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A B S T R A C T   

Dual-phase molten salt-ceramic membranes show high permselectivity for CO2 when molten carbonate is sup
ported in a porous oxygen-ion and/or electron conductor. In this arrangement, the support likely contributes to 
permeation. Thus, if one is to understand and ultimately design membranes, it is also important to perform 
experiments with an inert support where permeation relies upon the molten carbonate properties alone. Here, a 
nominally inert material (Al2O3) was used in order to restrict permeation to molten carbonate. Model Al2O3 dual- 
phase membranes were fabricated using laser drilling to provide an order of magnitude difference in molten salt- 
gas interfacial area between feed and permeate sides. Molten carbonate thickness in the model membranes was 
also varied, independent of the molten salt-gas interfacial area. For all thicknesses studied, CO2 permeation rates 
showed a significant temperature dependence from 500 to 750 ◦C, suggesting an activated process was rate- 
limiting, likely a permeate-side molten salt-gas interfacial process, i.e. desorption of CO2. We applied these 
findings in asymmetric hollow-fibre supports, a geometry with inherent modularity and scalability, by devel
oping a new carbonate infiltration method to control molten carbonate distribution within the hollow fibre. 
Compared to a conventionally prepared dual-phase hollow-fibre membrane with an uncontrolled distribution of 
carbonates, permeation rates were increased by up to 4 times when the molten salt was confined to the packed- 
pore network, i.e. without infiltrating the hollow-fibre micro-channels. X-ray micro-CT investigations supported 
the idea that the resulting increase in interfacial area for desorption of CO2 was the key structural difference 
contributing to increased permeation rates. For CO2 separation, where large volumes of gas must be processed, 
such increases in permeation rates will reduce the demand for membrane materials, although one must note the 
higher permeation rates achievable with oxygen-ion and/or electron conducting supports.   

1. Introduction 

Highly permselective separation of CO2 has been realised by dual- 
phase molten salt-ceramic membranes, e.g. overcoming the perme
ability requirements for economically-competitive post-combustion CO2 
capture [1]. The molten salt (an alkali metal carbonate mixture) is 
typically supported in porous oxygen-ion and/or electron conducting 
solids [2–7]. In such cases, it has been proposed that co- or 
counter-current transport of oxygen-ions and/or electrons in the solid 

phase occurs concurrently with the transport of carbonate-like ions 
through the molten carbonate [7,8]. Therefore, the triple-phase 
boundary length (molten salt-gas-solid support) likely impacts perme
ation rate [7,9]. Use of a nominally inert support, far less common in the 
literature [10,11], should force permeation to occur within the molten 
salt alone (i.e. the permeation rate is now related to a two-phase 
boundary, the molten salt-gas interfacial area). Therefore, permeation 
rates should increase with an increase in molten salt-gas interfacial areas 
and/or a reduction in molten carbonate thickness within the support. As 
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CO2 has specific chemical interactions with molten carbonate, very high 
CO2 selectivity should also be realised (CO2/N2 > 1000) [12]. However, 
CO2 permeation in molten carbonates is complex, covered in detail 
elsewhere [7]. Briefly, it is likely that a facilitated transport mechanism 
exists, due to the presence of potential mobile carriers that have been 
shown to have reactivity with CO2 (e.g. O2− or CO3

2− ). Surface reactions 
facilitate adsorption of CO2 in to, and desorption of CO2 out of the melt, 
with bulk diffusion of mobile carrier complexes mediating transport 
through the membrane, by e.g. an oxo-Grotthuss mechanism [13]. Ul
timately, an improved understanding of permeation in molten carbonate 
supported in a nominally inert material could eliminate the requirement 
for more expensive oxygen-ion and/or electron-conducting materials as 
supports. 

To date, dual-phase membranes have made use of supports in pellet 
[2,10], hollow-fibre [14–16], and tubular geometries [17,18]. Molten 
carbonate thickness has been controlled in pellet and tubular geometries 
by employing asymmetric structures, where two solid phases with 
disparate molten carbonate wettabilities are employed. One solid is a 
highly-wettable thin layer for supporting molten carbonate and the 
other is a thick non-wettable layer for mechanical strength [6,17–19]. In 
these examples, fluxes were higher than those of comparable thicker 
membranes made of the highly-wettable material. Similar effects have 
been observed in tubular dual-phase membranes [18]. Even though a 
reduction in molten carbonate thickness leads to improved CO2 fluxes, it 
has been noted that it is difficult to precisely define molten carbonate 
thickness within a porous support. Thickness is also of limited utility as 
it is the path length of the permeant that is important, which is difficult 
to determine in sinuous networks of pores (more common in membranes 
than e.g. linear pathways). Furthermore, such poorly-defined support 
geometries will likely lead to uncontrolled differences in interfacial 
areas or triple-phase boundary lengths, providing additional discrep
ancies when comparing fluxes. Often, precise interfacial areas are un
known and cannot be used directly. Therefore, it is typical to use a 
membrane surface area which approximates the dual-phase membrane 
structure as a smooth surface. However, this surface has different in
terfaces within it, and often characterisation is lacking. In the absence of 
precise measurements of interfacial areas, this leads to comparisons of 
membrane performance that are potentially misleading. 

If we shift focus to supports for molten salts that are also realistically 
scalable, i.e. modular, one-step fabrication procedures, and with high 
membrane surface-area-to-volume ratios, asymmetric hollow-fibre 
supports are amongst the most suitable candidates [20]. However, the 
membrane surface area and/or interfacial area is very difficult to define 
precisely, as they are micro-tubular, with an asymmetric microstructure 
composed of at least two porosity domains: (i) micro-channels that are 
conically shaped with an open entrance on the inside surface (lumen), 
and (ii) a packed-pore network, located in-between the micro-channels 
and towards the outer surface (shell) (Fig. 1) [21]. Furthermore, a 
gradient in pore size exists in the packed-pore network, with larger pores 
at the lumen side and smaller pores at the shell side, culminating in a 
region referred to as the sponge-like layer (Fig. 1) [22]. To date, there 
have been very few studies on dual-phase hollow-fibre membranes 
(DPHFMs), and in all cases they were infiltrated with molten carbonate 
by immersing the hollow-fibre support in a “molten carbonate bath” 
[14–16]. Therefore, molten carbonate distribution was uncontrolled, 
spanned the entire support thickness and infiltrated both the 
packed-pore network and micro-channels. This conventional infiltration 
method produces membranes that are ‘thicker’, and with lower 
lumen-side molten salt-gas interfacial areas, than could be achieved by 
preparing DPHFMs without molten carbonate in the micro-channels. 
This potential for a reduction in thickness and/or an increase in 
molten salt-gas interfacial area has not been explored and could feasibly 
result in improved permeation rates [14]. 

Here, we aim to simplify the dual-phase membrane concept to better 
address fundamental questions related to permeation in molten salts by 
employing nominally inert Al2O3 supports. This should isolate CO2 

permeation to the molten salt alone and allow a more detailed under
standing of e.g. the role of molten salt-gas interfacial area and the effect 
of molten salt thickness, all in the absence of support contributions. 
First, we fabricated model membranes where the diffusional path length 
in the molten salt was equal to the molten salt thickness, thus tortuosity 
of unity, and with well-defined molten salt-gas interfacial areas. The 
model membranes allowed us to determine temperature regions where 
surface-exchange and diffusion processes were likely rate-limiting. We 
then prepared mechanically robust and well-characterised Al2O3 
hollow-fibre supports and employed a newly developed carbonate 
infiltration method which allowed us to control carbonate distribution. 
We show that an increase in permeate-side molten salt-gas interfacial 
area (as determined by X-ray micro-computed tomography (X-ray 
micro-CT)) results in an increase in CO2 permeation rate when operating 
in the surface-exchange rate-limited region. Overall, through model 
membrane experiments, a new molten carbonate infiltration method 
and robust mechanical and physical characterisation, we demonstrate 
that improved permeation rates can be achieved by carefully controlling 
molten carbonate distribution (viz. molten salt-gas interfacial area and/ 
or diffusional path length) within dual-phase molten salt-ceramic 
membranes. 

2. Experimental 

2.1. Preparation of model Al2O3 crucible membrane supports 

Dense Al2O3 cylindrical crucibles (1.4 cm H, 2.55 cm OD, 2.2 cm ID) 
(Almath), with a base of 440 μm thickness, were used as the supports for 
the preparation of model dual-phase crucible membranes. The crucibles 
were laser-drilled by Laser Micromachining Limited, from the external 
base of the crucible towards the internal surface forming truncated cone- 
shaped pores within a central 11 mm diameter. The larger diameter of 
the truncated cone was on the external surface of the crucibles. Optical 
microscopy was used to determine the geometrical properties of the 
drilled surface of the Al2O3 crucibles. 

2.2. Preparation of asymmetric Al2O3 hollow-fibre supports 

Asymmetric Al2O3 hollow-fibre supports were prepared by a viscous- 
fingering-induced phase-inversion and sintering technique [20,21,23, 
24]. The ceramic suspension for their preparation consisted of α-Al2O3 
powder, dimethyl sulfoxide (VWR) as the solvent, 0.4 wt% Arlacel P135 
(Uniqema) as the dispersant and 6.3 wt% polyethersulfone (Ameco 
Performance) as the polymer binder. For the fabrication of asymmetric 
Al2O3 micro-structured hollow fibres, an Al2O3 suspension with 60 wt% 
solid loading was prepared by ball milling the above mixture. After 
degassing the ceramic suspension under vacuum to remove air bubbles, 

Fig. 1. Porosity domains of a micro-structured hollow-fibre support. Schematic 
representation of a hollow-fibre cross-section showing the conically shaped 
micro-channels and the mouth diameter of the conically shaped micro- 
channels, as well as the packed-pore network and its sponge-like layer. 
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it was then transferred into 200 ml stainless syringes and extruded 
through a tube-in-orifice spinneret (3 mm OD, 1.2 mm ID) at a rate of 7 
ml min− 1 into a coagulation bath of deionized water with no air gap (0 
cm). The formed precursor fibres were submerged in deionized water for 
a minimum of 12 h to ensure the full removal of excess solvent. The 
precursor fibres were then gently washed with deionized water, 
straightened and dried at room temperature before sintering in a tubular 
furnace at either 1200, 1250, 1300 or 1350 ◦C in air [25]. Fibres were 
first heated to 600 ◦C at 2 ◦C min− 1 before dwelling for 2 h to remove 
residual solvent. Subsequently they were heated to the final sintering 
temperature at 5 ◦C min− 1 before dwelling for 4 h. Finally, they were 
cooled to room temperature at 3 ◦C min− 1. Porosity and pore size dis
tribution was analysed by mercury intrusion porosimetry (MIP) 
(detailed in Supporting Data). 

2.3. Preparation of eutectic carbonate mixture 

To prepare the carbonate mixture, solid-state Li2CO3 (99%, Alfa 
Aesar), Na2CO3 (99.5%, Alfa Aesar), and K2CO3 (99%, Alfa Aesar) were 
placed in individual crucibles and dried in a furnace at 400 ◦C for 24 h. 
The dried carbonates were then mixed in a eutectic molar ratio (Li2CO3: 
Na2CO3: K2CO3 = 43.5: 31.5: 25.0) and the mixture was dispersed in 
ethanol to a concentration of 0.025 g l− 1. To reduce the average particle 
size and narrow the particle size distribution, the suspension was placed 
in a ball miller (Pascall Engineering, Parvalux electric motor) for a 
period of 48 h at 30 rpm with 15 YSZ milling balls of 1 cm diameter. The 
particle size and particle size distribution of the carbonates were 
measured at specific time intervals during the milling and after 48 h 
using dynamic light scattering with non-invasive backscatter optics 
(Malvern Panalytical, Zetasizer Nano ZS). 

2.4. Infiltration of dual-phase Al2O3 hollow-fibre membranes 

DPHFMs were prepared by a novel two-step coating method. The 
fibres were first glazed on both sides with a commercial ceramic sealant 
(Scarva, G261/W) (diluted in deionized water), with 4 cm in the middle 
uncovered as the active membrane length, in order to match the 
isothermal zone of the furnace used for the permeation experiments. The 
Al2O3 hollow fibres were dip-coated in the glazing solution, and left to 
dry for 1 h. The tips of the hollow fibres were also glazed, in order to 
create a dead-end configuration. The glazed part of the fibre was gas- 
tight (confirmed by a pressure-drop method, Section 2.5) and did not 
contribute to the permeation measurements. During the next step, the 
partially-glazed fibres were coated with the solid carbonate layer on 
their outer surface by a vacuum-assisted method as shown in Fig. S1. The 
volume of mercury intruding in the support’s porosity during the MIP 
tests was used to calculate the required quantity of carbonates to infil
trate: (i) the packed-pore network only for DPHFMs with a controlled 
distribution of carbonates and, (ii) the packed-pore network and micro- 
channels to simulate a conventionally prepared DPHFM. The density 
used for the above calculations was the density of the eutectic carbonate 
mixture at room temperature, ρ = 2.36 g cm− 3. Before coating the glazed 
fibres with the carbonate layer, they were then attached to a flexible 
rubber tube and a vacuum pump (Welch, 2027 Vacuum System) and 
immersed in the carbonate suspension. By applying a vaccum on the 
open-end of the fibres, ethanol was retained in the solvent trap and a 
carbonate layer was formed on the outer surface of the hollow fibre. The 
carbonate suspension was stirred throughout the coating process, using 
a magnetic stirrer (1000 rpm), aiming to achieve a homogeneous car
bonate layer on the outer surface of the hollow fibres (Fig. S1b). The 
carbonate coating was compacted under vacuum for 10 min after the 
coated fibre was removed from the suspension. The residual solvent was 
evaporated at 50 ◦C in a drying oven for 5 h. 

The infiltrated Al2O3 hollow fibres used for gas-tightness measure
ments at room temperature were heated to 600 ◦C at 1 ◦C min− 1 before 
dwelling for 1 h in order to infiltrate the carbonate mixture into the 

porous support. The samples were then cooled down to room tempera
ture, using the same rate, and the infiltrated hollow fibres were imme
diately stored in a desiccator (the carbonate mixture is highly 
hygroscopic). The loading of carbonates was determined by comparing 
the weight of the hollow fibres before and after the infiltration step. The 
DPHFMs used for CO2 permeation measurements were infiltrated in-situ 
during each experiment (Section 2.5). The microstructure of the pre
pared DPHFMs were analysed by scanning electron microscopy (SEM), 
energy dispersive X-ray spectroscopy (EDX) and X-ray micro-CT 
(detailed in Supporting Data). 

2.5. CO2 permeation experiments 

To prepare the permeation apparatus, a DPHFM was inserted into a 
custom-made reactor with a stainless-steel base and a quartz shell, as 
shown in Fig. 2. The quartz part of the apparatus was then placed and 
centered inside a tubular vertical furnace so that the active membrane 
length of the carbonate-coated Al2O3 hollow fibre (1) was aligned with 
the furnace’s isothermal zone and the sealants (3 and 6) were kept 
outside the heating zone of the furnace. The feed and permeate gases 
were confined in two different chambers: one on the lumen side of the 
DPHFM and the other on the outer surface of the DPHFM. In order to 
achieve the creation of two isolated chambers the fibre was sealed with 
vacuum grease (3) at the base of the permeation apparatus which 
remained outside the heating zone of the furnace. 

The flow rates of gases were controlled by individual mass flow 
controllers (Bronkhorst, EL-FlOW® Select) attached to a collective 
reader (Bronkhorst, HIGH-TECH®). The permeate-side sweep gas (4) 
was introduced into the permeation apparatus via a stainless-steel nee
dle (5) (STN, 19G). The temperature of the vertical furnace (Carbolite®, 
EVA/EVC) was controlled by a temperature controller (Eurotherm, 3216 
PID) and monitored by a type-K thermocouple (8) located near the outer 
surface of the membrane. The composition of the permeate side gas was 
analysed in-line first by an infrared analyser (Vaisala, CARBOCAP® CO2 
Probe GMP343) and then by a quadrupole mass spectrometer (ESS, 
GeneSys). The permeation performance of the DPHFMs was evaluated at 
600 ◦C (nominal P = 1 atm in both chambers), and each experimental 
gas condition, after 1 h of stabilisation time, with a routine flux devia
tion of less than 3%. The total gas flow rate of each stream was moni
tored with an electronic flow meter (ThermoFisher Scientific, GFM Pro). 

Before the sweep and feed gases were introduced, the system was 
purged with Ar (50 ml min− 1) for 10 min and checked for leaks. In the 
absence of leaks, the DPHFM was heated to the desired temperature to 
infiltrate the hollow fibre with molten carbonate and begin permeation 
experiments. The melting of the eutectic carbonate mixture typically 
occurred between 400 and 430 ◦C under a CO2 partial pressure (pCO2) of 
0.5 atm in N2. The feed gases used for the permeation experiments 
contained a pCO2 of 0.1, 0.5, and 0.9 atm in N2, whereas the pCO2 in the 
sweep gases used were: 0, 0.0004 and 0.01 atm in Ar. All permeation 
experiments were conducted at atmospheric pressure. 

For the model dual-phase crucible membranes, a similar dual 
chamber set-up as described above for the DPHFMs was used [26]. The 
crucibles were mounted on top of a hollow Al2O3 tube using a 
high-temperature sealant (Fuel Cell Materials, Silver, AG-1) and left to 
dry in a drying oven at 100 ◦C for a minimum of 12 h. The eutectic 
carbonate mixture was added in different amounts (0.2, 0.4, 0.6 and 0.8 
g) into the crucible, in separate experiments, to produce membranes 
with well-defined permeation path lengths. The amount of carbonates 
needed to deposit carbonate layers with 250, 500, 750, 1000 μm 
thickness on top of the Al2O3 crucibles was calculated by converting the 
volume corresponding to the desired membrane thickness to the 
equivalent amount of carbonates. The volume expansion of carbonates 
was also taken into consideration and all the calculations were made for 
a volume increase of 15% between ambient temperature and 500 ◦C. 
The pCO2 in N2 used in the feed gas was 0.5 atm (50 ml min− 1) and Ar 
was used as the sweep gas (50 ml min− 1), with the base of the crucible as 
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the permeate side and the reservoir of molten carbonate in the crucible 
as the feed side. 

The permeate-side flux of the dual-phase membranes was evaluated 
between 500 and 800 ◦C and the composition of the permeate gas was 
analysed first by an infrared analyser (Emerson, Rosemount X-STREAM 
X2GP) and then by an in-line quadrupole mass spectrometer (Hiden, 
QGA). The calibration curve for each gas, was obtained by a three-point 
calibration of both the mass spectrometer and the IR analyser, in line. To 
calibrate the zero background, high-purity Ar was used. Calibrations for 
drift of the analytical equipment were performed at the operating 
membrane temperature, 600 ◦C, during experiments. Volumetric flux, 
JCO2 (ml min− 1 cm− 2), of CO2 through the membranes was calculated 
using Eq. (1): 

JCO2 =
xCO2 V̇

AS
(Eq. 1)  

where xCO2 is the mole fraction of CO2 in the permeate-side outlet, V̇ is 
the volumetric flow rate on the permeate side (ml min− 1) and AS is the 
membrane interfacial area (cm2). Detail on the definition and mea
surement of membrane interfacial area is provided below. To quantify 
and subtract N2 leakage through the membrane, the following procedure 
was adopted (after subtracting the zero background for both gases). 
First, if the permeate-side N2 flux was equal to or greater than that of 
CO2, membrane sealing was considered unsuccessful and the experiment 
was terminated. In the experiments presented in this work N2 leakage 
was extremely low, at or around the calibrated zero value for N2 gas (in 

Fig. 2. Permeation apparatus and DPHFM structure. a) Permeation apparatus, b) an Al2O3 hollow-fibre support and three SEM micrographs of its microstructure, c) 
Coated Al2O3 hollow-fibre support at room temperature and d) Permeation mechanism of a dual-phase membrane after infiltration of carbonates by heat treatment. 

Fig. 3. Impact of molten carbonate thickness on CO2 
flux in model dual-phase crucible membranes. a) 
Digital images of model dual-phase crucible mem
branes with laser-drilled pores, b) feed- and 
permeate-side surfaces with pore dimensions, c) 
cross-section of drilled crucibles with different molten 
carbonate thicknesses achieved by filling the cruci
bles with different amounts of molten carbonate 
(note: membrane thickness is therefore the thickness 
of the carbonate layer plus the thickness of the pores 
(440 μm)) and, d) effect of molten carbonate thick
ness and temperature on CO2 flux where experimen
tally determined data points were fitted using a 
sigmoidal function (note: temperature was initially 
increased at 1 ◦C min− 1 to 800 ◦C before dwelling for 
7 h, with subsequent decreases at 1 ◦C min− 1 to 750, 
700, 650, 600, 550 and 500 ◦C with 7 h dwells at each 
temperature).   
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all cases this translated to a N2 flux < 0.01 ml min− 1 cm− 2). However, to 
correct CO2 flux such small leakages of N2 were subtracted from the CO2 
flux. 

3. Results and discussion 

3.1. Permeation performance of dense Al2O3 laser-drilled model 
membranes 

To investigate the effect of molten carbonate thickness, molten salt- 
gas interfacial area and temperature on CO2 flux, model dual-phase 
crucible membranes were fabricated (Fig. 3a). The model crucible 
membranes employed a nominally inert and dense Al2O3 support, so 
that permeation was isolated to the molten carbonate phase. The pores 
created by laser-drilling the 440-μm-thick base of the Al2O3 crucibles 
had the shape of a truncated cone, with D = 160 μm and d = 75 μm, 
where D is the larger diameter (external base) and d is the smaller 
diameter (internal surface) (Fig. 3b). A total of 745 pores were drilled, 
providing a model membrane with a feed-side molten salt-gas interfacial 
area of 3.8 cm2 (the molten carbonate surface in the 2.2 cm internal 
diameter crucible) and a permeate-side molten salt-gas interfacial area 
of 0.15 cm2 (the sum of the areas of the truncated cone ends on the 
permeate-side) (Fig. 3b). First, by swapping the feed-side and permeate- 
side inlet streams, it was determined that the CO2 permeation rate was 
proportional to the molten salt-gas interfacial area on the permeate side 
(i.e. desorption). As desorption was suspected to be the rate-determining 
step the permeate side interfacial area is used to calculate fluxes here
after. Subsequently, the crucibles were filled with different amounts of 
carbonate, to produce membranes with well-defined carbonate thick
nesses of 250, 500, 750 and 1000 μm on top of the drilled pores of 440 
μm thickness (giving total membrane thicknesses of 690, 990, 1190 and 
1440 μm) (Fig. 3c). In this arrangement, the permeate-side molten salt- 
gas interfacial area is well-defined and constant (0.15 cm2) allowing 
direct comparisons of flux without the concern of uncontrolled differ
ences in, or definitions of, membrane surface area when comparing 
different studies. A reduced molten carbonate thickness resulted in 
increased CO2 flux at all temperatures (Fig. 3d). Fluxes increased with 
increasing temperature until 750 ◦C where a further increase in tem
perature did not result in significantly increased flux for all thicknesses. 
The experimentally determined fluxes were fitted through nonlinear 
regression to a sigmoidal function: 

JCO2 =
JCO2 min − JCO2 max

1 + e((T− T50)/dT) + JCO2 max (Eq. 3)  

where JCO2_min and JCO2_max are the lowest and highest fluxes in the 
temperature range studied, T50 is the temperature at 50% of the highest 
flux measured, dT is a characteristic width of the linear section of the 
increase in flux and T is the temperature. Parameters JCO2_min, JCO2_maX, 
T50 and dT were initially identified by fitting the model to the data using 
a nonlinear solver. Regression coefficients (R2) showed that the 
sigmoidal function fitted the data well (R2 > 0.97). The model param
eters were then adjusted according to the appropriate linear or poly
nomial fit obtained by plotting each parameter against the molten 
carbonate thickness for the 690, 990 and 1440 μm membranes. The 
model parameters for the membrane with 1190 μm of molten carbonate 
were interpolated in order to correct for the anomalous data point for 
this membrane at 800 ◦C. The results suggested that CO2 flux through 
molten carbonate could be considered in two main temperature regions 
(Fig. 3d). Firstly, there is a low-temperature region (~500–750 ◦C) 
where flux increases significantly with temperature regardless of 
thickness. Here, there is likely a rate-limiting effect due to a surface- 
exchange process, as surface exchange is more strongly activated than 
diffusion. Based on the results of the first experiment, where we swap
ped feed-side and permeate-side inlet streams, it is likely that this rate- 
limiting surface-exchange process is at the permeate side. Secondly, 

there is a high-temperature region (>750 ◦C) where flux did not increase 
as significantly with increased temperature for a given thickness, more 
noticeably for thicker membranes. This would be consistent with a 
diffusion limitation becoming dominant. 

3.2. Properties of micro-structured Al2O3 hollow fibres 

The results from the model dual-phase crucible membranes showed 
that in dual-phase molten salt-ceramic membranes with a nominally- 
inert support, a practical way to increase CO2 permeation rate in the 
low-temperature region (500–750 ◦C), would be to increase the molten 
salt-gas interfacial area at the permeate side. If the aim is to exploit this 
in a geometry with potential for scale-up and application, supports with 
a hollow-fibre geometry should be considered. Hollow fibres are 
modular and have a high membrane surface area-to-volume ratio/low 
mass transfer resistances at the lumen side due to the micro-channels 
(100–1000 higher mass transfer rates than in traditional packed and 
plate column contactors) [27–31]. Therefore, the key challenge is to 
prepare DPHFMs without infiltrating the micro-channels with molten 
carbonate (as this should increase the molten salt-gas interfacial area) 
and to subsequently employ the lumen as the permeate side in 
operation. 

To prepare such DPHFMs it was necessary to determine the pore 
volume associated with each porosity domain of Al2O3 hollow-fibre 
supports so that during molten carbonate infiltration the packed-pore 
network was infiltrated but the micro-channels remained empty. Pore 
size distribution, determined by MIP, showed two distinct pore size 
domains (Fig. S2a). The micro-channels were represented by a wider 
peak from 5 to 20 μm, and the packed-pore network by a sharper peak at 
~0.2 μm, agreeing closely with previous studies on Al2O3 hollow fibres 
[24]. This difference in pore size is advantageous for our aims, as the 
higher capillarity in the pores of the packed-pore network should assist 
in restricting the molten carbonate to the packed-pore network. To 
determine the pore volume associated with the packed-pore network 
and therefore the quantity of carbonate required to fill the network, the 
normalised cumulative intrusion volume was used. The intruded volume 
at ~5000 kPa was subtracted from the intruded volume at the highest 
intrusion pressure of ~14000 kPa (Fig. S2b), to give pore volumes of 
0.30, 0.29, 0.27 and 0.17 ml g− 1 for the packed-pore network of hollow 
fibres sintered at 1200, 1250, 1300 and 1350 ◦C, respectively. Also 
observable in Fig. S2a and b, is the loss of pore volume with the increase 
in sintering temperature, which may negatively impact our goal of 
infiltrating the packed-pore network. However, increasing the sintering 
temperature also increased the mechanical strength of hollow fibres, 
which is important considering their fragile nature [5,9,10]. Therefore, 
to establish the best trade-off relationship between mechanical strength 
and porosity for the DPHFM supports, 3-point bending tests were per
formed on hollow fibres sintered at 1200, 1250, 1300, and 1350 ◦C 
(Fig. S2c). It was decided that hollow fibres sintered at 1300 ◦C offered 
the best trade-off between mechanical strength and porosity (Fig. S2c), 
and are therefore used exclusively in further experiments. 

3.3. Controlling carbonate distribution in DPHFMs 

3.3.1. Incorporation of carbonates 
To limit the infiltration of carbonates to the packed-pore network of 

the hollow fibres, the quantity of solid carbonate powder required to 
occupy the packed-pore network (calculated using the MIP results) was 
deposited on the outer surface of the hollow fibres using a new vacuum- 
assisted method (Fig. S1a). As the average pore size of the packed-pore 
network on the outer surface of the hollow fibres was ~0.2 μm 
(Fig. S2a), the carbonate powder was prepared by ball-milling so that 
the average particle size of the carbonates was ~0.8 μm. In this way, the 
layer was deposited without penetrating the hollow fibre (Fig. 4a and b). 
Following heat treatment at 600 ◦C, the carbonate mixture infiltrated 
the hollow-fibre supports due to the capillarity of the pores and the good 
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wettability of molten carbonate on Al2O3 [11]. As the packed-pore 
network has a smaller average pore diameter (~0.2 μm) compared to 
the micro-channels (>10 μm), and therefore higher capillarity, the 
molten carbonate did not significantly penetrate the micro-channels 
(shown as a thin white layer of solidified carbonate at room tempera
ture in Fig. 4c, with the micro-channels still clearly visible in Fig. 4c and 
d). Of course carbonates may migrate once molten, but due to the dif
ferences in capillarity and the high capillary force achieveable in such 
small pores [7], it is reasonable to suggest that the majority of the car
bonates will remain in the packed-pore network during operation at 
ambient pressure. One further important difference compared to a 
conventional infiltration method, is that we now have a distribution in 
molten carbonate thickness, where the minimum is the thickness of the 
sponge-like layer (~50 μm), and the maximum is the hollow-fibre 
thickness (~500 μm). 

3.4. Performance of DPHFMs in CO2 separation 

To investigate the impact of our new preparation method on sepa
ration performance, we also followed a conventional DPHFM prepara
tion method, aiming to fabricate a DPHFM where the packed-pore 
network and micro-channels were both filled with molten-carbonate 
(Fig. S3). To elucidate the resulting membrane structure (Fig. 5), we 
investigated representative sections of the DPHFMs (~2–3 mm length) 
using X-ray micro-CT (Fig. 6a and b). Experiments were conducted at 
room temperature and as such the carbonates were in the solid state; the 
impact of the deviation from operating conditions is discussed below. 3D 
reconstructions of the X-ray data clearly showed significant structural 
differences between the preparation methods (Fig. 6a and b). A greater 
fraction of empty micro-channels were visible in the DPHFM prepared 
following our new method confirming that the method was successful in 
confining the majority of the molten salt to the packed-pore network. 
Note that the reconstructions in Fig. 6 were segmented during post- 
processing so that solids (Al2O3 and carbonates) were differentiated 
from porosity (Fig. S4). Porosity was further distinguished as connected 
and unconnected (to the lumen surface of the membrane). Segmenting 
the Al2O3 and solid carbonates as one phase allowed us to visualise the 

non-infiltrated micro-channels at the lumen side and determine a lumen- 
side solid-gas interfacial area. This interfacial area is defined as the area 
of contact between voxels segmented as solids and those segmented as 
connected porosity. In order to calculate this quantity, the blue shaded 
surface area in Fig. 5 was subtracted from the total surface area of the 
connected porosity, to yield only the interfacial area where connected 
porosity directly contacts the solids (red in Fig. 5) (i.e. Solid-gas inter
facial area = connected porosity surface area (red) – cross-sectioned 
connected porosity surface area (blue lids)). This solid-gas interfacial 
area, shown in Table 1 normalised for hollow-fibre length, was increased 
from 2.07 cm2/cm to 7.47 cm2/cm following our new preparation 
method. 

CO2 permeation rates for both DPHFMs were measured at 600 ◦C so 
that we were operating within the permeate-side surface-exchange 
limited regime (Fig. 6c). Furthermore, we employed the lumen side as 
the permeate side to take advantage of the increased interfacial area 
resulting from our new preparation method (with non-infiltrated, open 
micro-channels). The effect of driving force was also studied by varying 
pCO2 at the feed-side inlet (0.1, 0.5 or 0.9 atm CO2 in N2), and the 
permeate-side inlet (either pure Ar, or 0.0004 or 0.01 atm CO2 in Ar). 
The permeation rates in Fig. 6c were extracted from permeation ex
periments routinely lasting >100 h. The single points in Fig. 6c were 
extracted by taking an average rate from at least a 1 h period at the end 
of the relevant experimental condition (Fig. S5). CO2 permeation rates 
increased with an increased partial pressure difference driving force, 
both in the case of increasing the pCO2 at the feed-side inlet, and in the 
case of decreasing the pCO2 at the permeate-side inlet. At all driving 
forces studied the DPHFM prepared without infiltrating the micro- 
channels provided higher permeation rates, demonstrating the advan
tage of the preparation method under a wide variety of conditions. For 
example, at the highest driving force studied the permeation rate was 
increased ~4-fold (Fig. 6c) for a ~3.6-fold increase in solid-gas inter
facial area (Table 1). This increase in solid-gas interfacial area (2.07 
cm2/cm to 7.47 cm2/cm) was determined by X-ray micro-CT measure
ments where the Al2O3 support and carbonates were segmented as one 

Fig. 4. Coating and controlled distribution of carbonates in Al2O3 hollow fi
bres. a) and, b) SEM images of an Al2O3 hollow fibre coated with a carbonate 
layer at room temperature by a vacuum-assisted method and, c) and, d) SEM 
images of an Al2O3 hollow fibre infiltrated with carbonates after heat treatment 
at 600 ◦C. Note that the micro-channels remain visible as they have not been 
significantly infiltrated with carbonates. Note also that the images are in a) and 
c) are from different sections of hollow fibres and therefore direct comparisons 
of e.g. inner diameter are not possible due to variations in thickness along the 
length of a single fibre. 

Fig. 5. Cross-sectioned interfacial area schematic. The permeate-side solid-gas 
interfacial area is shown in red. It is calculated by subtracting the surfaces 
shown in blue from the surface area of the connected pores. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 

M. Kazakli et al.                                                                                                                                                                                                                                



Journal of Membrane Science 617 (2021) 118640

7

solid phase. Of course, the carbonates would be molten in operation and 
therefore the wetting and mobility of carbonates in the molten state is 
not accounted for. In addition, moving from the solid to molten state, 
carbonate volume increases. Finally, the nominally electronically insu
lating Al2O3 support likely does not contribute to permeation and under 
different driving forces, different pores may contribute to permeation. 
Thus, the reported solid-gas interfacial values approximate multiple 
competing effects that would become apparent in operation. First, 
molten carbonate may be retained within the packed-pore network due 
to capillary forces, which would reduce the ‘active’ interfacial area to a 
fraction of the gas-solid interfacial area determined here. This would be 
dependent on the surface porosity of the micro-channels which is 

difficult to determine with high precision due to their microstructure 
and gradient in pore size within them. Alternatively, considering the 
good wettability of molten carbonate on Al2O3, the entire Al2O3 surface 
may be wetted by a thin layer of molten carbonate rendering our results 
reasonably precise (i.e. the entire solids surface area in Table 1 is wetted 
with carbonate). As a final point, it is possible that e.g. LiAlO2 forms at 
the interface between Al2O3 and the molten carbonates. It is unlikely 
that this significantly impacted the interpretation of permeation results 
as (i) the quantity of CO2 released from the permeate side over the 
course of a typical permeation experiment was well above that which 
would come from full conversion of Al2O3 to LiAlO2 and (ii) the 
permeation experiments provided stable permeation rates for up to 102 

Fig. 6. DPHFMs performance. a) X-ray micro-CT reconstruction of a conventionally prepared DPHFM and, b) following our controlled preparation method. c) The 
effect of preparation method and driving force on the CO2 permeation rate through DPHFMs at 600 ◦C. Note also that the conventionally prepared DPHFM used a 
thinner hollow-fibre support (~250 μm compared to ~500 μm, Fig. S4) further emphasising the positive effect of increased interfacial area. 
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h. It is likely that we did not observe this reaction in our experiments as 
any small release of CO2 due to it was obscured by the high background 
of CO2 on both sides of the membrane during initial heating. Overall, the 
structural analysis clearly confirms that an increase in the permeate-side 
interfacial area (be it solid-gas or molten salt-gas interfacial area) cor
relates well with an increase in permeation rate. Although this was 
measured here as a solid (Al2O3 and solid carbonate)-gas interfacial area 
it is important to recall that the Al2O3 support is inert, and therefore an 
increase in permeation rate is likely due to an increase in molten-salt gas 
interfacial area under operating conditions. In essence, we have shown 
that with two similar porous solids, where one has a wetted surface layer 
and the other has its porosity (the micro-channels in this case) entirely 
infiltrated with the same liquid phase, the latter will have a lower gas- 
liquid interfacial area and thus gives poorer performance in applica
tions that rely on high interfacial areas such as membrane permeation. 

4. Conclusions 

Molten carbonate was supported in nominally inert Al2O3 to produce 
dual-phase molten salt-ceramic membranes where permeation was 
restricted to the molten salt alone. Model crucible membranes with 
controllable molten carbonate thickness and feed-/permeate-side 
molten salt-gas interfacial areas were fabricated and demonstrated a 
permeate-side, surface-exchange rate limiting effect during carbon di
oxide permeation experiments at 500–750 ◦C. We exploited this effect in 
a realistically scalable support geometry, an asymmetric hollow fibre, by 
developing a new carbonate infiltration procedure to provide higher 
permeate-side interfacial areas. The ~3.6-fold increase in interfacial 
area relative to a conventional preparation procedure was determined 
by X-ray micro-CT and was correlated with up to a ~4-fold increase in 
permeation rate. Thus, our results demonstrate that careful control of 
carbonate distribution in hollow fibres can lead to improved efficiency 
of a DPHFM. We suggest that the adoption of more rigorous measure
ments of molten salt-gas interfacial areas or molten salt thickness (and in 
the case of conductive supports, triple-phase boundary lengths) would 
make literature data more robust and more easily comparable. 
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