material with enhanced thermome-
chanical properties, being used mainly in disposable high-
temperature oxygen sensors in steel production31–33; 8YSZ
is a well-utilized ceramic material with oxygen ion con-
ductivity appropriate to use either as an oxygen sensor in
automotive vehicles for improving engine efficiency and
fuel economy,32 or as solid electrolyte in high-temperature
solid oxide fuel cells for alternative electrical energy
production.34

2 MATERIALS ANDMETHODS

The starting materials were magnesia-partially stabilized
zirconia (MSZ-8 MgPSZ, ZrO2:8.6 mol% MgO, DKKK Co.,
Ltd., Japan, 3–6 m2/g specific surface area, .6–2.0 μm
average particle size),35 YSZ (8YSZ, ZrO2:8 mol% Y2O3,
Fuel Cell Materials, USA, 6–9 m2/g, .5–.7 μm),36 sodium
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MUCCILLO et al. 953

F IGURE 3 Scanning electron microscopy micrographs (top)
and elemental EDX mapping (bottom) of both surfaces of (A and B)
ZrO2:8.6 mol% MgO and (C and D) ZrO2:8 mol% Y2O3 ceramic
membranes impregnated with 30 vol.% (56 mol% Na2CO3–44 mol%
K2CO3); the relative amounts of sodium (yellow) and potassium
(green) are shown; arrows point to the carbonate phase.

carbonate (anhydrous Na2CO3, 99.5% min, Alfa Aesar),
and potassium carbonate (anhydrous K2CO3, 99%, Alfa
Aesar). All compounds were analyzed by X-ray diffraction
(D8 Advance, Bruker AXS diffractometer, Karlsruhe, Ger-
many) in Bragg–Brentano configuration, Cu-kα radiation,
20◦–80◦ 2θ range, .05◦ 2θ step size, and 5 s/step. For the

preparation of MgPSZ and 8YSZ porous matrices, those
powders were individually mixed to 1.0 wt.% polyvinyl
alcohol and a eutectic composition of sodium and potas-
sium carbonates (56 mol% Na2CO3–44 mol% K2CO3), ball
milled at 5000 rpm during 2 hwith 1mmdiameter TZP zir-
conia medium in isopropyl alcohol inside a custom-made
attritor. These powders were uniaxially cold-pressed under
30 MPa and then isostatically (National Forge Co., Irvine,
PA, USA) under 200MPa to ϕ12mm× 2mm thickness pel-
lets. The pellets were heated inside alumina crucibles at
2◦/min to 720◦C/2 h for wetting the matrix particles with
the molten eutectic composition afterward were heated
to 1450◦C/2 h at 5◦/min to remove that composition by
evaporation and finally cooled down at 5◦/min to room
temperature. The porous matrices were impregnated with
the eutectic composition in a custom-made apparatus, con-
sisting of an L-shaped quartz tube with an end connected
to a vacuum pump and the other end to the porous matrix;
the porous matrix was fixed with an alcoholic solution of
thematrix powder and coatedwith a powdermixture of the
eutectic carbonate composition; the quartz tube with the
upright-positioned coated matrix was inserted into a resis-
tive furnace programed to be heated to 720◦C, to melt the
eutectic composition. At that temperature, the other end of
the quartz tube, located outside the furnace, was pumped
out with several 1 s pulses to help the molten eutectic com-
position to fill up the pores of the ceramic matrix; the
furnace is then switched off.
Thermogravimetric analyses were carried out in MgPSZ

and 8YSZ powders after thoroughly mixing with 30 vol.%
of the eutectic composition of NKC (56 mol% Na2CO3–
44 mol% K2CO3), and also in NKC powders. The measure-
mentswere performed in aNetzsch 409E equipment (Selb,
Germany) from room temperature to 1200◦Cwith 5◦C/min
heating and cooling rates. A dynamic 10 ml/min flow of
synthetic nitrogen was used. A mass spectrometer (Ther-
mostar GSD 350 T, Pfeiffer Vacuum, Asslar, Germany)
was connected to the gas outlet of the thermogravimet-
ric equipment to analyze the outflow of gaseous species
during heating.
The parallel and fracture surfaces of the as-prepared

eutectic carbonates-impregnated ceramic pellets were
observed in a scanning electron microscope (FEG-SEM
Inspect F50, Brno, Czech Republic), operating at 5 kV
and 3.5 spot size. The FEG-SEM was equipped with
an energy-dispersive spectrometer (Octane Elect Plus,
EDAX, Ametek, USA), operating at 20 kV and 5.0 spot
size.
For the impedance spectroscopy measurements, plat-

inum paste (Degussa Demetron 308A, Hanau, Germany)
was brush painted on the parallel surfaces of the eutectic
carbonates–impregnated ceramic pellets (hereafter mem-
branes) for the analysis of their electrical behavior at
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F IGURE 4 Images and EDS spectra of fracture surfaces of (A and B) ZrO2:8.6 mol% MgO and (C and D) ZrO2:8 mol% Y2O3 porous
ceramics impregnated with 30 vol.% of 56 mol% Na2CO3–44 mol% K2CO3

temperatures below and above the eutectic temperature
of the sodium–potassium carbonates. Electrical measure-
ments were carried out with a 4192A Hewlett Packard
impedance analyzer connected to a series 360 Hewlett
Packard controller, applying 200 mV input AC signal in
the 5 Hz–4.7 MHz frequency range from 470 to 740◦C.
The [−Z″(ω) × Z′(ω)] data, ω = 2π f, f is the frequency
of the input signal, were collected and deconvoluted for
the evaluation of the total electric resistivity with a spe-
cial software.37 For these measurements, each sample
was spring-loaded with platinum disks inside an alumina
sample holder, which was inserted in a programable fur-
nace and connected to the impedance analyzer with a
test fixture (Hewlett Packard 16047C). A type K chromel–
alumel thermocouple with its tip positioned close to
the ceramic membrane was used to monitor the sample
temperature.

3 RESULTS AND DISCUSSION

3.1 Thermal analysis

Figures 1 and 2 show thermogravimetric and differen-
tial thermal analyses of 30 mg of a mixture of MgPSZ
and 8YSZ with NKC under the following conditions: RT-
1200◦C, 5◦C/min, and 10 ml/min N2 flux along with
mass spectrometer data. The composition with MgPSZ
matrix showed mass losses in the 300–400 and 700–800◦C
ranges, simultaneous to carbon dioxide and carbon detec-
tion with the mass spectrometer. The mass loss in the first
temperature range might be due to a decomposition of
magnesium carbonate producing magnesium oxide and
carbon dioxide38; the mass loss in the second range is due
probably to after-melting decomposition of the carbonates.
The composition with 8YSZ matrix showed mass loss only
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in the 700–900◦C range with outflows of carbon dioxide,
similar toMgPSZ behavior. The total mass losses were 8.5%
and 6.7% for the MgPSZ- and 8YSZ-based compositions,
respectively.
The differential thermal analyses show a endothermic

peak centered at approximately 800◦C, corresponding to
the decomposition of NKC.

3.2 Microstructural analysis

SEM micrographs of both top and bottom surfaces of the
ceramic membranes are shown in Figure 3 the arrows
pointing to the location of the carbonates. The images
of the carbonate phase are typical of a composition that
passed to a molten phase, spreading in the ceramic matrix
before solidifying. The presence of carbonates in both par-
allel faces of the ceramic membrane shows that the pores
crossed the membrane thickness, allowing for the perco-
lation of the carbonate phase. Even though the uneven
distribution of the elements, the EDX images were impor-
tant to show sodiumand potassium in both parallel faces of
the cylindrical pellets, assuring that the high-temperature
vacuum-impregnation was efficient.
Fracture surface images of ZrO2:8.6 mol% MgO and

ZrO2:8 mol% Y2O3 porous ceramics impregnated with
30 vol.% of the eutectic composition were also observed in
the SEM.Additional EDXanalysiswas carefully performed
searching for Na or K. Figure 4A,C shows the images and
(B) and (D) the EDX spectra of both samples.
Despite the difficulty of detecting low Z elements, Na

and K were detected in both fracture surfaces of MgPSZ
and 8YSZ porous ceramics impregnated with sodium–
potassium carbonates.
The software ImageJ39 was adopted for the evaluation

of the average pore size, by analyzing different areas of the
SEM micrographs. These values were 6.0 and 1.5 μm2 for
MgPSZ and 8YSZ porous ceramics, respectively.

3.3 Impedance spectroscopy analysis

Figure 5A–C shows [−Z″(ω) × Z′(ω)] impedance spec-
troscopy diagrams of the two ceramic membranes and
of the eutectic composition upon heating to several tem-
peratures in the 530–740◦C range, waiting for 30 min to
stabilize the set temperature and collecting the impedance
data from 5 Hz to 4.7 MHz. The impedance diagrams of
MgPSZ-NKC ceramic pellets present only one semicircle
arc in the whole frequency range, the electrical resistance
decreasing up to temperatures close to the melting point
of the eutectic carbonate mixture. The impedance dia-
gram of the 8YSZ-NKC ceramic pellet, on the other hand,

F IGURE 5 Impedance spectroscopy diagrams of (A)
ZrO2:8.6 mol% MgO and (B) ZrO2:8 mol% Y2O3 ceramic membranes
impregnated with 30 vol.% (56 mol% Na2CO3–44 mol% K2CO3) at
several temperatures; (C) 56 mol% Na2O3–44 mol% K2CO3

apparently presents two semicircle arcs, the total resis-
tance decreasing as well up to temperatures close to
the melting point of the eutectic carbonate mixture. All
those behaviors of the electrical resistance of the ceramic
membranes are shown in Figure 6.
Figure 6 shows the Arrhenius plots of the electrical

resistivity of the two ceramic membranes and also of the
NKC pellet. The values of the electrical resistance were
taken at the intersection of the semicircle arc at the low-
frequency side of the impedance diagram and corrected
for the geometrical factor (area of the electrodes/thickness
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F IGURE 6 Arrhenius plots of the electrical resistivity of
8 mol% yttria-stabilized zirconia (8YSZ)-NKC and MgPSZ-NKC
ceramic membranes. NKC impregnation content = 30 vol.%.
8YSZ = ZrO2:8.0 mol% Y2O3. MgPSZ = ZrO2:8.6 mol% MgO,
NKC = 56 mol% Na2CO3–44 mol% K2CO3

of the sample). The behavior of all curves is the same,
that is, a decrease of the resistivity for increasing temper-
ature, reaching similar values at 710◦C, the melting point
of the sodium–potassium carbonate eutectic composition,
when the electrical conductivity of the carbonate ions
prevails over that of the zirconia-based solid electrolytes.
The electric current through the porous matrices impreg-
nated with sodium–potassium carbonates is described as
jcarbonates + jmatrix, the former predominating in themolten
carbonates.
Figure 7 shows results of the electrical measure-

ments performed at the same temperature (590◦C) of
MgPSZ and 8YSZ samples with and without impreg-
nation with sodium–potassium carbonates. The contri-
bution of the carbonates to the total electrical resistiv-
ity is evident. MgPSZ had a total electrical resistivity
>1.0 MΩ cm, whereas for the alkali salt–impregnated
MgPSZ, the total resistivity was 65.7 kΩ cm. For 8YSZ,
these figures were >273 and 85.8 kΩ cm. As expected,
the ionic conductivity of 8YSZ40 is higher than that of
MgPSZ.41

4 CONCLUSIONS

Magnesia-partially stabilized zirconia (MgPSZ) and yttria
fully stabilized zirconia (8YSZ) porous ceramics were suc-
cessfully obtained by the addition and thermal removal
of the eutectic composition of sodium and potassium

F IGURE 7 Impedance spectroscopy diagrams at 590◦C of
porous and impregnated (with 56 mol% NaCO3–44 mol% K2CO3)
ceramics.(A) ZrO2:8.6 mol% MgO (MgPSZ) and (B) ZrO2:8 mol%
Y2O3

carbonates. Mass spectrometer analysis, simultaneous to
thermogravimetric and differential thermal analyses of
those solid electrolytes mixed to the eutectic composi-
tion, identified the temperatures carbon dioxide evolved
from the mixtures. Two-phase membranes were obtained
by high-temperature vacuum impregnating those porous
matrices with the molten eutectic composition. With EDX
analysis, sodium and potassiumwere detected at both par-
allel surfaces and at fracture surfaces of the disk-shaped
ceramic membranes. The percolation of carbonate ions
was monitored by the impedance spectroscopy technique
up to 740◦C. At 710◦C, the melting point of the eutec-
tic carbonates composition, the electrical conductivity of
the carbon dioxide ion was shown to predominate over
the electrical conductivity of the membrane matrices. For
the preparation of solid electrolyte/alkali carbonatesmem-
branes, it is proposed the use of the alkali carbonates as
sacrificial pore former; the advantage was the wetting of
the solid electrolyte grains, offsetting the negative impact
of the fouling effect.
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