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Controlling CO, flux in a CO,-permeable
membrane with a H,O driving forcef

Jacqueline A, Penn, ® Wenting Hu, ® lan S. Metcalfe @ and Greg A. Mutch © *

Gas separation membranes hold significant promise for carbon capture and storage (CCS) as they offer high
modularity in combination with technical simplicity. It is routinely expected that a difference in the partial
pressure of CO, (i.e., a CO, driving force) across a CO,-permeable membrane dictates CO, flux. Here,
however, we show that in a molten-salt membrane fabricated using molten hydroxides, a H,O driving
force in the opposite direction to CO, permeation exerts control. We demonstrate this by using the
opposing H,O driving force to operate the membrane in ways that challenge the conventional
understanding of CO,-permeable membranes. For example, increasing the CO, flux whilst decreasing
the CO, driving force. Throughout, we employ a model membrane support to facilitate recovery (and
subsequent characterisation) of the molten salt, showing that membranes fabricated using molten
hydroxides transform into majority molten carbonate membranes during CO, separation. The
carbonate : hydroxide ratio is shown to be a function of time, temperature, and gas-phase composition,
and high carbonate: hydroxide ratios are correlated with high CO, fluxes. Overall, our work
demonstrates that molten-salt membranes evolve, and that a H,O driving force can be used to control

rsc.li/materials-a CO, flux.

1. Introduction

To limit global warming to less than 1.5 °C above pre-industrial
levels by 2100, global CO, emissions must reach net-zero by
2050. Carbon capture and storage (CCS) is expected to play
a critical role in enabling the transition to net-zero." CCS is an
attractive option as it can often be deployed without significant
process changes, and because it is currently a lower-cost option
than many electrification approaches for emission-intensive
industries (e.g., cement, iron, steel, refineries, chemicals etc.).>
In addition, it can offer the potential for negative emissions in
certain configurations, i.e., in direct air capture,’ and bioenergy
with CCS processes.*

There are clear opportunities for membranes in CCS
processes, particularly in situations where there are high
concentrations of CO, in the feed gas (e.g., cement, iron, steel,
refineries, chemicals etc.), where lower capture rates are toler-
able, and at smaller scales. For example, with a feed gas con-
taining 10% CO,, the energy requirement for a two-stage
polymeric membrane process with a capture rate of 60% and
>99% CO, product is the same as an amine-based solvent
process with a capture rate of 90% and >99% CO, product.
However, if the feed gas contains 30% CO,, the membrane
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process requires less than half the energy of the solvent
process.® Similarly, a comparative techno-economic analysis of
post-combustion CO, capture (12% CO, feed gas; 96% CO,
product) using a modern amine solvent, solid adsorbent, and
a polymeric membrane found that the adsorbent and
membrane processes are more cost-competitive with the solvent
process when low capture rates are tolerable and at small scales
(<100 t CO, per day).®

Whilst various polymeric membrane materials and process
configurations have been investigated for carbon capture, few
have made it beyond pilot-plant scale (TRL 5-6)."” Inorganic
membranes have been investigated for carbon capture even
less, due largely to disadvantages (relative to polymeric
membranes) in terms of processability, brittleness, and cost.
Nonetheless, at the lab scale (TRL 3-4), they appear to offer
good chemical and thermal stability, and in certain configura-
tions, very high CO, perm-selectivity (a key performance metric
for application in CCS). For example, supported molten-salt
membranes (porous inorganic support, infiltrated with
a molten salt), have been shown to provide exceptionally high
CO, perm-selectivity when they are fabricated using molten
carbonates (CO, permeability of 10™"* to 107'® mol m* s™*
Pa ' and CO,/N, selectivity up to 1000).® For comparison, state-
of-the-art polymeric membranes (TRL 3-4) offer CO, perme-
ability one order of magnitude lower (10 ** mol m " s™' Pa™*)
and CO,/N, selectivity several orders of magnitude lower (10),°
whilst for post-combustion CCS in general, CO, permeability on
the order of 107 **~10 "> mol m "' s~ " Pa~" in combination with
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Fig. 1 Proposed mechanisms of counter-diffusion of ionic species in supported molten-salt membranes. (a) Molten carbonate salt with an
oxide-ion conducting support and (b) an inert support. (c) Molten carbonates in the presence of a H,O-containing sweep gas, or molten
hydroxides, with an oxide-ion conducting support and (d) an inert support. In (a)—(d), a CO,-containing feed gas is supplied to the top surface of
the membrane, and in (c) and (d), a H,O-containing sweep gas is supplied to the bottom surface of the membrane. Permeation of CO, would
therefore occur from top to bottom, and H,O from bottom to top, as shown here with curved brackets. In (a), fiand F, indicate the CO, feed-side
chamber inlet and outlet respectively, and P; and P, indicate the CO, permeate-side chamber inlet and outlet respectively. The sweep gas is
introduced at P;,. Note that this labelling, as well as “Support” and “Salt”, is applicable for (a)-(d).

CO,/N, selectivity of 50-100 is required.*® Thus, supported
molten-salt membranes appear to offer sector-leading CO,
perm-selectivity, at or beyond the level required for application.
The wide range of observed CO, perm-selectivity in sup-
ported molten-salt membranes is due, at least in part, to the use
of a very wide array of solid support materials and membrane
geometries. Support materials have included nominally inert
ceramics (e.g., Al,03),""™** oxide-ion conducting ceramics (e.g.,
doped CeO,),""** mixed electron and oxide-ion conducting
ceramics (e.g., LageSro.4C0opgFey,0;5_),"* and metals (e.g:,
Ag).”"** Support geometries have included pellets,**>*+*°
hollow fibres,**?® and tubes.*®*'->* As pore volume and tortuosity
is expected to impact CO, flux,*?* these are introduced and/or
controlled using a variety of methods, most often by partial
sintering of ceramic powders,"'***'”* but also by electro-
chemical dealloying,'® phase inversion," and tape-casting and
freeze-drying.”” To produce pores with very low tortuosity,
advanced manufacturing techniques have also been employed,
including laser drilling,*** and laser-directed solidification.*®
Such a wide array of chemical and physical properties can
make detailed comparisons of membrane performance and
permeation mechanism difficult, particularly in the absence of
thorough characterisation, which is often the case. Nonethe-
less, various permeation mechanisms relying on the counter-
diffusion of ionic species have been proposed to explain
experimental observations (Fig. 1). For example, in the case of
oxide-ion conducting supports, the counter-diffusion of oxide
ions in the solid support, and carbonate ions in the molten
carbonates is proposed (Fig. 1a).> Due to the lower ionic
conductivity of solid supports compared to molten carbonates,
increasing the solid fraction of the membrane can lead to
higher CO, fluxes.”] In the case of inert solid supports, as there
is no route for the transport of ionic species in the solid, CO,
permeation is expected to be facilitated by the molten carbonate
alone. Low CO, fluxes observed for membranes with inert

1 Assuming due consideration is given to percolation of the molten salt at the
highest solid support fractions and noting that the condition of maximum
ambipolar diffusion will be different at different temperatures, and for different
support materials.
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supports have been justified based on the low concentration of
oxide ions in molten carbonates, compared to the majority ions
(i.e., alkali metals and carbonate) (Fig. 1b).

The composition of molten carbonates has also been dis-
cussed in the context of H,O-containing sweep gases. For
example, in CeO,," BaZr,gY,,05 4, and Scy1Cep.01Zr0.89
01.95,** supported molten-salt membranes, CO, flux increases of
30 to 300% were observed for H,O-containing sweep gases,
compared to ‘dry’ sweep gases.§ It was suggested that hydroxide
ions in the molten carbonate, formed via reaction with H,O,
contributed to an increased flux. In only one study to date, the
molten carbonates normally used during membrane fabrication
were substituted with molten hydroxides (we note here that this
membrane was tested with a H,O-containing sweep gas also,
and employed a CeO, support).*> With H,O-containing sweep
gases, it is proposed that counter-diffusion of hydroxide and
carbonate ions occurs in the molten salt, in addition to the
counter-diffusion of oxide ions in the solid support and
carbonate ions in the molten salt (Fig. 1c), leading to high CO,
flux.

In the case of the molten-salt membrane fabricated using
molten hydroxides, the authors made the interesting suggestion
that the molten-salt composition changes in response to the
partial pressure of CO, in the feed gas. For example,
a surprising increase in CO, permeability observed with
a decrease in the feed-gas CO, partial pressure was attributed to
the lower CO, partial pressure leading to the molten salt having
a lower carbonate: hydroxide ratio (and therefore a higher
overall ionic conductivity, as molten hydroxides have a higher
ionic conductivity than molten carbonates).** This suggestion
that the composition of molten salts may change in response to
gas phase conditions is particularly interesting as it suggests
that the starting composition of a molten-salt membrane may
be relatively unimportant. A deeper understanding of
membrane performance therefore requires detailed character-
isation of the molten salt as a function of operating conditions.

§ Apostrophes around dry (i.e., ‘dry’) denotes that the precise H,O concentration
in the sweep gases were not measured/provided.

This journal is © The Royal Society of Chemistry 2024
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A final complication for all the work on supported molten-
salt membranes is in understanding the exact nature of the
CO, flux-driving force relationship. Recent work studied the
partial pressure dependence of CO, flux in a membrane with an
oxide-ion conducting support and molten carbonates under
‘dry’ conditions (Fig. 1a).§ This was achieved by varying the
porosity of the support and therefore solid fraction of the
membrane.”® Whilst the authors noted that CO, flux generally
increased with CO, partial pressure in the feed gas, there were
important differences noted. When CO, flux was controlled by
carbonate-ion conduction in the molten salt (low porosity
support/high solid fraction), CO, flux showed a logarithmic
dependence on CO, partial pressure (eqn (1)). When CO, flux
was controlled by oxide-ion conduction in the solid phase (high
porosity support/low solid fraction), a power-law dependence
on CO, partial pressure was shown (eqn (2)),

JC()2 «In pEOz (1)
Pco,

Jeo, (Plo, = Plo,) @

where Jco, is the flux of CO,, and P/coz and P/(/:oz are the partial
pressures of CO, at the feed and permeate sides of the
membrane, respectively. Thus, one might expect CO, flux in
molten-salt membranes fabricated using molten carbonates
and inert supports to follow a logarithmic relationship (as there
is no route for transport in the solid support, and therefore
carbonate-ion conduction must control flux). Indeed, this rela-
tionship was observed in our recent work under dry sweep-gas
conditions (<100 ppm H,0).** However, with H,O present in
the sweep gas, the CO, driving force no longer had a strong
effect on CO, flux, and instead, a H,O driving force appeared to

exert control (eqn (3)),
JCOZ «|n p,H20 (3)
Pu,0

where Jeo, is the flux of CO,, and py; ,, and py , are the partial
pressures of H,O at the feed and permeate sides of the
membrane, respectively. Note that as H,O was fed to the
permeate side of the membrane (in the sweep gas), the driving
force for H,O (and therefore, H,O permeation) was in the
opposite direction to the CO, driving force (and therefore, CO,
permeation). In the same work we showed that carbonate-like
ions in molten carbonates can act as a carrier for both CO,
and H,O, with their transport occurring in opposite direc-
tions.*® The mechanism involved several energetically-viable
transport routes, with complex, inter-connected equilibria and
different carrier forms, so the reader is referred to that work for
further detail. Overall, however, H,O at the CO, permeate-side,
gas-membrane interface drove the release of CO, from that
interface and CO, at the CO, feed-side, gas-membrane interface
drove the release of H,O at that interface, from a shared
carbonate-like carrier.

Based on our recent work and the discussion above, we were
motivated to investigate the potential for changes to molten-salt

This journal is © The Royal Society of Chemistry 2024
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composition with operating conditions e.g., time, temperature,
and gas-phase composition, and to understand the role of the
H,0 driving force on CO, flux in membranes fabricated using
molten hydroxides. To limit permeation to the molten salt
alone, and to attempt to simplify mechanism (Fig. 1d), we
prepared a model, inert support with pores of very low tortuosity
(laser-drilled alumina) (Fig. 2), which was infiltrated with
molten hydroxides. A series of permeation experiments and
corresponding characterisations of recovered molten salts were
performed to understand the role of H,O in H,O-containing
feed and sweep gases on CO, flux, and on molten-salt compo-
sition. Importantly, we monitored the H,O concentration at
both sides of the membrane continuously (whilst also moni-
toring the permeate-side outlet for CO,). This is unusual, as it
has been common practice to only measure the permeate-side
outlet (to measure CO, flux) in experiments with supported
molten-salt membranes. This allowed us to experimentally
demonstrate the counter-permeation of CO, and H,O in
a membrane fabricated using molten hydroxides for the first
time. Moreover, there was a very clear influence of both the

(b)

Fig. 2 Molten-salt membrane support. (a) Dense alumina tube with
one closed end. (b) Laser-drilled holes on the closed end, and (c—f)
SEM images of the laser-drilled holes in top-down and cross-section
views.
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molten-salt composition (carbonate:hydroxide ratio) and
particularly the H,O driving force (from CO, permeate side to
CO, feed side) on CO, flux (from CO, feed side to CO, permeate
side).

2. Experimental
2.1 Materials

Lithium hydroxide (powder, reagent grade, =98%), sodium
hydroxide (powder, reagent grade, 97%), potassium hydroxide
(powder, for synthesis), hydrochloric acid solution (0.1 mol 17"
reagent grade) and phenolphthalein solution (0.5% w/w in
ethanol:water (1:1)) were purchased from Sigma-Aldrich.
Lithium carbonate (powder, 99%), sodium carbonate (powder,
98%) and potassium carbonate (granular, =99%) were
purchased from Alfa Aesar. Bromocresol green (sodium salt,
0.04% w/v aqueous solution) was purchased from Thermo
Fisher Scientific. Fully dense alumina tubes with one closed end
were purchased from Precision Ceramics (length 235 + 1.6 mm,
outer diameter (OD) 19.05 mm, inner diameter (ID) 17.78 mm,
OD/ID + 0.635 mm, and closed-end thickness 0.46 mm)
(Fig. 2a). The closed ends of the tubes were laser drilled by Laser
Micromachining Ltd to form an array of ~2000 truncated
conical holes (~150 pm entrance, ~50 um exit) on a square
pitch of ~250 pm (Fig. 2b-f). A perfluoropolyether based,
chemically inert, high-temperature vacuum grease (PFPE 501)
was purchased from Apiezon. All gases were supplied by BOC.

2.2 Membrane preparation, membrane reactor and flow
system

A mixture containing 43.5 mol% lithium hydroxide, 31.5 mol%
sodium hydroxide, and 25 mol% potassium hydroxide was
prepared, and thoroughly mixed in a Fluxana MUK mixer,
inside a nitrogen glove box (to avoid deliquescence and limit
reaction with atmospheric CO,). The composition of the
hydroxide mixture was chosen as upon full conversion to
carbonate, the carbonate ternary eutectic would form. The
hydroxide mixture was stored in the glove box, with portions
weighed out and removed periodically to make pellets for
permeation experiments. These pellets were prepared by
pressing the amount of hydroxide mixture required to fill the
volume of the laser-drilled holes (upon melting) at 3 tons in an
Atlas Power T25 hydraulic press, with the pellets having the
diameter required to cover the laser-drilled area.

The laser-drilled, closed-end alumina tube was housed in
a custom-made membrane reactor,"*** with gas inlets/outlets
and a thermocouple port positioned near the closed end of the
alumina tube (Fig. S1at). The tube (outer diameter ~19 mm)
was placed inside the stainless-steel base of the membrane
reactor (inner diameter ~20 mm), and vacuum grease was
applied around this connection to form the seal. The pellet of
hydroxide mixture was placed on the laser-drilled, closed end of
the tube. A quartz cover was then sealed to the base of the
membrane reactor using a rubber O-ring under compression.
This arrangement creates two chambers: a CO, feed-side
chamber inside the alumina tube, and a CO, permeate-side
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chamber between the alumina tube and quartz cover, with
both chambers having a gas inlet and outlet (Fig. S1af). Here-
after, these are frequently referred to simply as feed-side
chamber and permeate-side chamber. Based upon the resi-
dence time distribution response for both chambers (Fig. S21),
the membrane was considered to be exposed to the outlet
conditions of each chamber.

The constructed membrane reactor was located within
a vertical split-tube furnace (Vecstar) and connected to an
automated flow system containing mass flow controllers
(Brooks) and 4-way electronic valves (VICI), which allowed for
the delivery of feed- and sweep-gas streams (Fig. S1b and c¥). All
flow rates, for all experiments and gas mixtures, were set to 50
ml min~" (NTP), by measuring the appropriate gas-stream
outlet using an electronic flow meter (GFM Pro, Thermo
Scientific).

The flow system permitted the independent humidification
of the feed- and sweep-gas streams, due to the presence of two
in-line, water-filled permeation tubes. These consist of two
water-filled reservoirs, separated from the gas streams by two
water-permeable membranes, contained within two furnaces.
The quantity of water transferred across the water-permeable
membranes, and therefore the resulting H,O concentration in
the gas streams, was controlled by varying the temperature of
the furnaces (Fig. S37).

2.3 Permeation experiments and measurement of CO, and
H,O0 flux

To melt the hydroxide mixture, and infiltrate the laser-drilled
holes, the membrane reactor was heated to the experimental
temperature at 2 °C min . During heating, ~1% H,O in Ar was
supplied to both the feed-side and permeate-side chamber
inlets, to limit decomposition of the hydroxide mixture.** At the
experimental temperature, the feed-side chamber inlet was
switched to a CO, in N, mixture, whilst the permeate-side
chamber inlet remained as Ar (throughout the experimental
campaign, the feed- and permeate-side gas streams were
humidified to different extents). The presence of different inert
gases in the feed- and permeate-side streams (N, and Ar)
permitted the detection of transmembrane leaks. Experiments
were stopped if N, was detected significantly above background
levels in the permeate-side outlet, or if N, levels were seen to be
increasing (see below).

The CO, and/or H,0 mole fraction in the feed- and permeate-
side outlet streams were monitored by two, in-line infrared
analysers (LI-COR, LI-850 CO,/H,0). The mole fraction of N, in
the permeate-side outlet stream was also monitored by a quad-
rupole mass spectrometer (Hiden, QGA), connected to the
outlet of the corresponding infrared analyser. The infrared
analysers and mass spectrometer were calibrated to account for
systematic error, and any air ingress into the membrane reactor,
flow system, or analytical equipment. This was performed by
flowing Ar (99.999%, total impurities =10 ppm maximum,
typical impurity concentrations: 3 ppm H,0, 6 ppm N,, 2 ppm
0,) through the flow system, membrane reactor, infrared ana-
lysers, and mass spectrometer to obtain a background. The

This journal is © The Royal Society of Chemistry 2024
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background measured before an experiment confirmed the
absence of significant leaks into the experimental apparatus,
whilst the background measured after an experiment was sub-
tracted from the collected experimental data. Typically, the
background levels were ~200 ppm of N, and ~10 ppm of CO,.
Gases of certificated mole fraction (369 ppm CO, in Ar, 400 ppm
N, in Ar, and 903 ppm H,O in Ar) were used to calibrate the
infrared analysers and mass spectrometer. Instrumental drift in
the mass spectrometer was also accounted for by normalising
CO,, H,0, and N, signals against Ar (majority species).

The mole fraction of CO, and/or H,O in the permeate-side
outlet was converted to flux (mol s™* m™2) using eqn (4),

- )% 1
S = G0 % 22400 < 4 )

where J; is the flux of i (here, CO, or H,0), y; is the mole fraction
of i in the gas phase at the outlet, Qg is the volumetric flow rate
at the outlet (ml min "), and A is the permeate-side area of the
membrane (m™?). As two supports were used throughout the
experimental campaign, the permeate-side areas used were 0.35
and 0.47 x 10> m™?, based on the specific number of laser-
drilled holes in each.

2.4 Membrane characterisation

Following permeation experiments, the molten salt component
of the membrane was recovered by sonicating the laser-drilled,
closed-end of the cooled membrane in ~60 ml of deionised
water for 30 minutes at 35 °C. Subsequently, 8 ml samples were
titrated against 0.1 mol 17" HCIl, using the two indicators
separately (phenolphthalein and bromocresol green). Phenol-
phthalein indicates (v;) upon complete conversion of CO;>” to
HCO; ™, and bromocresol green indicates (v,) upon complete
conversion of CO3>~ to H,COs. The titration was performed in
triplicate, with the mean volume of HCl consumed used in
calculations; (v, — v;) for CO3>~, and (2(v,) — v,) for OH~.323%3¢
The reliability of the titration was tested both for accuracy
compared to known mixtures of hydroxides and carbonates,
and for any effect that cooling procedures (rate and atmo-
sphere) had on composition. We note here that the titration was
shown to accurately identify the composition of seven different
known mixtures, and that the largest difference between actual
and measured composition was <4% (Table S1}). Moreover, the
rate of cooling and cooling atmosphere did not appear to have
a significant effect (Table S21), and therefore all membranes
were cooled in dry Ar (Ar with =3 ppm H,0) at 5 °C min ™.
Samples of the laser-drilled, closed-end alumina tubes, both
prior to permeation experiments and following several,
extended permeation experiments lasting a total of ~800 h
(~500 h at 400-700 °C, and ~300 h of heating/cooling), were
prepared by cutting with a diamond saw (Top Tech Precision,
CL40). A first cut removed the closed end of the tubes, to create
a pellet shape containing the laser-drilled holes. A second cut
split the pellet shape in two, creating semi-circular pieces and
revealing the cross section. The prepared samples were rinsed
with deionised water, and sonicated in deionised water for 30
minutes at 35 °C. For SEM imaging and EDX analysis, the semi-

This journal is © The Royal Society of Chemistry 2024
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circular samples were carbon coated (EMScope TB500) before
analysis with a JSM-IT510 InTouchScope™ Scanning Electron
Microscope with integrated EDX. Images and EDX spectra were
taken under high vacuum with secondary electron detection
using an accelerator voltage of 20 kv and a working distance of
10 mm. Images and EDX spectra were collected from various
sample orientations to access different surfaces, and within the
laser-drilled holes (i.e., the cross-section view). Samples without
carbon coating were analysed by Raman spectroscopy (Horiba
LabRAM HR Evolution) using a 455 mW, 532 nm Nd:YAG laser
(Laser Quantum), a non-dispersive filter to reduce the power at
the sample to between ~50 and 100% of the laser power, a 600 g
mm ' grating and a 20x objective (Olympus LMPLFLN20X).
Each Raman spectrum was obtained as 10-15 accumulations of
10-15 s acquisitions.

3. Results and discussion

3.1 CO, flux with an alternating wet and dry sweep gas

A hydroxide-infiltrated membrane was heated to 600 °C with
~1% H,O0 in Ar supplied to both the feed- and permeate-side
chamber inlets, before the feed-side chamber inlet was
switched to 50% CO, in N, (the permeate-side chamber inlet
remained as ~1% H,O in Ar). CO, flux was measured, before
cycling between a dry (Ar with =3 ppm H,0) and wet (~1% H,O
in Ar) sweep gas (Fig. 3). Despite there being a CO, partial
pressure difference across the membrane (i.e., a CO, driving
force), initially there was no significant CO, flux. At ~2.5 h, CO,
flux ‘breakthrough’ occurred, before the CO, flux reached ~2.5
x 10~* mol s~! m~2. Upon switching to the dry sweep gas at 3 h,
there was a decrease in CO, flux, reaching ~1 x 10> mol s~
m > at 6 h. Note that hereafter, we frequently refer to fluxes on
the order of 10~ * mol s " m~? as ‘high’, and fluxes on the order
of 107> mol s™' m™? as ‘low’, for simplicity, and due to the
order-of-magnitude difference.

Further cycling between the wet and dry sweep gas resulted
in a similar response from the membrane, i.e., abrupt, order-of-
magnitude changes between high and low CO, flux, and a clear

' Wet ' Dry ' Wet ' Dry ' Wet ' Dry ' Wet '
3.5x10 \: T T T 10
3.0x10* -
408
« 2.5x10" f
£ X
- i ~
2 2.0x10" | 06 o
[ o
£ H
< a
x 4| £
3 1.5x10 404 o,
o T
© 1ox10* |
402
5.0x10° \
0.0 b1 . . L L loo0
0 2 4 6 8 10 12 14 16 18 20

t/h

Fig. 3 CO, flux with an alternating wet and dry sweep gas. Feed-side
chamber inlet: 50% CO, in N,. Permeate-side chamber inlet: dry (Ar
with =3 ppm H,0) and wet (~1% H,O in Ar). T = 600 °C.
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link between the presence of H,O in the sweep gas and high CO,
flux. It was also notable that the CO, flux in the wet cycles
increased across the cycles. First, the high flux achieved at the
end of the previous wet cycle was recovered quickly before the
flux continued to increase slowly. As the conditions (tempera-
ture, CO, concentration in the feed gas, H,O concentration in
the sweep gas etc.) of the wet cycles remained constant, this
implied that the membrane composition might be changing in
time. We note here that characterisation of the membrane
support (SEM-EDX and Raman as described in Section 2.4)
showed that even after ~800 h (>1 month) of membrane oper-
ation, there were no significant changes to the physical prop-
erties of the membrane support (Fig. S41), and that there were
only minor changes to the support chemistry (e.g., limited
formation of LiAlO,) (Table S3 and Fig. S51). This suggested that
the order-of-magnitude changes in CO, flux occurring on much
shorter timescales (between wet and dry cycles of 3 h) were more
likely arising due to the presence of H,O in the sweep gas, and
that changes occurring on even shorter timescales (break-
through and increasing flux within wet cycles) may be due to an
evolving molten-salt composition.

3.2 CO, flux as a function of time and H,O concentration in
the feed and sweep gases

Considering the potential for changes in the molten salt with
time, and a clear link between CO, flux and the presence of H,O
in the sweep gas (Fig. 3), two series of experiments were con-
ducted. In the first series, CO, flux and molten-salt composition
(titrations with the recovered salt as described in Section 2.4),
were measured as a function of time with fixed feed- and sweep-
gas compositions (Fig. 4a). In the second series, the H,O
concentration in the feed and sweep gas was varied, with the
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CO, flux and membrane composition measured after a fixed
amount of time (Fig. 4b). All experiments were conducted at
600 °C. Thus, the first series investigated the effect of time in
the presence of a H,O-containing sweep gas, and the second
series investigated the effect of H,O concentration in the H,O-
containing sweep gas (and in one case, the feed gas). To
attempt to avoid any influence of membrane ‘history’, all
experiments were carried out separately, i.e., following recovery
of the salt from the membrane support by washing (as
described in Section 2.4), the membrane support was re-
infiltrated with fresh molten hydroxides and tested at
a different condition (recalling that no significant changes were
noted in the membrane support following >1 month of opera-
tion). Examples of the full experimental traces (i.e., mole frac-
tions of CO,, N, and H,O on the permeate side) from the
permeation experiments and titration data are provided in
Fig. S6 and Table S47 for the first series (Fig. 4a), and in Fig. S7
and Table S57 for the second series (Fig. 4b).

In the first series (effect of time), hydroxide-infiltrated
membranes were heated to 600 °C with ~1% H,O in Ar
supplied to both the feed- and permeate-side chamber inlets,
before the feed-side chamber inlet was switched to 50% CO, in
N, and the permeate-side chamber inlet was switched to ~0.5%
H,0 in Ar. After 0, 5, 10, 20, 30, 40, and 50 h of operation
following the gas switches (in separate experiments), CO, flux
was recorded (points in Fig. 4a) and triplicate titrations were
carried out to characterise the recovered molten salt (bars in
Fig. 4a).

First, it was noted again that there was a breakthrough
period in all the experiments, after which CO, flux increased
significantly in the absence of any other changes (Fig. S61). The
breakthrough period was of approximately the same duration in
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Fig.4 CO; flux as a function of time and H,O concentration in feed and sweep gases. In both (a) and (b) points are CO, flux, and coloured bars
are triplicate titrations of recovered salts. (a) CO; flux and titrations of recovered salts after separate experiments lasting for 0, 5, 10, 20, 30, 40,
and 50 h. Feed-side chamber inlet: 50% CO, in N,. Permeate-side chamber inlet: ~0.5% H,O in Ar. T =600 °C. (b) Mean CO, flux with standard
deviation (n = 2-4) and titrations of recovered salts after separate 20 h experiments with different H,O concentrations in feed (marked with an *)
and sweep gas. Feed-side chamber inlet: 50% CO, in N, (with 1.5% H,O for *). Permeate-side chamber inlet: dry (Ar with =3 ppm H,0O) for * and
0,and ~0.5,1, 15, 2, and 2.5% H,O in Ar. T = 600 °C. Full experimental traces and data for (a) are provided in Fig. S6, and Table S41. Example
experimental traces for (b) are provided in Fig. S7,7 and the repeats used to calculate mean and error bars in (b) are provided in Table S57.
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each separate experiment (~5 h). For this reason, the CO, flux
reported at 5 h in Fig. 4a is low as it is taken from transient data
where CO, breakthrough is beginning (Fig. S6at). Nonetheless,
this makes for an interesting comparison, as it is notable that
after 5 h, the molten-salt composition was relatively stable at
~60% carbonate : ~40% hydroxide (bars), whilst the CO, flux
(points) was also high (on the order of 10™* mol s™* m™?).
Although there are small differences in the CO, flux and
composition, we must recall here that these results are taken
from separate permeation experiments and their corresponding
triplicate titrations, and that we are discussing an order-of-
magnitude difference in CO, flux before and after break-
through. We also note here that the 0 h membrane (heated to
600 °C with ~1% H,O in Ar supplied to both the feed- and
permeate-side chamber inlets but cooled in dry Ar without
being exposed to the 50% CO, in N, feed gas) had a recovered
salt composition of ~10% carbonate : ~90% hydroxide. This is
expected, as despite handling and preparing the hydroxide
mixture under an inert gas in a glove box, atmospheric CO, will
react with the hydroxide pellet during the amount of time
required to prepare the membrane (between the hydroxides
leaving the glove box and the permeation experiment starting),
and during the time required to recover the hydroxides from the
membrane afterwards (between the membrane being removed
from the reactor and the titration being performed).

In the second series (effect of H,O concentration), hydroxide-
infiltrated membranes were heated to 600 °C with ~1% H,O in
Ar supplied to both the feed- and permeate-side chamber inlets,
before the feed-side chamber inlet was switched to 50% CO, in
N,, as above. However, here the permeate-side chamber inlet
was switched to ~0 (dry, Ar with =3 ppm H,0), 0.5, 1.0, 1.5, 2.0,
and 2.5% H,O in Ar in separate experiments. Additionally, in
a further separate experiment, ~1.5% H,O was added to the
50% CO, in N, feed gas (with the sweep gas being dry Ar). As
discussed in more detail below, the permeation experiments
were repeated several times to assess experimental uncertainty
(Table S5%). Following ~20 h at each condition, CO, flux was
recorded (points in Fig. 4b are the mean and error bars are
standard deviation from the repeated permeation experiments),
and corresponding triplicate titrations were carried out (bars in
Fig. 4b), before the membrane was reinfiltrated and tested at
the next condition. Before discussing the results, we note again
that there was a breakthrough period in every experiment of
~5 h, and that 20 h was chosen based on the results in Fig. 4a
(i.e., no significant change in molten-salt composition or CO,
flux was expected).

First, it was apparent that under a dry sweep gas (Ar with
=3 ppm H,0), CO, flux was low and on the same order of
magnitude (107> mol s™* m™?) as in the dry cycles of Fig. 3.
Second, whilst adding ~1.5% H,O to the feed gas did not result
in any significant increase in CO, flux, there was also no dele-
terious effect on CO, flux. This is important, as there are
significant costs associated with drying feed gases to combat
deleterious effects in other classes of membranes, e.g., poly-
meric membranes.® When ~0.5% H,O was added to the sweep
gas, however, the CO, flux increased, again by an order of

magnitude to 10°* mol s' m 2 Moreover, the CO, flux
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appeared to increase further as the H,O concentration in the
sweep gas increased (Fig. 4b).

Considering that all the discussion so far has related to
order-of-magnitude arguments, here we assessed experimental
uncertainty by repeating CO, flux measurements for each
condition up to four times (Table S5%). This repetition was to
check whether any differences in CO, flux were beyond experi-
mental uncertainty. Indeed, the CO, flux did increase with
increasing H,O concentration in the sweep gas. Interestingly,
the molten-salt composition showed a corresponding trend
(bars in Fig. 4b). Under dry sweep-gas conditions and with H,O
in the feed gas (when CO, flux was low, on the order of 10> mol
s™' m?), the recovered salts were ~25% carbonate:~75%
hydroxide. Conversely, under wet sweep-gas conditions (when
CO, flux was high, on the order of 10™* mol s™* m 2), the
recovered salts were ~60% carbonate: ~40% hydroxide. We
note that this composition is the same as that following
breakthrough (at and after 5 h) in Fig. 4a.

Here it is important to highlight that the CO, flux in Fig. 4b is
increasing as the H,O driving force in the opposite direction is
increasing, as in our recent work with a molten-salt membrane
fabricated using molten carbonates we showed that CO, flux
can depend on the H,O driving force in the opposite direction
(eqn (3)).** Considering the results in Fig. 4b, it seemed
reasonable to suspect that the H,O driving force may be influ-
encing CO, flux here also, but this time in a membrane fabri-
cated using molten hydroxides. To test this hypothesis, the
measurement of both permeate-side and feed-side outlet
composition is required to see if CO, and H,O are counter-
permeating, and to test the extent of the influence that the
H,O driving force (from CO, permeate-side to CO, feed-side)
has over CO, flux (from CO, feed-side to CO, permeate-side).

3.3 Measuring the counter-permeation of CO, and H,O and
evidencing the role of the H,0 driving force on CO, flux

To investigate the counter-permeation of CO, and H,O,
a hydroxide-infiltrated membrane was heated to 600 °C with
~1% H,O0 in Ar supplied to both the feed- and permeate-side
chamber inlets, before the feed-side chamber inlet was
switched to 50% CO, in N, and the permeate-side chamber inlet
was switched to ~0 (dry, Ar with =<3 ppm H,0), 1, and 1.5% H,0
in Ar, in a single, continuous experiment (Fig. 5). The CO, flux
was calculated from the permeate-side outlet composition, and
the H,O flux was calculated from the feed-side outlet compo-
sition. There was clear evidence for the counter-permeation of
H,0 and CO,, i.e., with increases in the concentration of H,O in
the sweep gas, the fluxes of H,O and CO, (in opposite direc-
tions) both increased. Moreover, it appeared that the magnitude
of the CO, and H,O fluxes were similar, suggesting that their
permeation was linked (we note that this was also the case in
our prior work with a membrane fabricated using molten
carbonates).*®

With the understanding that CO, and H,O counter-permeate,
and that their permeation may be linked, it is therefore impor-
tant to consider the role of the H,O driving force on CO, flux.
Thus, in a final series of permeation experiments, the CO, driving
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Fig. 5 Counter-permeation of CO, and H,O. CO, flux (measured at
the permeate-side outlet) and H,O flux (measured at the feed-side
outlet), ie., in opposite directions (inset schematic). Feed-side
chamber inlet: 50% CO, in N,. Permeate-side chamber inlet: ~0 (dry
Ar with =3 ppm H,0), 1, and 1.5% H,O in Ar. T = 600 °C.

force was increased whilst the H,O driving force in the opposite
direction was held constant, and conversely, the CO, driving
force was held constant whilst the H,O driving force in the
opposite direction was increased. This was achieved by heating
hydroxide-infiltrated membranes to 600 °C with ~1% H,O in Ar
supplied to both the feed- and permeate-side chamber inlets,
before the feed-gas chamber inlet was switched to 1.5, 10 or 50%
CO, in N,, whilst the permeate-side chamber inlet was switched
to ~1, 1.5, or 2.0% H,0 in Ar (Fig. 6). The results shown in Fig. 6
are from three separate experiments using the three different
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Fig. 6 The role of the H,O driving force on CO, flux. CO, flux
measured at the permeate-side outlet. Feed-side chamber inlet: 1.5,
10, or 50% CO, in N,. Permeate-side chamber inlet: ~1, 1.5, or 2.0%
H>O in Ar. T=600 °C. Arrows highlight ~3000% increase in linear CO,
driving force and corresponding ~15% increase in CO, flux, and 0%
increase in linear CO, driving force and corresponding ~75% increase
in CO5 flux.
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feed gases (1.5, 10, and 50% CO, in N,). During the experiments
with the 1.5 and 10% CO, in N, feed gases, the permeate-side
chamber inlet was increased from ~1, to 1.5 and 2.0% H,O in
Ar after 10 h at each condition. The CO, flux (points) is an average
of 5 h of stable CO, flux, 5 h after the change in the permeate-side
chamber inlet condition. During this 5 h period, the CO, flux was
measured every 5 s, and the maximum variation in CO, flux was
6%.

With a ~3000% increase in feed-gas CO, concentration
(from 1.5 to 50%), CO, flux increased by ~15% (which based on
the results in Fig. 4b is within our experimental uncertainty).
Whilst initially the lack of a significant increase in CO, flux with
a significant increase in the CO, driving force might be
surprising, this is due to the assumption that CO, flux should be
linked only to the CO, driving force. If instead the H,O driving
force is exerting control over the CO, flux, this result can be
explained based on the ~1% H,O supplied for both feed-gas
conditions, i.e., the CO, driving force may not have a strong
influence in the presence of H,O in the sweep gas.

We note that these results in Fig. 6 are consistent with the
only previous article that studied a membrane fabricated using
molten hydroxides.*” In that work, the authors reported an
unusual apparent CO, permeability increase as the feed-gas CO,
concentration was decreased from 50 to 20% CO,, whilst the
sweep gas contained 4.5% H,O. Based on their method to
determine permeability (which assumed eqn (2) with n = 1),
were the fluxes with the 50 and 20% CO, feed gases similar, the
apparent permeability would be expected to increase by a factor
of ~2.5 (i.e., 50/20), which was indeed the case (from ~6.5 to
~16 x 107" mol m™" Pa~' s7").> Were we to use the same
approach here, we would report a ~30-fold increase in apparent
permeability (i.e., 50/1.5), for CO, fluxes that are within our
experimental uncertainty. Moreover, the authors suggested that
the apparent increase in CO, permeability with a decrease in
CO, driving force was likely due to the lower feed-gas CO,
concentration resulting in a lowering of the carbonate:
hydroxide ratio in the membrane during operation.** They
suggested this as molten hydroxides have a higher ionic
conductivity than molten carbonates, however, no direct
experimental evidence was provided to support this assertion.
Contrasting with this prior suggestion, our results from tripli-
cate titrations carried out following further, separate experi-
ments with 10 and 50% CO, feed gases, suggested that there
was no significant difference in the carbonate : hydroxide ratio
(Table S67). It is also worth noting that these titrations were
performed on salts recovered from permeation experiments
with 10 and 50% CO, feed gases (and a ~1% H,0O in Ar sweep
gas) where the temperature was increased from 500, to 600, and
700 °C. The CO, fluxes at 700 °C for both feed gas conditions
were the same at ~7 x 10~ * mol s™* m™2, the highest reported
in our work (Fig. S81). Interestingly, the carbonate : hydroxide
ratio was also the highest reported at ~80% carbonate : ~20%
hydroxide (Table S61). We also wish to highlight here again the
results in Fig. 4b, where CO, flux increased with an increasing
concentration of H,O in the sweep gas, but the composition of
the membrane remained relatively constant at ~60%
carbonate : ~40% hydroxide. Thus, overall, it seems likely that
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a lowering of the carbonate : hydroxide ratio may not explain
increases in CO, flux, as across several of our experiments, high
CO, fluxes are correlated with high carbonate : hydroxide ratios.
Moreover, although CO, permeability can be made to increase
with a reduction in the CO, feed-gas concentration, this is
simply due to the use of a linear CO, driving force (assu-
ming eqn (2) with n = 1) in the calculation of CO, permeability
when the CO, flux is not changing significantly (due to the
influence of the opposing H,O driving force).

Finally, and to demonstrate very clearly the importance of
controlling the opposing H,O driving force, the H,O concentra-
tion in the sweep gas was increased whilst the feed-gas chamber
inlet was held constant at 1.5 or 10% CO, in N,. Despite 1.5%
CO, being the lowest feed-gas CO, concentration employed in
our work (and therefore the lowest CO, driving force), the CO,
flux was at the highest level we report at 600 °C (>4.5 x 10~* mol
s~ ' m™?). This was achieved by increasing the H,O concentration
in the sweep gas from ~1, to 1.5, and 2% (Fig. 6), which increased
the opposing H,O driving force (Fig. 1d). This ~100% increase in
the opposing H,O driving force had a much more significant
effect on CO, flux (~75% increase) than that of a ~3000%
increase in CO, driving force, which resulted in a ~15% increase
in CO, flux. Moreover, the ~75% increase in CO, flux is occurring
without an increase in CO, driving force. Thus, whereas one
might expect the CO, driving force, not the opposing H,O driving
force, to exert more significant control on CO, flux, it appears
that both the CO, and H,O driving forces impact CO, flux, but
that the opposing H,O driving force has a much more significant
effect (compare arrows in Fig. 6).

We note here that our discussion of e.g., a ~100% increase in
the opposing H,O driving force, and a ~3000% increase in CO,
driving force (both also labelled on Fig. 6) is based on assuming
linear driving force models (for simplicity of discussion).
However, it is also apparent that none of the previously
proposed CO, flux-driving force relationships (eqn (1)-(3)),
including the linear model (eqn (2) with n = 1), can describe the
results in Fig. 6 adequately, and that a much more complex
relationship exists between the measured CO, flux and the
partial pressures of the gases present. To develop such rela-
tionships, considering the four partial pressures involved (CO,
on the feed and permeate side, and H,O on the feed and
permeate side), we note that this becomes a very large, multi-
dimensional kinetic space to sample.

4. Conclusions

Detailed understanding of promising CO,-permeable
membranes is important for the future CCS sector. In this work,
we have carefully interrogated a model molten-salt membrane to
understand the role of H,O on CO, flux. Whilst it had been
shown previously that CO, flux increases when H,O is introduced
to the sweep gas of molten-salt membranes fabricated using
molten carbonates and molten hydroxides, prior attempts at
explaining this phenomenon invoked arguments based on
a higher ionic conductivity of molten hydroxides compared to
molten carbonates. Instead, in this work, we have shown that
a molten-salt membrane fabricated using molten hydroxides
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becomes majority molten carbonate (~60%) following break-
through of CO,, which then remains majority molten carbonate
under conditions that provide high CO, fluxes (i.e., with H,O in
the sweep gas). Conversely, the membrane remains majority
molten hydroxide (~75%) under conditions that provide low CO,
fluxes (under a dry sweep gas and when H,O is present only in the
feed gas). Increasing the H,O concentration in the sweep gas did
not appear to modify the molten-salt composition further, but
the CO, flux did increase further. Thus, both molten-salt
composition and H,O driving force exert control over CO, flux
in molten-salt membranes fabricated using molten hydroxides.

To demonstrate the importance of the H,O driving force,
several examples were provided where the careful application of
the H,O driving force (in the opposite direction to the CO,
driving force and CO, flux) was used to challenge our routine
understanding of CO,-permeable membranes. This included
driving CO, flux from 1.5 and 10% CO, feed gases to levels
higher than that achieved with a 50% CO, feed gas. Interest-
ingly, the highest CO, fluxes (~7 x 10~* mol s " m~> at 700 °C
for both the 10 and 50% CO, feed gases with a ~1% H,O in Ar
sweep gas) were correlated with the highest carbonate content
in the molten salt (~80%).

Overall, our results suggest that the composition of the molten
salt in a molten-salt membrane is a function of time, temperature,
and gas-phase composition, which is why we have been careful
throughout to refer to different molten-salt membranes as being
fabricated using a given molten salt. Moreover, controlling the
H,O0 driving force in the opposite direction to CO, permeation is
required to exploit the potential of molten-salt membranes, and
calculations intended to communicate this performance clearly
(e.g., CO, permeability) must be considered in this context. For
example, calculating a CO, permeability using a linear CO,
driving force may be somewhat meaningless when there is an
opposing H,O driving force, as one can arrive at very different
apparent CO, permeabilities when the CO, flux has not changed
(and vice versa). For this reason, as is common practice with e.g.,
temperature and CO, feed-gas concentration, measuring and
reporting the sweep-gas H,O concentration alongside CO,
permeability should now be required.
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