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Abstract: Direct air capture (DAC) is an emerging negative CO2 emission technology that aims to
introduce a feasible method for CO2 capture from the atmosphere. Unlike carbon capture from
point sources, which deals with flue gas at high CO2 concentrations, carbon capture directly from
the atmosphere has proved difficult due to the low CO2 concentration in ambient air. Current
DAC technologies mainly consider sorbent-based systems; however, membrane technology can
be considered a promising DAC approach since it provides several advantages, e.g., lower energy
and operational costs, less environmental footprint, and more potential for small-scale ubiquitous
installations. Several recent advancements in validating the feasibility of highly permeable gas
separation membrane fabrication and system design show that membrane-based direct air capture
(m-DAC) could be a complementary approach to sorbent-based DAC, e.g., as part of a hybrid system
design that incorporates other DAC technologies (e.g., solvent or sorbent-based DAC). In this article,
the ongoing research and DAC application attempts via membrane separation have been reviewed.
The reported membrane materials that could potentially be used for m-DAC are summarized. In
addition, the future direction of m-DAC development is discussed, which could provide perspective
and encourage new researchers’ further work in the field of m-DAC.

Keywords: direct air capture; membrane; carbon dioxide; high permeance

1. Introduction

The terms climate change and climate action have been on the tip of everyone’s
tongues for the last few years. Although carbon capture is a promising start, with the
carbon budget clock ticking away, it is clear that simply lowering emissions, e.g., capturing
CO2 from point sources, will not make enough of an impact. It is not long until the
carbon budget is depleted, and every additional ton of CO2 will need to be managed
by the use of negative emission technologies [1,2]. In fact, in order to meet the Paris
Climate Agreement goals of preventing a 1.5–2 ◦C temperature increase over preindustrial
levels, 10 GtCO2/yr will need to be removed from the atmosphere by the midcentury,
increasing to 20 GtCO2/yr by the end of the century [3]. Failing to prevent the increase
in temperature has a very real social cost. For example, wheat, rice, maize, and soybean
represent over 67% of human caloric intake; only a 1 ◦C increase in temperature will
reduce the global production of wheat by 6%, rice by 3%, maize by 7.4%, and soybean by
3.1% [4]. Additionally, changes in weather patterns, acidification of oceans, and melting of
polar ice caps place much of the planet’s biodiversity at risk. Therefore, the development
of cost-effective negative emission technologies becomes essential to remediate climate
change. As one of the negative emission technologies, direct air capture (DAC) describes a
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process by which CO2 is removed directly from the atmosphere rather than from higher
concentration point sources. This proves to be quite challenging as the concentration of CO2
in the atmosphere is only ~400 ppm [5]. Nonetheless, it is important to develop methods
to capture low-concentration atmospheric CO2 since capturing all emissions from point
sources would fail to accomplish even an 80% emission reduction by 2050 [6], while direct
air capture would be able to target the CO2 from the billions of small point sources which
account for 1/3 to 1/2 of society’s CO2 emissions [7].

Currently, sorbent-based DAC technologies are under development at a pilot scale,
including solid sorbents and liquid solvents [8,9]. These two technologies rely on ab-
sorption/desorption technologies, which require high energy inputs and large location-
dependent installations. In addition, these processes often involve the use of chemicals and,
therefore, introduce added environmental and safety risks [5,9–12]. Liquid solvent DAC
utilizes contactors where the gas encounters a basic solution. The resulting compounds
need intense heating to release captured CO2 [8,11,13]. Because of the use of strong bases,
the sorbent liquids are usually no more than 30% concentrated, which greatly decreases
their binding potential with CO2 [14]. The use of strong chemicals, e.g., KOH, also risks
a negative environmental impact in the form of spills. In addition, liquid solvents use
1–7 tons of water to capture 1 ton of CO2 [9]. Recent research on liquid solvent-based DAC
focuses on lowering the consumption of energy and water, e.g., IPDA (3-(aminomethyl)-
3,5,5-trimethylcyclohexylamine) liquid to solid carbamic acid conversion for CO2 which
can capture low (400 ppm) CO2 with >99% removal at a lower desorption temperature of
333 K [15]. Solid sorbent methods involve pushing air into a specially designed sorbent
until it is saturated. The sorbent is then heated and/or vacuumed to desorb CO2 [14]. Solid
sorbents have been made of several different materials like metal-organic frameworks
(MOFs), mixed metal oxides, poly(ethylenimine) etc. [16]. Metal-organic frameworks are
formed through the linkage of organic and inorganic constituents, which form highly struc-
tured and microporous materials with high free volumes. The performance of solid sorbent
DAC depends on the conditions of the air being processed, including temperature and
humidity. High temperatures have been shown to increase energy requirements, leading to
a loss of efficiency and an increase in cost [17]. These factors lead to location dependence
for DAC installation for both technologies. The source of energy used to power these
sorbent-based DAC plants must also be considered when evaluating their level of negative
emissions and may limit the location even more [9]. The KOH liquid absorption method
reportedly requires 8.81 GJ of natural gas or 5.25 GJ of gas and 366 kWh of electricity
for every ton of CO2 captured [11]. Solid sorbent energy requirements are around 6 GJ
of thermal energy and 1.5 GJ of electricity per ton of CO2 [14]. These energy demands
arise primarily due to the desorption steps. Although sorbent-based DAC technologies
being developed to a plant scale is a great start and is paving a path for DAC, the impact
on the environment should not be underestimated, and other environmentally friendly
approaches should be explored.

The idea of m-DAC was proposed twenty years ago [18]; however, only recently has a
more detailed study been reported that proved that membrane processes could be consid-
ered as a new DAC approach [5]. It is a new and rather exciting area of research that shows
promise for lower-cost direct air carbon capture and can lower the risk of environmental
impact associated with sorption technologies [5]. Theoretically, considering the process
only requires energy to blow air through the membranes, advances in membrane materials
should drastically decrease the cost of operation, especially given that thermodynamic
energy requirements are 20–30 times lower than that of the best DAC methods currently in
use [19,20]. However, presently, m-DAC will not be a competitive option to sorbents-based
DAC unless major breakthroughs are made in increasing membrane selectivity for the
CO2:N2 gas pair and CO2 permeance. Currently, it is widely accepted that m-DAC could
play an active role in hybrid system designs that incorporate other DAC technologies. In the
past few decades, large amounts of funding have been allocated worldwide for the R&D of
membrane-based CO2 capture from point sources, and a vast number of published reports
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related to high permeable polymeric materials for CO2 capture membranes could shed light
on the selection of DAC membrane materials. Rather than introducing the m-DAC hybrid
system, this review gives a perspective of the most recent research on membrane-based
direct air capture systems and potential polymeric membrane materials for DAC. Although
there is currently very little literature on m-DAC, given its novelty, this review intends to
illustrate the need for membrane DAC research and encourage researchers in the field to
explore further.

2. Feasibility of m-DAC

Although membrane separation is a promising technology for capturing CO2 and, to
date, a few pilot plants for point source CO2 capture have been operated; the pervasive
belief is that m-DAC was implausible because the concentration of CO2 in the air is only
about 400 ppm which leads to an insufficient driving force for CO2 permeation through the
membranes [21].

Recent achievements in polymer membrane materials with ultrahigh gas permeance
and selectivity have exposed the silver lining that membrane separation could potentially
be applied in DAC processes. Fujikawa et al. explored the potential of m-DAC based on
process simulation with consideration of the state-of-the-art CO2 separation membrane
performance. The results of the four-stage separation could encourage researchers to
explore more realistic membrane performances and process conditions for m-DAC. In their
incredibly comprehensive modeling study, they modeled a 4-stage separation process after
highly permeable membranes (CO2 Permeance of 40,000 GPU (Gas Permeation Unit (GPU)
= 3.35 × 10−10 mol

m2·s·Pa ) and CO2/N2 selectivity of 70) and showed that a CO2 concentration
of ~30% was achievable at the final stage of a four-stage system with only a membrane area
of ~3.2 m2/kg CO2/day (as a flat sheet) and 16 kWh/kg-CO2/day. Their model system
assumed a feed pressure of 101.3 kPa and a permeate pressure of 5 kPa and maintained a
pre-industrial retentate CO2 concentration of ~300 ppm [12].

3. Considerations for m-DAC

Direct air capture by membranes depends on several factors, which include membrane
properties as well as process parameters.

3.1. Permeance

Gas permeance is a measure of the gas transport ability of a material at a given thick-
ness; therefore, it depends on the permeability and thickness of the membrane. Separation
by membranes typically follows the Solubility-Diffusion model, which is based on the solu-
bility and diffusion rate of gases going through the membrane [22,23]. Some membranes
are capable of facilitated transport mechanisms where carriers react reversibly with CO2
selectively, while other gasses only cross by the Solubility-Diffusion mechanism at a lower
rate. As a result, these membranes offer high selectivity and gas permeance [24].

P =
K
l

(1)

K = S × D (2)

Membranes with a high Solubility-Diffusion relationship and low thickness are candi-
dates for increased permeance based on Equations (1) and (2) where P is gas permeance, K
is permeability (Barrer = 3.35 × 10−10 mol·m

m2·s·Pa ), l is membrane thickness, S is solubility and
D is diffusion rate. For power plant post-combustion CO2 capture, Merkel et al. concluded
that improved gas permeance in membranes is more critical for reducing capture cost
than enhanced selectivity [20]. While selectivity is also extremely crucial for DAC, only
membranes with high permeance can be considered as an attractive option for DAC. Thin-
ning of membranes is a large area of research for increasing permeance. The thickness of
DAC membranes should be reduced to the nanometer level in order to increase membrane
permeance significantly because the required membrane area is inversely proportional
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to permeance. However, it should be noted that studies have shown permeability has
a tendency to decrease for many materials in the submicron range, which can lead to a
decrease in permeance [25,26].

3.2. Selectivity

Membrane gas selectivity (CO2/N2) is of great interest for m-DAC design, given that
nitrogen is the largest component of the earth’s atmosphere and the CO2 concentration is
only about 400 ppm. Ideal gas selectivity is defined as the ratio of CO2 to N2 permeability,
as shown below.

αCO2/N2
=

KCO2

KN2

(3)

where α is the selectivity, KCO2 is CO2 permeability and KN2 is N2 permeability in single
gas tests [27]. The determination of selectivity becomes more complicated when it comes
to mixed gas testing. Low selectivity leads to a higher migration of unwanted gases and
a lower concentration of CO2 in the permeate. As a rule of thumb, permeance should
be maximized to decrease membrane area [12], but selectivity should be optimized as
membranes with a selectivity that is too high require more membrane area and show
little benefit in CO2 purity. Merkel et al. compared two membranes for point source CO2
capture, the “best case” membrane and membrane B. The “best case” membrane had a CO2
permeance of 1000 GPU and a CO2/N2 selectivity of 50, while membrane B had a CO2
permeance of 1000 GPU and a CO2/N2 selectivity of 200. They found that the best-case
membrane produced a permeate with 46% CO2 at 2.1 MM m2, while membrane B yielded
55% CO2 with an area nearly three times larger at 5.7 MM m2 [20]. The concentration of CO2
in the permeate increases greatly with selectivity until a selectivity of about 30 when it begins
to plateau. The selectivity also decreases the energy required for vacuuming, which similarly
plateaus. Fujikawa et al. showed that a membrane with a CO2 permeance of 10,000 GPU
and a CO2/N2 selectivity of 50 could reach 66.7% CO2 with only 4.63 m2/kg CO2/day and
~12.3–16 kWh/kg-CO2/day at a pressure ratio of 50 using a feed pressure of 110 kPa and a
permeate pressure of 2 kPa. The membrane area required increases with selectivity almost
linearly while the benefits in CO2 concentration, energy requirement, and CO2 emission
related to the energy production decrease with each 10-step selectivity increase [12].

Although less important than the previous two parameters, CO2/O2 selectivity should
also be considered depending on downstream applications of captured CO2 as processes
like the reduction of CO2 to CO and CH4 are typically hindered due to the oxidative
pressures of O2 [12].

3.3. Pressure Ratio

The pressure ratio is feed pressure divided by permeate pressure.

ϕ =
p f

pp
(4)

Xp ≤ X f × ϕ (5)

where pf and pp are feed and permeate pressures respectively. Equation (5), where Xp is
the mol fraction in the permeate and Xf is the mol fraction in the feed, shows that the mole
fraction of CO2 on the permeate side is limited by the pressure ratio independently of
other parameters, notably selectivity [12,23]. For flux across the membrane in the desired
direction, the partial permeate CO2 pressure cannot exceed the partial feed CO2 pressure
in order to maintain a favorable cross-membrane pressure gradient. Because the mole
fraction in the permeate is limited proportionally by the pressure ratio, a higher pressure
ratio leads to greater permeate CO2 concentrations. The largest effect of pressure ratio on
CO2 permeate concentration is observed under ϕ = 30, after which the effect begins to
plateau [12]. Vacuuming processes have been shown to be more energy efficient than feed
compression systems for gas separation [23].
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Fujikawa et al. studied the effect of pressure ratio on m-DAC via process simulation
with the same CO2 retentate concentration (~300 ppm) and the same membrane (permeance
of 40,000 GPU and selectivity of 70) (Table 1); however, the pressure ratio is different. When
the pressure at the permeate side is 4 kPa (ϕ = 25), the final CO2 concentration can exceed
40%. Membrane area and CO2 emissions related to the energy production decrease from
3.19 to 2.6 m2/kg-CO2/day and 0.6 to 0.54 kgCO2

emitted/kgCO2
captured, respectively, when

the pressure ratio is raised from 20 to 25. It is important to note that at each stage, the
energy and membrane area required falls dramatically when compared to the first stage.
This illustrates the importance of process parameters in addition to material properties like
permeance and selectivity.

Table 1. The m-DAC separation outcomes with different pressure ratios [12]. Data for the Pressure
ratio of 20 is summated while the pressure ratio of 25 is not (each stage).

Pressure Ratio = 20
Permeate Pressure = 5 kPa

Pressure Ratio = 25
Permeate Pressure = 4 kPa

Number of Separation Stages 1 2 3 4 Total 1 2 3 4 Total

CO2 concentration in permeate (%) 0.6 2.9 10.8 29.8 - 0.7 3.9 15.5 42.4 -

Membrane area (m2/kg-CO2/day) 2.57 (0.47) (0.12) (0.03) 3.19 2.15 0.35 0.08 0.02 2.6

Energy required for vacuuming
(kWh-CO2/day) 12.7 (2.4) (0.7) (0.2) 16.0 11.6 1.9 0.5 0.2 14.2

CO2 emission related to the energy
production (kgCO2

emitted/kgCO2
captured) 0.48 (0.09) (0.02) (0.01) 0.6 0.44 0.07 0.02 0.01 0.54

3.4. Stage Cut

Stage cut is defined as permeate flow divided by feed flow.

∅ =
fp

f f
(6)

where ∅ is Stage cut and fp and ff are permeate and feed flows, respectively [12,28]. A high
feed flow leads to a lower change in feed gas concentrations, which makes the difference
in driving forces for unwanted gases more negligible when compared to CO2. As a result,
the purity of the permeate is higher, but the recovery % is lower as less CO2 crosses at
a low-stage cut. Decreasing the flow rate of the feed increases the amount of CO2 that
crosses but, in doing so, increases the driving force for other gases. Therefore, a higher
stage cut leads to a lower purity but a higher recovery % of CO2. Membranes with higher
areas lead to greater stage cuts, lower purity, and a higher % CO2 recovery [12]. All of
these parameters should be fined-tuned for m-DAC systems depending on the final goal,
whether that be total recovery or a high purity for downstream applications.

In addition, these parameters may vary at each stage of a multi-step separation system.
Energy requirements for installation, operation as well as manufacture of membranes must
also be considered. Due to the infancy of m-DAC technology, there are very few parametric
and gas module separation studies available. With that being said, several models that take
these parameters into account have shown the scope of the possibility of m-DAC. High
selectivity membrane material (HPM)with a CO2 permeance of 2500 GPU and CO2/N2
selectivity of 680 has been shown to be capable of a capture purity of nearly 20% in a single
stage at a pressure ratio around 0.02, and commercial Polaris membranes (CO2 permeance
of 2000 GPU, CO2/N2 selectivity of 30) can reach 50% with two stages [29]. HPM showed
an exponential increase in CO2 capture purity when decreasing the pressure ratio from 0.02,
while no significant effect was observed for the Polaris membrane due to a negligible effect
from concentration polarization [29]. For m-DAC, HPM and Polaris membranes required
3000 and 18,000 kWh/ton at one stage, respectively, to achieve 20 and 2.5% purity [29].
The study outlined the importance of a low-stage cut for improving the recovery ratio [29].
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Although m-DAC CO2 concentrations are not commonly tested, Lee et al. showed their
ionic liquid + graphene oxide PIL-IL-GO facilitated transport membrane could produce a
purity of 32% at 410 ppm CO2 using only a single stage at 1 bar (1 bar = 100 kPa) of feed
pressure [30]. Under these conditions, the membrane displayed a permeance of 3090 GPU
and a CO2/N2 selectivity of 1180 [30]. Unfortunately, the stage cut and pressure ratio were
not reported. Proposed multistage membrane separation models have shown improved
CO2 separation with each stage and notably outline that the first stage has the highest
energy, area, and emission values, after which each sequential stage shows an exponential
decay [12].

Although very few papers have reported membrane separation under m-DAC condi-
tions, the former examples indicate real promise and should encourage more widespread
testing of membranes with atmospheric CO2 capture in mind.

4. Potential Membrane Materials

According to the concern above, the thickness of polymeric selective layers for DAC
needs to be less than 1 μm. Hence, a typical membrane for DAC should consist of a thin
selective layer deposited on an intermediate gutter layer on a porous substrate support, as
shown in Figure 1. The gutter layer serves to protect from the penetration of the selective
layer material into the porous support [25]. Highly permeable polydimethylsiloxane
(PDMS) is frequently used as the gutter layer, and polyacrylonitrile (PAN) is used as
the substrate [25,31–33]. Although each layer of material introduces transport resistance,
the PDMS and PAN are so porous that their effect is negligible. Selective layers are
manufactured by several different methods, including spin coating, dip coating, roll coating,
blading, solution casting, dry-jet wet spinning (hollow fiber), and spray coating, with spin
coating being the most common method for ultrathin membranes [32,34–37].

Figure 1. Sample diagram of typical gas separation membrane layers.

The selective layer is the most vital element of composite membranes and is modified
with permeance and selectivity in mind. Fujikawa et al. recommend membranes with a
CO2 permeance of >10,000 GPU and CO2/N2 selectivity of >30 for m-DAC. However, most
current membranes fail to reach these specifications [12]. In the last decade, numerous
promising polymeric membranes have stood out. Materials such as polymers of intrinsic
microporosity (PIMs), polymers with ethylene oxide/ethylene glycol groups, mixed matrix
membranes (MMMs), and facilitated transport membranes might meet the standards set by
Fujikawa if their thickness falls below 1 μm as the permeance could be increased. Inorganic
membranes have been explored in the past but often suffer drawbacks due to price and
scalability [26].

In the last two decades, researchers have tried different approaches to increase perme-
ability and selectivity, as well as to reduce the aging of membrane materials, for instance,
introducing more rigid units into the polymer structure, post-modifying polymer structure
with different functional groups, and adding functionalized nanofillers to membranes
creating MMMs [38]. In this paper, we summarize the potential polymeric membrane ma-
terials for DAC. These materials with high permeability/permeance and/or high CO2/N2
selectivity near or above the 2008 Robeson upper bound are mainly applied to CO2 capture
from point sources (Table 2). However, they could still be good starting candidates for
further m-DAC development [39].
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Table 2. Selection of recent promising membrane materials showing CO2 permeabilities ≥ 1000 Barrer
or with CO2/N2 Selectivity’s ≥ 30 at temperatures ≤ 35 ◦C. Inorganic membranes have not been
included. Some additions are not mutually exclusive and could belong to several categories. Data is
from pure gas permeation measurements. A more complete summary can be found in Table S1.

Polymeric Membranes
T

(◦C)
Pressure

(kPa)

CO2

Permeability
(Barrer)

Gas
Selectivity
(CO2/N2)

Ref.

Type Polymers

Po
ly

m
er

m
em

br
an

es

C
op

ol
ym

er
s

KAUST-PI-1 35 200 2389 33 [40]

PIM-BTrip (160 μm)
Aged 490 days 25 100 6060 31.0 [41]

Aged 120 days 25 100 6040 30.2 [41]

SFX-PIM-33 (Aged 130 days) (Aged 130 days) 25 200 1848 30.8 [42]

BPM-50 35 350 4883 43 [43]

VAP7 30 100 1370 32 [44]

PTCNSi(OMe)3 20–22 100 2000 35.7 [45]

Polaris™ gen1 - -
1000

(Commercially
Available)

50 [46]

PolyActive™/85 - - 1480 55 [47]

C
op

ol
ym

er
s

w
it

h
po

st
m

od
ifi

ca
ti

on TZ-PIM-1 25 440 ~3000 ~30 [48]

AO-PIM-1 + Methanol 35 200 1153 35 [49]

MTZ100-PIM * 25 350 1391 22.2 [50]

Thioamide-PIM-1 + Ethanol 25 100 1120 30.3 [51]

cPIM-1 25 200 3739 ± 32 34.9 [52]

M
ix

ed
m

at
ri

x
m

em
br

an
es

6FDA-durene/Si-5 25 200 3785 31 [53]

PIM-MFI3 25 100 2530 30 [54]

Pebax-2533/ZIF 35 wt% 25 200 1287 32.3 [55]

SPEEK/MIL-101 (Cr) 40 wt% * 30 100 30 40 [56]

SPEEK/S-MIL-101 (Cr) 40 wt% * 30 100 35 41 [56]

UiO-66-CN@sPIM-1 * 25 140 16,121.3 27 [57]

PDMS-SAPO-34 (PM-30 wt%) 25 2000 5753 31 [58]

PIM-1/GO 30 400 6169 123 [59]

CNT-ZIF-8-PDMS 25 100 8705 45.6 [60]

PAO-PIM-1/NH2-UiO-66 7 wt% 35 100 3825 30.0 [61]

PEO/HPNs
0.5 wt% 35 100 ~1400 ~41 [62]

1 wt% 35 100 ~1900 ~44 [62]

Fa
ci

lit
at

ed
tr

an
sp

or
tm

em
br

an
es

Pebax [C4MIM][Gly] 20 wt% 25 100 ~1100 ~110 [63]

C(30)-P(1:1) 25 200 ~1650 ~55 [64]

Pebax-PEI-MCM-41-20 25 100 1521 102 [65]

15 wt% ([Cu(6)]2+@13X)/6FDA-Durene 35 200 ~1034 38.3 [66]

Pebax 1657/MWNTs-NH2/GTA (P10CN1G25) 35 700 1408 ~40 [67]

Pebax 1657/SG 20 wt% 25 200 ~1200 ~55 [68]

CA/PM-4 (1:3 wt%) 35 300 3000 59 [69]

PIM-Py-Cl 15 wt% 25 200 4959.8 42 [70]

PIM-Py-Ac 15 wt% 25 200 6204.8 62 [70]

PIM-Py-BF4 15 wt% 25 200 5584.3 46 [70]

The membranes marked with a * do not meet the table’s criteria through pure gas testing but do meet the criteria
under mixed gas conditions or humidified conditions which are covered later.
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4.1. Copolymers

Various copolymers with high CO2 permeability and CO2/N2 selectivity have been
explored. Their structural designs focus on adding rigid structures to reduce interchain
packing and create a microporous structure, in addition to frequently introducing ethylene
oxide and ethylene glycol groups to enhance CO2 affinity.

Aging is the major drawback of these microporous polymers [38,71]. Aging refers
to the thermodynamic stabilization of the membrane polymer packing, which leads to
a collapse of pores and a loss of free volume, resulting in a decrease in permeability.
This phenomenon is observed after short periods of time and at accelerated rates with
thinner membranes [25,34,72,73]. Membranes also suffer from plasticization, where CO2
sorption at high pressures increases polymer chain movement. This leads to an increased
permeability for all gasses due to an increase in free volume and, consequently, a decrease
in selectivity [74].

Introducing rigid and bulky units into the polymer chain can efficiently increase CO2
permeabilities with or without aging while still maintaining moderate selectivity due to
their special chain rigidity. PIMs are a good example of polymers that successfully increase
permeability by introducing rigid structures into the polymer chain. PIMs are usually
composed of two components: (i) a structural unit that possesses concavities and intro-
duces a site of contortion into the polymer chain and (ii) a linking group (e.g., derived
from dibenzodioxin or imide formation) that fuses the structural units together during
polymerization and leads to inefficient packing and high free volume [25,73,75]. Some
of these polymers offer high permeability as well as cheap facile manufacture. The main
building blocks of PIMs are (i) spirobisindane (SBI); (ii) phenazine; (iii) ethanoanthracene
(EA); (iv) triptycene (Tridp); (v) benzotriptycene (BTrip); (vi) spirobifluorene (SBF); (vii)
Tröger’s base (TB); and (viii) tetraphenylethylene etc. [76]. Polyimides of intrinsic microp-
orosity (PIM-PIs) can also be prepared when structural PIM motifs containing rigid and
bulky contortion sites are introduced into polyimide backbones. The structural design can
be manipulated in many different ways depending on the location of the contortion site,
for example, either in dianhydride or diamine monomers for PIMs-PIs. The method in
which PIMs are synthesized has been shown to have an effect on chain packing, membrane
structure, performance, and aging.

PIMs containing Trip and BTrip (Figure 2a) units exhibit excellent CO2 permeabil-
ities (up to ~22,000 Barrer) [41]. Their highly rigid structure leads to observed ultra-
microporosity, which facilitates the transport of smaller gas molecules whilst increasing the
activation energy for larger molecules like N2. Experimentally, PIM-BTrip has been shown
to have a high diffusivity, leading to greater permeability whilst maintaining selectivity due
to the selective molecular sieving based on kinetic diameter [41]. KAUST-PI-1 is another
example of a co-polymer that boasts high permeability due to its rigid backbone structure,
which effectively leads to the formation of ultra-porous structures (Figure 2b). It was also
observed that the choice of bridgehead group had a significant effect on the permeability
of KAUST-PI-1. The bulky isopropyl bridgeheads and methyl-substituted diamines in-
creased intrachain rigidity and improved CO2 permeability 4-fold [40]. Co-polymer designs
with bulky groups in mind, like SFX-PIMs (Figure 2c), have shown CO2 permeabilities
comparable to the PIM-1 standard but with improved CO2/N2 selectivity around 30 [42].
PIM-bpy-x gas separation performance was enhanced by incorporating bulky structures
into the polymer through the polycondensation of a tetraphenyl bipyrimidine monomer
(Figure 2d). PIM-bpy-x exhibited excellent gas separation performance (4234 barrer)—a
21% improvement in CO2 permeability. The increase in CO2 permeability is due to the
affinity of the N-rich bipyrimidine units for CO2 [77].
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Figure 2. Chemical structures of high permeable copolymers, with CO2 permeabilities ≥ 1000 Barrer
or with CO2/N2 Selectivity’s ≥ 30 at temperatures ≤ 35 ◦C. (a) PIM-BTrip [41], (b) KAUST-PI-1 [40],
(c) SFX-PIM-33 (m/n = 1/2) [42], (d) PIM-bpy-x [77], (e) PTCNSi(OMe)3 [45], (f) VAP7 [44],
(g) BPM-50 [43].

High permeable polymers synthesized from different modified monomers have also
shown the improvement of gas separation properties. Grazia Bezzu et al. conducted a
combined simulation and experimental study to investigate the effect on polymer microp-
orosity and gas permeability of PIM-SBFs by placing simple substituents such as methyl,
t-butyl, and fused benzo groups onto spirobifluorene monomers. It was shown that methyl
or t-butyl substituents both cause a large increase in gas permeabilities, with four methyl
groups enhancing the concentration of ultramicropores (<0.7 nm), which contribute to
selective gas transport. The t-butyl substituents lower selectivity by generating a greater
concentration of larger, less selective micropores (>1.0 nm) due to their size [78]. Alentiev
et al. wonderfully demonstrated the variability that can occur with subtle modifications of
side groups on the monomers (Figure 2e). Following this strategy of monomer substituent
modification, new high molecular weight metathesis and addition polynorbornenes with
(AlkO)3Si-groups of different lengths (Alk = Me, Et, n-Pr, n-Bu) were synthesized. These
polymers, with similar scaffolding, consist of two parts—glassy (rigid polymer main chains)
and rubbery (flexible side chains), which allowed dramatic tuning of polymer properties
by the modification of polymer main chain structures and the length of trialkoxysilyl side
groups. PTCNSi(OMe)3, for example, showed a selectivity of 35.7 while increasing the
length of substituents with PTCNSI(OEt)3 led to a selectivity drop down to 21.3 [45]. The
drop in selectivity was likely due to the longer chains creating larger pores. Nazarov
et al. performed a similar study exploring several modified monomers that formed vinyl-
addition polymers. VAP7 was the most promising for DAC application (Figure 2f). VAP7′s
performance can be attributed to the trifluoromethyl groups, which hinder inter-chain
interactions, leading to an increase in free volume due to a decrease in favorable chain
packing [44].

Ethylene oxide and ethylene glycol groups have been exploited in membrane design
due to their high affinity for CO2 by Lewis base interactions, which often lead to a higher
selectivity for CO2 [79,80]. Membranes are not made solely of polyethylene glycol due
to the high crystallinity induced by strong hydrogen bonding, which is not attractive
for gas permeability. Both Polaris and Polyactive (shown in Table 2) are commercial
copolymers containing PEO groups [80,81]. Both of these PEO-containing copolymers
show CO2/N2 selectivity over 30 and respectable CO2 permeance [46,47]. Pebax 1657 is
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also a promising PEO-containing commercial polymer that is frequently used in MMM
applications. BPM-50 (Figure 2g), an oxygen-containing copolymer that was formed
through the UV polymerization of PEGMEA, BPA, and PEGDME, boasts an impressive
CO2 permeability of 4883 Barrer and CO2/N2 selectivity of 43. In addition, the method of
preparation for BPM-50 is clean, rapid, and solvent-free [43].

Another effective approach to significantly improving the permeability and selectivity
is post-modifying copolymers. The functionalization of promising copolymers allows
for further enhancements to gas separation performance (Table 2). Taking TZPIM as an
example (Figure 3a), the tetrazole structures from the modification of nitrile groups in
PIM-1 raise the affinity for CO2, hence increasing the single gas selectivity of CO2/N2 to 30.
These tetrazole groups also serve to increase rigidity through hydrogen bonding, which
in turn increases plasticization resistance from CO2 [48]. Further modifying TZPIM to
MTZ100-PIM (Figure 3b) increases solvent processability over TZPIM-1, which is of critical
importance for large-scale membrane fabrication [50]. MTZ100-PIM showed a significant
change in performance between pure and mixed gas permeation testing. Under pure gas
testing, MTZ100-PIM showed a CO2 permeability of 1391 barrer and a CO2/N2 selectivity
of 22.2. Conversely, mixed gas testing with a 2:8 CO2:N2 per volume mixture yielded
more impressive results with a CO2 permeability 2057 barrer and a CO2/N2 selectivity
of 41.6. This behavior is attributed to a suppression of N2 permeability as condensable
CO2 occupies sorption sites far more than the non-condensable N2, reducing the rate of
passage for N2. AO-PIM-1 is an excellent example of the common observations that come
with functionalization (Figure 3c). The oxygen and nitrogen groups lead to more interchain
interactions, which causes a net decrease in microporosity and the formation of more
narrow pores. This, in turn, results in a decrease in CO2 permeability and an increase
in CO2/N2 selectivity to 35 due to the electronegative groups interacting favorably with
CO2 [49]. Thioamide-PIM (Figure 3d) continues this trend with lower CO2 permeability
but higher CO2/N2 selectivity (30.3) when compared to PIM-1 [51]. Yu et al. recently tested
di-substituted PIM-1 (D-cPIM-1) and branched PIM-1 (B-cPIM-1) containing carboxylic
acid groups (Figure 3e). They found that the 70% hydrolyzed di-substituted PIM-1 showed
a CO2 permeance of 7700 GPU and CO2/N2 selectivity of 56. More importantly, although
the branched hydrolyzed PIM showed a lower CO2 permeance of 3200 GPU, it showed
no decrease in permeance after 60 days, indicating the branched structure may be vital for
aging resistance [71]. These hydrolyzed PIMs have also been investigated for increasing
CO2 permeability due to quadrupole interactions, as further illustrated by cPIM-1 [52].

PIM and several polymers with similar structures are often treated with ethanol or
methanol to remove residual solvent from casting and increase the diffusion coefficient, thus
increasing permeability [82,83]. UV treatment has also been shown to increase performance
due to chain scission and oxidation of the polymers [84].

Although the CO2/N2 gas separation performance of some polymers synthesized
via thermal or UV treatment meets our summary criteria showing increased separa-
tion properties, e.g., carbon molecular sieves, TOX-PIM-1 [85], PIM-300 [86], and PIM-
1-UV/Ozone [84], the high fabrication temperature, brittleness of thin sheets and poor
solubility after treatment could limit their feasibility in m-DAC.

4.2. MMMs

The introduction of filler materials into polymeric membranes integrates their ad-
vantageous properties and provides a feasible approach to fabricating membranes for
DAC [87–89]. These fillers offer a wide range of functionality due to their varying struc-
tures and often have low cost. Most added fillers help with molecular sieving due to their
innate structure or, based on their dispersion/interaction with the polymeric material, can
help create free volume and improve the gas-membrane affinity to provide effective solu-
tions for overcoming the performance trade-off effect [57]. These structures can range from
0D to 3D with varying complexities and molecular interactions with gas molecules [90].
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Figure 3. Chemical structures of copolymers with post modification (CO2 permeabilities ≥ 1000
Barrer or with CO2/N2 selectivity’s ≥ 30 at temperatures ≤ 35 ◦C). (a) TZPIM [48], (b) MTZ100-
PIM [50], (c) AO-PIM-1 [49], (d) Thioamide-PIM-1 [51], (e) cPIM-1 [71].

Amongst the crowd of MMM fillers, MOFs stand out as they consistently have positive
effects on membrane performance depending on their loading [57,91–93]. For example,
UiO-66-CN covalently linked with s-PIM boasted a CO2 permeability of 16,121 Barrer
and CO2/N2 single gas selectivity of 27.0. In addition, when tested under 1:1 CO2:N2 by
volume, the selectivity increased to 53.5 (Figure 4a). This is explained by the high porosity
and rich sorption sites in the 3-D MOF domain, where CO2 is competitively adsorbed
over N2 [57]. UiO66-NH2 dopped with Ag+ leads to great increases in gas separation
characteristics when tested under 1:9 CO2:N2 by volume as Ag+ raises the hydrophilicity
and facilitates CO2 transport while also leading to an increase in free volume, which
characteristically increases permeability to >15,000 Barrer with selectivity 30 [94]. Wang
et al. reported a hybrid membrane containing UiO66-NH2 in PAO-PIM (Figure 4b). The
amidoxime and amine groups tend to form hydrogen bonds, creating a hydrogen bond
network between the two phases, which raised the CO2 permeability from 2902 to 3825
Barrer due to an increase in the diffusivity coefficient while still maintaining a respectable
selectivity [61].

3D MOF fillers are not the only inorganic fillers being explored for mixed matrix
membranes. The addition of silica nanoparticles is an efficient strategy for boosting the
initial gas permeability and suppressing physical aging. By incorporating 0.05 wt% sul-
fonic acid-functionalized silica nanosheets (S-SN) into the PIM-1 polymer, the resulting
membrane showed a 40% higher CO2 permeability and 22% enhancement in CO2/N2
selectivity. 150-day-aged freestanding PIM/SN1 and 28-days-aged TFN PIM/S-SN0.05
showed 70% and 5 times greater CO2 permeability than the pure thick PIM-1 and TFC
PIM-1 membranes, respectively [35] (Figure 4c). Similarly, Nafisi et al. studied the effect of
silica nanoparticle loading in both Pebax and 6FDA-durene matrices. They found that the
integration of silica nanoparticles raised the permeability in both cases, more dramatically
with 6FDA durene (Figure 4d). They observed an increase in Fractional Free Volume (FFV)
with filler loading; FFV increases as the density of the membrane decreases. The more
drastic increase in permeability observed with 6FDA durene is hypothesized to be due
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to its glassy nature; therefore, the presence of nanoparticles has a greater effect on the
FFV [53].

Figure 4. Examples of high permeable MMMs with MOF and Silica nanoparticles (CO2 perme-
abilities ≥ 1000 Barrer or with CO2/N2 Selectivity’s ≥ 30 at temperatures ≤ 35 ◦C). (a) UiO-66-
CN@sPIM-1 [57], (b) PAO-PIM-1/NH2-UiO-66 [61], (c) S-SN [95], (d) 6FDA-durene/Si-5 [53].

Other inorganic fillers, such as synthetic zeolite—SAPO-34, can also largely increase
the CO2 permeability of MMMs [95]. Similarly, SAPO-34 raises the free volume of polymer
membranes, leading to an increase in permeability and raising selectivity when selectively
sieving molecules based on kinetic diameter [58]. It was reported that a PDMS-SAPO-34
(PM-30 wt%) membrane exhibited a CO2 permeability of 5753 Barrer with an ideal CO2/N2
selectivity of about 31 at 2000 kPa (20 bar) and 25 ◦C, which surpassed the 2008 Robeson
upper bound for CO2/N2 separation.

Also, a large number of novel inorganic fillers could not only help tune the free
volume of the polymer matrix but also create the coefficient path. Carbon nanotubes and
graphene oxide (GO) nanosheets are examples of such fillers. Efficient CO2 transport
pathways were constructed by the homogeneous dispersion of carbon nanotubes (CNTs)
and GO within MMMs, leading to both enhanced permeability and selectivity. Li et al.
showed that mixing both carbon nanotubes and GO fillers into Matrimid membranes
displayed a synergistic relationship [96]. The extraordinarily smooth walls of CNTs acted
as a highway for high permeability, whereas the graphene oxide nanosheets acted as a
selective barrier to create a more tortuous diffusion pathway for N2, meanwhile providing
a more selective path for CO2 through interactions with the hydroxyl and carboxyl groups
on the GO surface (Figure 5). The membrane combining 5 wt% of CNTs and 5 wt% of GO
(Matrimid®-CNTs/GO-5/5) displayed optimum performance with a CO2 permeability of
38.07 Barrer, a CO2/N2 selectivity of 81.00. Compared to pure Matrimid® membranes, the
CO2 permeability and CO2/N2 selectivity of the Matrimid®-CNTs/GO-5/5 membranes
were increased by 331% and 147%, respectively. Although the reported 38.07 Barrer is still
much lower than the expected permeability of CO2 for m-DAC, the method inspires future
research on designing high-performance membranes for DAC. More effort needs to be put
into choosing the proper polymer matrix. Furthermore, to achieve high performance, ideal
polymer–filler interface morphology and homogenous filler dispersion have to be realized.
These challenges can be addressed by appropriate screening or modification of fillers to
balance the polymer–filler, and filler–filler interactions [97].
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Figure 5. Schematic of the mechanism for gas travel through MMMs with GO fillers.

Besides inorganic fillers, organic hollow nanoparticles have great promise for creating
new highly permeable membranes. Ding et al. fabricated hollow polyamide nanoparticles
(HPN) with a dense shell via interfacial polymerization in a surfactant-free microemulsion.
The hollow nanoparticles combined with liquid acrylate monomers to form mixed matrix
membranes via UV-induced photo-polymerization. The nanoparticles with an average
diameter of 42 nm dispersed uniformly in the membranes. The CO2 permeability and
CO2/N2 permselectivity of the MMMs both increased as the nanofiller loading increased.
The gas permeation and separation performance exceeded the Robeson upper bound line
with a maximum CO2 permeability of 1898 Barrer and a maximum CO2/N2 permselectivity
of 43.9 at 1 wt% nanofiller loading. The improvement mainly arose from the increase in the
CO2 solubility, the N2 diffusivity, and the CO2/N2 solubility selectivity [62].

In addition, several novel molecular-scale fabrication methods render highly efficient
polymeric composites and could be potentially applied for m-DAC. Instead of using tra-
ditional substrates and gutter layers, Ashtiani et al. developed membranes with carbon
nanotube support structures and a ZIF-8 gutter layer (zeolitic imidazolate frameworks-ZIF).
The surface was spray-coated with PDMS, which helped fill any gaps or interfacial defects.
Due to the ZIF-8′s metal sites, CO2 was effectively permeated through feeble electrostatic
fields and the quadrupole moments of CO2 [60]. The in-situ micelle-induced blending
approach is another significant step toward realizing high-performance CO2 separation
membranes. Seong et al. reported highly CO2-permeable membranes obtained by blending
in situ self-assembled micellar-structured poly(poly(ethylene glycol) methyl ether acry-
late) (PPEGMEA) with poly(ether-block-amide) (Pebax) (Figure 6). The Pebax/PPEGMEA
(30/70 w/w) blend membrane comprised highly CO2-philic PPEGMEA micelles, which
appreciably increased the d-spacing of the Pebax matrix. Consequently, the blend mem-
brane containing a high molecular weight of PPEGMEA exhibited an unprecedented CO2
permeability enhancement of 1054% compared to the pristine Pebax membrane while main-
taining good CO2 selectivity relative to N2 because of the enriched polyethylene glycol
moieties. This excellent separation performance was maintained for 100 h up to 10 atm, val-
idating the good long-term separation performance of the membrane [98]. Furthermore, the
membrane exhibited good mechanical strength and plasticization tolerance. Similarly, mem-
branes formed through the radical polymerization of PEGMEA, PEGDA, and PEGDME
presented CO2 permeability of 2980 Barrer and CO2/N2 selectivity of 45.7 with stability
over 500 h [99]. Gel mixed matrix composites provide a class of membranes with high CO2
permeability and stability performance. The fillers incorporate alongside small molecule
liquid substances to increase free volume [100]. Chen et al. prepared EM400/MIL-101(Cr)–
NH2 MMMs; the addition of MIL-101(Cr)–NH2 improved the mechanical properties of the
membrane and increased the selectivity of CO2/N2. The EM400/MIL-101(Cr)–NH2 MMMs
were further modified with tripropionin. The tripropionin greatly improved the CO2/N2
separation performance of the g-MMMs by increasing the FFV and the CO2 solubility
coefficients at the same time. The CO2 permeability was increased from 213 to 1182 Bar-
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rer when compared to the EM400/MIL-101(Cr)-NH2 MMMs without TPP. This kind of
gel-MMM also showed stability over 168 h of aging testing [100]. An alternative study
tested SPEEK/MIL-101 (Cr) and SPEEK/S-MIL-101 (Cr) membranes at 40% loading under
humidified conditions. Under these conditions, both membranes showed permeability
improvements from 30 to 1623 Barrer and 35 to 2064 Barrer, respectively. Although the
selectivity for SPEEK/MIL-101 (Cr) membranes did not change from 40, the selectivity did
improve from 41 to 53 in the case of SPEEK/S-MIL-101 (Cr). The proportionality between
permeability and water content was attributed to an increase in pore swelling, while the
increase in selectivity can be explained by the decreased level of transport resistance for
CO2 with water as compared to N2 [56].

Figure 6. Schematic of Pebax/PPEGMEA membranes obtained via the free radical polymerization
of PEGMEA in Pebax in the presence of BPO. Reprinted with permission from Ref. [99]. Copyright
2022 Elsevier.

4.3. Facilitated Transport Membranes

Finally, facilitated transport membranes are unique in their exceptionally high selectiv-
ity for CO2 compared to typical solubility/diffusion membranes due to reversible reactions
between the carriers in the membrane and CO2. The carriers can be divided into fixed
or mobile carriers (Figure 7). These reversible reactions require water to occur, setting a
dependence on the humidity of the feed gas [101]. When considering m-DAC, the need
for humidity can lead to tighter requirements for installation limited to humid areas or
introduce higher operating costs and water requirements for humidifying the feed gas.
With that being said, PIL-IL-GO membranes have been tested under m-DAC conditions
of 410 ppm CO2 and showed CO2 permeances between 3000 and 4000 GPU with very
high CO2/N2 selectivity (>1000) [30]. There are various carrier structures, but most are
based on amines. For example, P(DADMACA-co-VAm) membranes containing primary
amino groups, carbonate groups, and quaternary ammonium groups show synergistic
increases in membrane separation performance over their homogeneous counterparts
(PVAm/PDADMACA) with a CO2 permeance of 1842 GPU and a CO2/N2 selectivity of
160 [63]. In addition, PVA membranes have been modified with both SiO2 nanofillers and
[bmim][Tf2N] ionic liquid to produce membranes with a CO2 permeance of 3016 GPU
and a CO2/N2 selectivity of 62 [102]. The use of ionic liquids may not be the best practice
as they can be high-cost and harmful to the environment and living organisms, therefore
eliminating one of the advantages of m-DAC over the other sorption technologies [103].
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Figure 7. CO2/N2 separation through the facilitated transport membrane [12,104].

5. M-DAC Application

Once CO2 is captured by DAC, it can be stored or recycled for use in several different
downstream applications, as summarized in Figure 8. One important parameter for any
CO2 utilization after capture is the percent purity of CO2. The most common method
of CO2 storage is geological sequestration; generally, geological storage of CO2 requires
CO2 gas at a high purity (more than 98%) [5,105]. Currently, a purity over 90% is not
possible to achieve by m-DAC efficiently in 1 stage; therefore, geological storage is an
unlikely application of m-DAC without several stages or pairing with other CO2 capture
approaches [5,12,16]. A simulation-based study using a membrane with a CO2 permeance
of 1850 GPU and CO2/N2 selectivity of 80 for hybrid membrane cryogenic (HMC) capture
showed a 9% reduction in capture cost at a capture ratio of 85% compared to conventional
monoethanolamide (MEA) carbon capture [106,107]. Similarly, another HMC process
using a membrane with a CO2 permeance of 1000 GPU and CO2/N2 selectivity of 100 was
shown to reduce the energy requirement compared to MEA capture from 4.409 GJth/tCO2 to
3.25 GJth/tCO2 from a stream of 15% CO2 and a pressure ratio of 11.11 achieving a capture
ratio of 85% and a purity over 89% [107,108]. Unfortunately, there is a lack of research
on hybrid separation systems using membranes alongside other DAC methods, which
have the possibility for efficient cost reductions. A recent engineering parametric study,
which investigated the impact of material performance, process design, and operating
conditions on membrane-based DAC, shed light on the future of this technique. The
study concluded that with existing commercial membrane materials, the maximal CO2
output concentration from a single-stage separation would be ~2%. A similar two-stage
process could increase this to ~50%, noting that O2 and water would be co-permeated.
High-performance materials (not commercialized) could achieve ~12% in a single stage and
up to ~99% in two stages [16]. For these high-performance materials in a two-stage process,
costs and energy fall in the affordable range, e.g., 103 to 104$ per tCO2 with a first-order
optimized energy requirement of 101 GJ per tCO2 [16]. Currently, multi-stage membrane
modules are still needed if high-purity outputs are desired since the performance might
worsen due to pressure drop and concentration polarization [16]. Hence, it could be an
efficient approach to produce high-concentration CO2 via a hybrid system, which combines
m-DAC and other CO2 capture systems, although more research is needed in this area.
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Figure 8. Examples of post-capture utilization pathways for CO2 depending on purity.

With m-DAC, the contaminants impacting CO2 purity are gases like O2 and N2,
not NOx and SOx, which are picked up by flue gas capture. It seems only agricultural
applications can use dilute CO2 [5]. Biological fixation through photosynthetic organisms
is the planet’s natural method for CO2 recycling; photosynthetic microorganisms offer
fast reproduction, adaptability, and efficient conversion of CO2 into sugars and typically
require low CO2 (<~40%) concentrations [16,109] (Table S2). With currently commercially
available membranes, the 2% CO2 concentration could be of interest for the intensification
of greenhouses or algae ponds. Captured high-purity CO2 can also be used to enhance
oil recovery. It can be used for welding, dry ice, soda, and feedstock for greenhouses and
other agricultural installations. Furthermore, CO2 can be used for conversion to several
commercial chemicals such as ammonia for fertilizer, plastics which reduce the use of
petrochemical products, formic acid, synthetic fuels by methanation, and methanol, to
name a few [109]. In that event, multistage membrane units or hybrid processes could be of
interest [29]. Although most electrochemical reduction of CO2 uses pure CO2, recent studies
have shown that CO2 reduction to CO can be achieved with low CO2 purity, indicating
another realistic use for m-DAC CO2 [110]. The CO produced can be used to produce useful
hydrocarbons for downstream applications. For all the aforementioned uses, the source of
energy (renewable or not) for conversion and the processes’ emissions should be considered
to determine the overall environmental impact and the extent of negative emissions.

Currently, since m-DAC is rather expensive with current membranes, the most attrac-
tive selling point is the modularity. Fujikawa et al. showed through process simulation
that a 4-stage separation module using current highly permeable membranes can fit into
0.01 m3 and capture 1 kg-CO2 per day [12]. Dittmeyer et al. proposed DAC-integrated
AC units that could convert captured CO2 into hydrocarbon fuels. Their paper provided
perspective examples of towns fueling their cars using the fuels generated by negative
emission technologies. This approach could add an incentive for the public to get involved
in DAC technology [25]. Small-scale m-DAC installations have the potential to be installed
in office buildings and schools where the CO2 concentration reaches up to 1000 ppm [34].
Areas with elevated CO2 concentrations compared to the atmosphere would increase the
capture efficiency of m-DAC. Moreover, the location independence of m-DAC allows for
installation near CO2 storage and recycling sites. This process can avoid the construction of
pipelines needed to transport the CO2 recovered from location-dependent capture sites to
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storage sites [7]. This also avoids the energy required to compress the gas for transport. Us-
ing the previously mentioned utilization of CO2 as an agricultural feedstock as an example,
m-DAC modules could become a standard installation in every greenhouse.

6. Perspective

The m-DAC process has been highlighted as a promising complementary technology
to sorbent-based DAC. Currently, the major barriers facing m-DAC’s full-scale implementa-
tion include membrane material performance, membrane fabrication, and system process
development [12]:

(1) Membrane materials

The performance of membrane materials is significantly affected by the trade-off of
permeance/selectivity as well as plasticization and physical aging. More research needs
to be conducted on m-DAC materials to meet the criteria of CO2 permeance > 10,000 GPU
and CO2/N2 selectivity > 30. Manipulation of the physical (mainly free volume) and
chemical (mainly reactivity with CO2) membrane environment to improve performance
via novel chemistries and preparative methods should continue to be an active area of
research [86]. Besides employing novel chemistries to prepare polymers via improving the
chain rigidity by introducing more inflexible units, the development of polymer nanocom-
posites through different approaches, e.g., “in-situ micelle-induced blending” and “gel
mixed matrix compositing”. Additionally, using proper nanomaterials, such as selected
functionalized MOF, silica, and GO, looks promising in terms of CO2/N2 separation per-
formance, cost, synthesis, and feasibility. Notably, some inorganic/organic fillers could not
only help tune the free volume of the polymer matrix but also increase CO2 solubility or
create a coefficient path [98].

In addition, exploiting facilitated transport mechanisms can also provide effective solu-
tions for overcoming the performance trade-off effect [57]. Low-cost and high-performance
membranes for DAC are required by industry. Hence the exploration of cheaper and
affordable materials should always be pursued.

(2) Membrane fabrication

To meet the performance expectation of DAC and be employed in large-scale applica-
tions, membrane materials should be capable of forming thin membranes with selective
layers less than 1 μm to enable high gas permeance and be packaged into large spiral
wound or hollow fiber membrane modules to maximize the surface area to volume ra-
tio [46]. In this sense, the nanofillers for mixed matrix membranes need to be carefully
chosen and appropriately dispersed. Polymers that are not solvent-processable or prepared
at high temperatures should attract less attention. It seems that commercially available
Pebax (PEO-based polymers) and PVAm-based facilitated transport membranes are good
candidates for selective coating layers [64,79].

(3) System and process

Improvements to the process durability of m-DAC systems against the typical, high
TRL (Technology Readiness Level) separation operations, such as adsorption, absorption,
and cryogenic distillation, should be made. Compared to CO2 separation from point
sources, rather than impurities such as SOx, NOx, H2S, light hydrocarbons, or aromatics, the
main concern of feed gases for m-DAC is water [111]. As a condensable gas, it could lead to
an increase in free volume, causing a significant decline in performance. In most facilitated
transport membranes where amine groups are used as the carriers, the oxidation of carriers
by oxidizing gases (mainly O2) resulted in the deterioration of membrane performance [111].
The effective pre-treatment of feed gases and exploration of anti-oxidized carriers could
help to solve the problem.

Because of the demand for CO2 at high concentrations, more research needs to focus
on multistep and hybrid separation systems [28]. Also, the testing of these systems should
be conducted physically with the support of computer modeling. More investigation is
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needed on process cost analysis since DAC conditions are different from those operating in
typical CO2 capture, and process cost reductions make the process feasible. Advancements
in membrane technology and m-DAC system tunability should be conducted with future
downstream applications in mind, which may require a focus on CO2/O2 selectivity and
permeate purity [9,12,28]. At the same time, more attention should be brought to using
lower purity CO2 in different utilization pathways with a focus on mixtures of O2/N2/CO2
typical of m-DAC [111].

Although most membrane materials do not currently meet the performance criteria
for m-DAC, these improved membranes should be further investigated in conjunction
with current DAC methods to potentially create more efficient hybrid capture systems.
For example, m-DAC can be used as a first separation stage before solid sorbents do the
heavy lifting of selective capture. Other innovative ideas, such as membranes used as
contactors for liquid solvents or a support structure for solid sorbent monoliths in DAC
adsorbers, will inspire researchers to leverage the advantages of the polymeric membrane
in DAC processes.

In addition, as suggested by Castro-Muñoz et al., membrane performance should be
measured in GPU for permeance rather than Barrer for permeability for standardization
across experiments with variability in membrane thickness [26].

Ultimately, the focus of new research should be on increasing membrane permeance,
optimizing selectivity, increasing scalability, decreasing cost, and use of hazardous materi-
als, which are commonly associated with DAC methods currently in use. Future m-DAC
systems should provide life cycle analyses to finitely determine the extent of negative
emissions and operational cost to better illustrate the feasibility of using membranes for
direct air capture.

7. Conclusions

Increasing CO2 levels in the atmosphere and 2050 Net Zero Emission requirements
have aroused many research efforts in exploring efficient negative CO2 emission technolo-
gies to capture CO2 from the atmosphere. In the past decades, the intrinsic advantages of
membrane technology have promoted its application in CO2 capture from point sources.
Previous efforts in membrane technology have shown the possibility of membrane pro-
cesses being considered as a new approach to DAC. Due to its great potential for unprece-
dented improvements in capture cost, installation applications, and environmental impact
compared to the current sorbent-based DAC, it is believed that m-DAC will become an
important addition to the portfolio of methods aimed at realizing ubiquitous CO2 capture
and could change the outlook on CO2 capture in the near future. To promote the practi-
cal applications of m-DAC, challenges should be overcome through the intersection and
application of chemistry, materials science, and engineering. The research on membrane
materials is fundamental as the efficiency of m-DAC systems is heavily reliant on the
permeance and selectivity of the membranes.

In this mini-review, the required properties of membranes for DAC, process param-
eters for modeling/system design, potential materials for membranes, and applications
of m-DAC have been outlined. Particularly, we summarize the advances up to 2023 in
high permeability polymer-based membrane materials for CO2 separations which could
be potential DAC membrane materials, including polymeric membranes, mixed matrix
membranes, and CO2-facilitated transport membranes. A number of representative exam-
ples of recent advances are highlighted, followed by a brief perspective on the direction of
future research and development. This work sheds light on the progress of m-DAC and
encourages further research at the intersection of disciplines, such as polymer chemistry,
inorganic chemistry, nanoscience and technology, and chemical engineering, drawing an
inspiring picture of membranes that are more robust, have lower cost and higher CO2
separation performance.
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Abstract: Innovative carbon capture technologies that capture CO2 from large point sources and di-
rectly from air are urgently needed to combat the climate crisis. Likewise, corresponding technologies
are needed to convert this captured CO2 into valuable chemical feedstocks and products that replace
current fossil-based materials to close the loop in creating viable pathways for a renewable economy.
Biocatalytic membranes that combine high reaction rates and enzyme selectivity with modularity,
scalability, and membrane compactness show promise for both CO2 capture and utilization. This
review presents a systematic examination of technologies under development for CO2 capture and
utilization that employ both enzymes and membranes. CO2 capture membranes are categorized by
their mode of action as CO2 separation membranes, including mixed matrix membranes (MMM) and
liquid membranes (LM), or as CO2 gas–liquid membrane contactors (GLMC). Because they selectively
catalyze molecular reactions involving CO2, the two main classes of enzymes used for enhancing
membrane function are carbonic anhydrase (CA) and formate dehydrogenase (FDH). Small organic
molecules designed to mimic CA enzyme active sites are also being developed. CO2 conversion
membranes are described according to membrane functionality, the location of enzymes relative
to the membrane, which includes different immobilization strategies, and regeneration methods
for cofactors. Parameters crucial for the performance of these hybrid systems are discussed with
tabulated examples. Progress and challenges are discussed, and perspectives on future research
directions are provided.

Keywords: biocatalyst; carbonic anhydrase; CO2 capture; CO2 reduction; enzyme; formate
dehydrogenase; immobilization; membrane

1. Introduction

Carbon dioxide (CO2) interacts with atmospheric, oceanic, and terrestrial biospheres [1]
and is a part of feedback mechanisms that are responsible for natural glacial cycles [2].
Within the past century, anthropogenic CO2 emissions have skyrocketed, causing an abrupt
increase in atmospheric CO2 levels [3] which is speeding up global warming and risks
irreversible climate changes [4]. Carbon capture technologies that reduce the emissions
from large point sources and capture legacy emissions directly from air are necessary to
combat this crisis [5]. Converting captured CO2 into valuable chemical feedstocks and
products that replace current fossil-based materials is increasingly important for its double
benefit and has incentivized the growth of an emerging market for carbon utilization [6].

Already, there are four types of industrially used CO2 capture technologies. They
include absorption in chemical or physical solvents, adsorption on solid absorbents, cryo-
genic processes, and membrane-based separations [7]. Each have their own advantages and
limitations depending on the specific implementation conditions, such as temperature, pres-
sure, and CO2 concentrations. It is therefore common to combine more than one technology
in efforts to reduce the overall cost of the capture process. For example, a conventional
membrane separation process can be assisted by a cryogenic unit to improve CO2 purity to
a level that is not attainable by the membrane alone [8]. In another hybrid example, the
porous structure of a gas–liquid membrane contactor (GLMC) is used to increase the contact
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surface areas of a gas stream with conventional chemical absorption solvents to achieve
higher CO2 capture efficiency with a smaller footprint [9]. The development of more
sophisticated hybrid systems that combine the relatively newer concepts of metal organic
frameworks (MOFs), ionic liquid (IL), and enzyme-based CO2 capture and reactor systems,
together with conventional CO2 capture technologies, offer new possibilities for carbon
capture and utilization applications [10]. By comparing their features, this review examines
the range of hybrid technologies that employ both enzymes and membranes, and provides
critical analyses of the promises and challenges within the field of biocatalytic membranes
for carbon capture and utilization (CCU). This review provides a concise account of both
membrane and biocatalysis concepts relevant for CCU. The analyses and discussions are
intended to stimulate inspiration for novel ideas, and especially, to encourage collaboration
among researchers from different academic backgrounds.

1.1. Enzymes for CO2 Capture and Utilization
1.1.1. Carbonic Anhydrases

Among the many chemical reactions catalyzed by enzymes in biological systems, the
hydration and dehydration reactions of CO2 and bicarbonate (Equation (1)) related to cell
respiration and blood pH homeostasis are among the most critical. Carbonic anhydrases
(CAs) are a ubiquitous class of metal-containing enzymes found in all domains of life.
At ideal conditions, CAs can catalyze the conversion of up to the order of one million
molecules of substrate per molecule of enzyme per second [11]. Interest in using CA for
engineering purposes was initially limited to CO2 separation from life supporting closed
spaces [12], such as submarines and spacecraft, or in biomedical devices, such as artificial
lungs [13]. Now interest has been rekindled for its potential industrial-scale use [14] in
mitigating the negative effects of CO2 on climate change.

CO2 + H2O ↔ H+ + HCO3
− (1)

In recent years, CA has been evaluated both in a dissolved form [15] or immobilized on
packing materials [16,17] as a promoter in conventional CO2 chemical absorption processes
for enhancing CO2 capture from power plant emissions using benign low regeneration
energy solvents, such as aqueous solvents containing potassium carbonate, K2CO3. These
inorganic salt-based solvents enhanced by CA offer the special advantage of minimizing
pore wetting for novel gas–liquid membrane contactor applications, which is discussed
in detail below. With the goal of finding lower cost synthetic alternatives, various CA
mimic enzymes such as Zinc-based [18] and Cobalt-based [19] catalysts have been devised.
Because water (moisture) is essential for CA enzymes to provide an enhancement effect,
membrane developments that utilize CA and its mimics focus on “wet” membranes as the
catalytic reaction cannot occur in dry membranes [20].

Like many other enzymes, CAs generally have low tolerance for elevated tempera-
ture environments, such as those encountered in the CO2 stripper of reactive absorption
processes. However, some CAs are naturally thermostable [14], and non-natural vari-
ants have been made by protein engineering to create ultra-thermostable CAs that can
tolerate temperatures of up to 107 ◦C with pH > 10.0 in amine solvents [21]. Further-
more, enzyme immobilization can circumvent CA instability by retaining CAs in the lower
temperature absorber column, thus preventing them from being exposed to the high tem-
perature environment, and can also stabilize CAs against denaturing in harsh solvents for
improved longevity [22].

1.1.2. Formate Dehydrogenases

Due to its vast quantity, captured CO2 needs to be stored permanently, or ideally
turned into valuable materials that displace CO2 emissions from traditional processes.
Such processes include the cement and chemical industries, which account for 7% of global
CO2 emissions and 7% of all oil extracted, respectively [23]. Formate dehydrogenase
(FDH) catalyzes the reversible reduction of CO2 to formic acid (Equation (2)), a commodity
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chemical with an existing market of more than one million tons/year [24]. Theoretically,
the market size would grow much larger if efforts to use formate for liquid hydrogen fuel
storage [25] or as a carbon source for microbial growth and biosynthesis of higher carbon
chemicals [26,27] can be realized.

CO2 + H+ + 2e− ↔ HCOO− (2)

The two major categories of FDH are metal-independent and metal-dependent. Metal-
independent FDHs have limited CO2 reduction activity [28], preferring to catalyze the
formate oxidation reaction. CO2 reduction requires a proton and two reducing electrons,
which are supplied by enzyme cofactors, such as the reduced form of nicotinamide adenine
dinucleotide (NADH). To convert each mole of CO2, an equal molar amount of NADH
is converted to the oxidized NAD+ form. This means that NADH must be continuously
supplied or regenerated to operate enzymatic membrane reactors continuously. Efficient
regeneration of natural cofactor or artificial electron donors and carriers is, therefore, the
bottleneck in enzyme efficiency that has spurred many innovative strategies reflected in
the recent literature in this field. For example, Song et al. [29] covalently linked copper
nanoparticles (CuNPs) with FDH for the regeneration of the enzyme cofactor NADH
that is also tethered on the FDH through a flexible polyethylene glycol (PEG) swing arm.
In addition, the rhodium bipyridine complex has been widely used to modify electrode
surfaces for cofactor regeneration [30].

1.1.3. Enzyme Cascade with Other Oxidoreductases

Enzymatically produced formic acid has many downstream pathways for utilization.
Enzymatic conversion to formaldehyde and methanol, both of which are among the top
10 petrochemicals produced in the world, is of interest in the search for sustainable low-
temperature processes [28]. Redox reactions of formic acid catalyzed by formaldehyde
dehydrogenase (FaldDH) and then alcohol dehydrogenase (ADH) produce formaldehyde
and methanol in sequence. Such an enzyme cascade reaction that incorporates relevant
enzymes in the same system in close proximity to each other could have additive rate
enhancement effects due to raised local substrate concentration and reduced product inhi-
bition [28]. However, there are several common limitations on current oxidoreductase for
CO2 reduction systems that need to be addressed. These include low enzyme activity in the
carbon reduction direction, low efficiency of cofactor regeneration, low efficiency of electron
transfer in cofactor-free systems, and CO2 solubility and mass transfer limitations [31].
Research activities in protein engineering, enzyme immobilization [32], and reactor design
and integration with complementary systems [33] have all contributed to overcoming these
limitations [31]. Details of recent advances in performance and understanding of cascade
systems involving membranes are discussed below.

1.1.4. Enzyme Immobilization

Enzymes are commonly immobilized on solid carriers—membranes being one of the
most versatile—to improve their stability, facilitate their reuse, and reduce overall processing
and chemical conversion costs [34]. Membranes, as enzyme carriers, can either be fabricated
before (pre-existing) or during (formed in situ) the enzyme immobilization process.

On pre-existing (often commercially available) membrane carriers, enzymes are immo-
bilized through various mechanisms including adsorption, covalent bonding, and affinity
binding [32]. Sun et al. [35] used water plasma for treating a polyvinylidene fluoride (PVDF)
flat sheet membrane, followed by silanization to introduce amine and epoxide groups on
the membrane surface for subsequent covalent attachment of enzymes. Another versatile
surface coating reagent, dopamine (DA), can impart amine functionalities on almost any
type of material surface. Sun et al. co-deposited polyethylenimine (PEI) with DA on
PVDF and polyethylene (PE) membranes and covalently attached CA enzyme through
glutaraldehyde (GA) crosslinking with high activity recovery and excellent reusability
for enhancing CO2 mineralization through CaCO3 precipitation [36]. In a technique that
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is especially suitable for membrane carriers, enzymes can be immobilized by direct and
deliberate membrane fouling. Luo et al. [37] used a simple pressure driven filtration system
to immobilize FDH, FaldDH, and ADH into flat sheet membrane pores for biocatalytic
production of methanol from CO2 without the need for chemical reagents.

Enzymes can also be immobilized in matrices by encapsulation or entrapment mecha-
nisms during the phase inversion process of membrane fabrication. Ren et al. [38] encapsu-
lated CA in zeolitic imidazolate framework 8 (ZIF-8), a type of MOF, and embedded the
biocatalytic MOF in a poly(vinyl alcohol)/chitosan (PVA/CS) composite membrane. In
a CaCO3 precipitation test, the membrane structures formed during the immobilization
process assisted biocatalyst recovery and reuse and exhibited a 1.63-fold improvement, com-
pared with non-membrane MOF containing CA. Wen et al. [39] created CA nanoflowers,
prepared by co-crystallization with Cu2+ and Zn2+ metal ions, and then embedded these
in a CS/PVA hydrogel membrane. The amount of CaCO3 produced by the biocatalytic
composite membrane was nine-fold and two-fold higher compared with the free CA or
dispersed nanoflowers alone, respectively. Enzyme immobilization by entrapment is the
method most commonly used to fabricate mixed matrix membranes (MMM) with CA, or
with CA mimics, for facilitated CO2 transport separation applications [19].

While enzyme immobilization is its own extensive discipline, the introduction above
should suffice for purposes of the current review topic. Interested readers are referred to
classical protocol compilations for more detailed discussions about specific techniques for
enzyme immobilization [40,41]. In addition, as awareness of biomimetic CO2 mitigation
solutions increases, the field of CA immobilization has matured. These advances are
found in recent review articles on CA immobilization for CO2 capture technologies [42], its
industrial implementation [43], and its use in reactive absorption processes [44]. Reviews
on enzyme immobilization for biocatalytic membranes in general are also available [32].

1.1.5. Comparisons of Biocatalysts with Electrocatalysts for CO2 Reduction Reaction

When the reducing electrons are supplied by an external power source, the biocatalyst
is effectively functioning as an electrocatalyst. However, there are several characteris-
tics that make biocatalysts different in term of advantages and disadvantages. Enzymes
have three-dimensional active sites that are able to have very specific interactions with
a particular substrate from a mixture of similar compounds [45]. This high selectivity
is one of the most sought-after features of biocatalysts. However, the drawback of high
substrate selectivity is that the CO2 reduction reaction can only proceed one step at a
time by matching each specific substrate with a specific type of enzyme. This means a
cascade of multiple enzyme systems is needed for complete oxidation or reduction of
substrate to product. An example of the intricate reaction cascades utilized by nature is the
Krebs’s cycle, which is essential to the energy generation in cells [46]. Secondly, enzymes
are complex folded long-chain protein molecules that are, for the most part, insulators
against electron transfers. Therefore, effectively “wiring” enzymes to electrodes becomes
especially challenging [47]. This is not the case for inorganic electrocatalysts used for CO2
reduction reactions, including metal alloys, metal oxides, metal chalcogenides and others,
where increasing selectivity and current density and reducing over-potential, are the major
research obstacles within the field [48]. Recently, Saxena et al. reported copper selenide [49]
and cobalt telluride [50] that are able to reduce CO2 to C2 products, such as acetic acid,
with greater than 80% Faradaic efficiency (FE) and 75% selectivity at a low applied po-
tential. In a nickel selenide electrocatalyst system, the selectivity of the product can be
controlled by the applied potential, and an FE of over 98% can be achieved for acetic acid
at lower applied potential [51]. By fine tuning the CO intermediate adsorption energy on
the active site using a bimetal copper cobalt selenide electrocatalyst, an FE of 100% towards
C2 products such as ethanol and acetic acid was achieved [52]. For comparison, the FE of
electrocatalysts used for CO2 reduction reactions in the literature vary significantly from 3%
to over 90% [48], while in a limited number of reports, the FE of biocatalysts varied from
10% for a three enzyme cascade system that produced methanol by cofactor-free direct
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electron transfer [53] to 23% for a single immobilized enzyme and cofactor regenerating
hybrid system that produced formic acid [29]. Both electrocatalytic and bio-electrocatalytic
CO2 reduction research fields are in their infancy, and knowledge can be learned from each
to towards a common goal.

1.2. Types of Membranes for CO2 Capture and Utilization

Membranes are a promising technology platform for CO2 capture because they are
modular, scalable, and compact. This makes them desirable for process intensification and
reducing energy costs [54,55]. Membranes encompass many different types of materials
and functionality. In this discussion, to distinguish biocatalytic membranes according to
their configurations and separation mechanisms, membranes are loosely divided into two
categories, based on the physical states of the fluids separated by the membrane: CO2 gas
separation membranes and CO2 gas–liquid membrane contactors (Figure 1).

 

Figure 1. Categories of biocatalytic membranes used for CO2 capture.

1.2.1. CO2 Separation Membrane

A membrane that separates two gas phases on either side—CO2 lean gas mixture
on the feed and CO2 enriched gas phase on the permeate side—is called a CO2 separa-
tion membrane. This category encompasses a large selection of membrane types from
non-porous glassy polymer membranes, fixed-site carrier membranes [56], and ultrathin
nanocomposite membranes [57], to contained liquid membranes [58]. Research efforts on
CO2 separation membranes have focused on improving performance-limiting membrane
properties, such as CO2 gas permeance and selectivity [59]. New classes of polymer mate-
rials, such as polymers of intrinsic microporosity (PIM) [60,61] and ladder polymers [62],
have been invented that show superior CO2 separation properties well above the empirical
Robeson upper-bound [63], which classically delineates the trade-off relationship between
gas permeability and selectivity. However, physical aging is still an issue that needs to be
solved. This problem is common to all glassy polymer membranes, including in the new
classes of materials, albeit to a lesser extent owing to the presence of inherent structural
porosities. In one case, treatment with super critical CO2 altered the internal structure of a
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PIM, leading to decreased CO2 permeance [64]. In another case, after being physically aged,
ladder polymers showed increased selectivity but decreased permeability [62], indicating a
decreased free volume. To alleviate physical aging issues in glassy non-porous polymer
membranes, inorganic aging-resistant CO2-philic components are added to the polymer
matrix to form mixed matrix membranes (MMM). Recently, Tan et al. [65] discovered a
new method for adding high loadings of zeolite into a polyimide membrane matrix that
achieved a CO2/CH4 mixed-gas selectivity of ~423 and a CO2 permeability of ~8300 Barrer
at moderate pressure and ambient temperature. To put these numbers in perspective, at a
similar CO2/CH4 selectivity of 400, the 2008 Robeson upper-bound for the CO2/CH4 pair
anticipates a CO2 permeability of only ~1 Barrer [63].

In order to improve the overall sustainability profile of CO2 separation technologies,
biopolymer-based MMM, such as chitosan-based non-porous membranes, have recently
emerged as alternatives to conventional non-renewable polymer matrices [66]. Casado-
Coterillo et al. [67] fabricated a chitosan MMM filled with metal organic framework (MOF)
and non-toxic ionic liquid that achieved a high permeability of 4754–5413 Barrer (or 47–52
GPU) and a CO2/N2 selectivity of 12–19. Borgohain et al. [68] synthesized carboxymethyl
chitosan as a matrix for compatibilization with scarcely soluble multi-walled carbon nan-
otubes (MWCNT) to make a thin MMM selective layer (2.7 μm) that exhibited a CO2
permeance of 43 GPU and a CO2/N2 selectivity of 45. The hydrophilicity and free amine
groups of the chitosan material could be contributing to the excellent CO2 transport prop-
erties, especially in humidified conditions, compared with the commercial hydrophobic
membranes [69]. Owing to their abundance in nature, tailorable functional groups, and
excellent membrane forming properties, chitosan [70] and other polysaccharides [71,72],
could play an increasing role in the fabrication of novel CO2 separation membranes.

Another way to improve membrane performance is by making thin film composites
(TFC) [73] or integrated multilayer membranes [74], both with ultra-thin CO2 selective
layers for facilitated CO2 transport. CA and CA mimics have been successfully used to
construct both MMM and thin CO2 selective layers for facilitated CO2 separation [75,76].
However, these advanced facilitated transport membranes are still at lab-scale and no direct
comparison between these and commercial scale CO2 chemical absorption processes is
available in the literature. Nevertheless, a recent techno-economic analysis (TEA) study
compared a non-facilitated polymeric membrane process (Membrane Technology and
Research, Inc., Newark, CA, USA) [77] to an enzyme-based chemical absorption process
(Akermin Inc., St. Louis, MO, USA) and found that the latter is economically more attractive
in a simulated CO2 capture scenario from a 600 MWe power plant flue gas. This result
emphasizes the potential for enzymes to improve energy efficiency of conventional energy
intensive processes. Interestingly, the study also predicted that the membrane technology
could become more efficient if CO2 permeance at low pressure (<1.5 bar) could be enhanced.
Because CA is already particularly efficient at converting CO2 to bicarbonate at ambient
pressure, developing low pressure facilitated CO2 transport membranes that utilize the fast
enzyme reaction rate is a promising concept.

Liquid membranes that separate two gas phases are also defined as CO2 separation
membranes. CA plays a similar CO2 hydration facilitator role in liquid membranes, pro-
vided there is water present. General types of liquid membranes include supported liquid
membranes and contained liquid membranes (Figure 1). Sometimes distinctions are made
between supported liquid membranes (SLM) and immobilized liquid membranes (ILM),
where in the first case, liquid fills spaces between fibers in the membrane and the second
case, liquid fills specific pores in the membrane [78]. However, most of the time, these two
nomenclatures are used interchangeably. Disadvantages of common SLMs or ILMs include
the formation of gravity-induced downward bulges in the liquid phase (called catenary
curves), low tolerance to transmembrane pressure differences, and a high evaporation
tendency. All of these problems can be alleviated by contained liquid membrane configura-
tions in which liquid is bound by porous membrane surfaces [78]. Different types of liquid
can be used to construct liquid membranes, including hydrogels [79], ionic liquids [80],
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deep eutectic solvents [81], and aqueous buffers [82]. Both flat sheet and hollow fiber
membranes are commonly used. Considering the variety of configurations and liquid types
and the large number of associated publications, liquid membranes are further discussed
in a separate section from facilitated non-porous polymer membranes.

1.2.2. CO2 Liquid Contactor Membrane

A membrane that separates a gas phase containing CO2 from a liquid phase where CO2
is absorbed, is categorized as a CO2 liquid contactor membrane (Figure 1). This category
emerged as a new hybrid membrane system, called gas–liquid membrane contactors
(GLMC), that combines the modularity and high surface area of the membrane with the high
selectivity of the chemical absorption process [83,84]. Non-enzymatic GLMC developments
have focused on improving membrane stability [85], minimizing pore wetting [86], and
selecting the best solvent and activator [9]. Reviews of modeling methods used to analyze
the mass transfer in hollow fiber gas–liquid membrane contactors (HFGLMC) for post-
combustion carbon capture are available [83]. Improvements to membrane materials
were also explored by blending polysulfone (PSf) with PEI, a CO2-philic polymer. The
observed optimal additive ratio for higher capture performance was attributed to chemical
affinity, whereas non-optimal conditions inadvertently caused pore wetting and clogging
by K2CO3 precipitation [87].

Another way to improve GLMC performance is increasing the mass transfer of CO2 at
the gas–liquid interface catalyzed by CA enzymes, which are either immobilized on the
membrane [88], dissolved in the solvent [89], or immobilized both on the membrane and on
mobile nanoparticles dispersed in the solvent for additional process intensification [90]. A
recent TEA study compared a CA-immobilized hollow fiber membrane contactor (HFMC)
with benign solvent and vacuum-assisted solvent regeneration with the benchmark case
where monoethanolamine (MEA) was used in a conventional packed column process. The
projection estimated that at 90% CO2 capture from a 685 MWe coal-fired power plant,
the enzymatic process achieved a 43% reduction in energy consumption of the capture
and compression unit, a 31% reduction in capital cost (CAPEX), and a 28% reduction in
operating expenses (OPEX) in comparison with the MEA benchmark [91]. Enzyme-based
GLMC is discussed in more detail below.

1.2.3. Other Membrane Structure Functions

The simplest definition of a membrane is a thin layer that acts as a boundary or barrier.
This barrier can prevent random mass exchange based on size or physical phase, or can
provide protection against harsh environments. Membranes used for CO2 conversion and
utilization applications may require different or added functionality compared with those
used for CO2 capture. For example, as shown in Figure 2, an ultraviolet (UV) protective
membrane was used to block UV irradiation and simultaneously retain enzymes (based on
their large size) on the biocatalysis side [92], while allowing small cofactor molecules to
freely pass between the separate photocatalytic and biocatalytic reaction chambers.

Additionally, membranes provide ample surface area for enzymes to be immobi-
lized, and therefore, can provide high catalytic enhancement. Considering the mem-
brane’s separation function, when substrate is delivered as dissolved CO2-saturated
water [35,36], the membrane structure creates a localized environment where the CO2
conversion reaction can take place continuously in the liquid phase. Membranes can sep-
arate either dissolved or immobilized biocatalysts from products [38,39] (exemplified by
two schematics under “Separation” in Figure 2). The importance of this seemingly simple
function of solid–liquid separation and recovery of enzymes should not be underesti-
mated. An evaluation of using ultrafiltration membranes to separate dissolved enzymes
from a CO2-rich solvent [93], to avoid pumping the enzymes into a high temperature
desorber for solvent regeneration, found that even with an enzyme retention rate as high
as 99.9%, only 50% of the enzymes are retained after 1 month of operation. Therefore,
strategies that prevent enzymes from leaching through or away from membranes can be
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critical. Biocatalyst retention by immobilization is especially important for operating
enzymatic membrane reactors for CO2 reduction catalyzed by oxidoreductases.

Figure 2. Functionalities of membranes used for biocatalytic CO2 conversion.

As illustrated under ‘gas distributor’ in Figure 2, porous membranes, specifically
porous hollow fiber membranes, can be used to infuse gaseous CO2 into the reaction
medium [94] to increase the availability of soluble CO2. This approach is often used in
conjunction with adjacent sets of hollow fiber membranes with immobilized enzymes
attached [95]. In addition, since gaseous CO2 is attracted to hydrophobic surfaces, am-
phiphilic membranes functioning as gas–solid–liquid contactors (Figure 2, right schematic)
have recently been developed for converting gaseous CO2 into water soluble formic acid [96].

Specific examples and the performance of these various membrane functionalities are
discussed in detail in Section 5.

2. Facilitated Transport Membranes

2.1. CA vs. CA-Mimic

Published examples of adding CA enzymes directly into the polymer matrix of a
separation membrane are rare. The concerns with this approach include enzyme tolerance
to membrane fabrication solvents and quality of protein dispersion in the polymer solution.
In one example, Zheng et al. [20] compared Pebax-1657 mixed matrix membrane (MMM)
doped with either CA-mimic in the form of a Zinc-coordinated metal organic framework
(MOF) or with bare CA enzymes. CA-doped MMM fabricated by solvent evaporation
showed a 4- to 5-fold improvement compared with the CO2 permeability of the Pebax-1657
control at a pH range of 7–10. The CA-mimic doped MMM demonstrated an 8- to 9-fold
enhancement over a wider pH range of 5–11, which was attributed to the CA-mimic’s dual
function of resembling the CA enzyme active site and benefiting from a well-defined MOF
pore structure for gas transport. In another study, Zhang et al. [75] encapsulated a high
loading amount (~24 wt%) of CA enzyme in Zinc-coordinated 2-Methylimidazole metal
organic framework (ZIF-8) cavities grown in situ on an oriented halloysite nanotube (HNT)
layer supported by a polyacrylonitrile (PAN) porous membrane. The optimal CO2/N2
selectivity was 166, which was about 21-fold higher than the negative control membranes
containing denatured CA. Because the only difference between the two was the activity of
the CA, the enhancement was attributed solely to the catalytic effects of the CA enzyme.

Most of the literature on biomimetic CO2 facilitated transport membranes only uses
CA-mimics for catalytic enhancement. The most common CA-mimics are Zn–cyclen [76],
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Cobalt-coordinated Co-2,6-bis(2-benzimidazolyl)pyridine (Co-BBP) [19], Zinc-coordinated
histidine-based bolaamphiphile (His-Bola) [97], and Zinc-coordinated bibenzotriazoles
(H2-bibta) [20]. Comparisons of the active sites of CA-mimics with CA enzymes are
provided in Figure 3. Although the reaction rates per active site of the CA-mimics are not
comparable with those of the CA enzymes, their lower molecular weights make it possible
to load a large number of active sites per unit mass of synthetic polymer membrane, which
partially offsets the lower activity. Additionally, high thermal stability (>200 ◦C) and a wide
effective pH range make CA-mimics a popular choice for fabricating facilitated transport
membranes [76]. This situation may change as ultrastable CA enzymes [21] become more
readily available.

 

Figure 3. Chemical structures of active sites of CA enzyme (shown in orange oval) and CA-mimics
(shown in blue rectangles).

2.2. Membrane Structures

Two common pathways to improve CO2 separation performance of non-porous mem-
branes are the creation of mixed matrix membranes (MMM) or multilayer composite
membranes with a CO2 selective layer. The former involves the incorporation of solid CO2-
philic additives in a continuous polymer matrix, which combines advantages from both
materials. The later reduces membrane thickness to improve CO2 permeance by supporting
a thin CO2 selective layer on a less selective but more sturdy gas permeable membrane.

Zhang et al. [19] dispersed 1.33 wt% of CoBBP CA-mimic in Pebax-1657 (PEO:PA6
polyamide 60:40 wt%) matrix through a dissolution–evaporation process for MMM and
achieved a CO2 permeability of 675.5 Barrer and a selectivity of 62, which is above the
empirical Robeson upper-bound. Nilouyal et al. [97] incorporated up to 9 wt% of Zinc-
coordinated His-Bola nanoparticles in Pebax-1657 matrix and obtained a higher CO2/N2
selectivity of 158.2 but a lower CO2 permeability of 188.4 Barrer, which also surpassed the
Robeson upper-bound. However, after accounting for their thickness of 70–75 μm, these
MMMs had CO2 permeances in the single digits, at 9 and 3 GPU, respectively. To increase
CO2 permeance, additional CO2 transport mechanisms are needed. Zheng et al. [20]
incorporated a CA-mimic that forms MOF porous structures itself and supplements the
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catalytic function with additional CO2 diffusion pathways. Similarly, Wang et al. [98]
compounded 28.5 wt% CoBBP CA-mimic with porous organic polymers (POP) that contain
inherent microporous structures before mixing them into the Pebax matrix. Both of these
examples increased the permeability significantly, with CO2 permeances of around 30 GPU
at a membrane thickness of 50 μm.

Membrane thickness is a bottleneck for achieving high CO2 permeance. The solution
is to construct multi-layer composite membranes with a thin selective layer for providing
gas selectivity and thicker gas permeable layers as physical supports for providing me-
chanical stability. For example, Jahan et al. [99] made cast poly(vinyl alcohol) (PVA) MMM
containing 1 wt% crystalline nanocellulose and 5 μmol/g Zn-cyclen on a polysulfone (PSf)
ultrafiltration membrane. The thickness of the selective MMM layer was 800 nm with a
CO2 permeance of 126 GPU and a CO2/CH4 selectivity of 42, which are significantly higher
than the prior examples. Saeed et al. [100] used a similar strategy in combining 1 wt%
carbon nanotubes (CNT) as nano-filler with 5 μmol/g Zn-cyclen in PVA to create a selective
layer with a thickness of 830 nm supported on PSf membrane. Adding CNT resulted in
a higher water swelling capability of the PVA membrane and a high CO2 permeance of
363 GPU and a CO2/N2 selectivity of 120.

In special cases, where CO2 needs to be separated from smaller gas molecules, such
as H2 and He, the thickness of the membrane cannot be reduced without affecting CO2
selectivity. For example, the CO2 permeance of a poly(amidoamine) (PAMAM) den-
drimer/poly(ethylene glycol) (PEG) hybrid membrane, which works by a facilitated trans-
port mechanism through amino groups of the PAMAM [101], is lower with an inverse
relationship with the membrane thickness (QCO2 ∝ L−0.62), whereas hydrogen permeance
has an almost inverse relationship with the thickness (QH2 ∝ L−0.95). Therefore, the selec-
tivity of CO2 over H2 decreased with a reduced membrane thickness. However, when CA
enzyme was spray-coated on the sweep side of the hybrid membrane, the membrane’s CO2
permeance became nearly inversely proportional to membrane thickness (QCO2 ∝ L−0.98),
making reducing membrane thickness a possible strategy for improving CO2 permeance
without sacrificing selectivity. At a membrane thickness of 15 μm, the CO2 permeance
was 490% higher compared with the no-CA membrane. In this example, rather than
distributing CA enzymes or CA-mimics homogeneously throughout the polymer matrix,
spray-coating CA enzymes only on the membrane surface made it possible to explore the
effect of CA enzyme location on the separation properties. For a fixed membrane thickness,
CA spray-coated on the feed side alone did not alter CO2 permeance, nor did CA coated
on both the feed and sweep sides perform better than CA coated on the sweep side alone.
It was, therefore, concluded that the CO2 desorption step on the sweep side was the rate
limiting step that was assisted by the presence of spray-coated CA enzyme. For membranes
that do not contain CO2 transport facilitating amino groups, CA coated on both sides of
the membrane may be necessary for optimal separation performance. Further studies
with different membrane chemistries are needed to fully evaluate the benefits and effects
of CA placement relative to the membrane, including on the interfaces and dispersed in
the matrix.

2.3. Humidity

The mechanism of facilitated CO2 transport through bicarbonate formation requires
participation of water molecules, regardless of whether it is a CA enzyme [75], CA-
mimic [76], or amino group facilitated reaction [101]. For membranes with dual transport
mechanisms, the dominating mechanism depends on humidity, and higher humidity favors
bicarbonate facilitated transport [20]. As an example, the CO2 permeance of the CA-MOF
dual-function MMM increased by 62% from dry to humidified conditions [20]. In most
cases, both the CO2 permeance and selectivity of facilitated transport membranes increase
with increasing humidity, and the difference can boost certain membranes to perform CO2
separation at above the Robeson upper-bound, even when they otherwise do not achieve
this under dry conditions [97]. For context, the empirical Robeson upper-bound was ini-
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tially constructed based on non-facilitated membrane performance and thus serves as a
benchmark for indicating the effectiveness of facilitated mechanisms. Moisture is required
for all facilitated CO2 transport membranes described here, and the best performance
values reported in Table 1 were all obtained under humidified experimental conditions if
not otherwise specified.

Table 1. Facilitated transport membranes with carbonic anhydrase or enzyme mimics for CO2 separa-
tion.

Application Membrane Configuration
Enzyme,

Concentration
Performance Year, 1st Author, Ref

CO2 separation
from N2

PVA selective layer containing
enzyme mimic supported by
PSf ultrafiltration membrane

5 μmol/g (Zn–cyclen
/PVA) with 1 wt% CNT

CO2 permeance: 256–363 GPU
CO2/N2 selectivity: 107–120

2015–2016
Saeed

[76,100]

CO2 separation
from N2

Biocatalytic composite
membranes HNTs/MOF/CA
selective layer supported by

PAN membrane

24.2 wt% CA in MOF CO2 permeance: 24.2 GPU
CO2/N2 selectivity: 165.5

2017
Zhang

[75]

CO2 separation
from N2

MMM with Cobalt-based
CA-mimic CoBBP dispersed in

Pebax-1657 (PEO:PA6
polyamide 60:40 wt%)

1.33 wt% CoBBP in
Pebax

CO2 permeability: 675.5 Barrer
CO2 permeance: 9 GPU (75 μm

thickness)
CO2/N2 selectivity: 62

2018
Zhang

[19]

CO2 separation
from H2

PAMAM/PEGDMA/GMA
hybrid membrane supported

on PES porous support

1 wt% CA loading
spray-coated on the
hybrid membrane

CO2 permeance: 14.4 GPU
CO2 permeability: 216 Barrer (15 μm

thickness)
CO2/He selectivity: 28.7

2019
Duan
[101]

CO2 separation
from N2

MMM with CoBBP CA-mimic
loaded on POP (CoBBP@POP)
and together both were loaded

in Pebax-1657 matrix

28.5 wt% CoBBP in POP.
5 wt% CoBBP@POP
composite in Pebax

matrix.

CO2 permeability: 1620 Barrer
CO2 permeance: 32.4 GPU (50 μm

thickness)
CO2/N2 selectivity: 102

2020
Wang
[98]

CO2 separation
from CH4

PVA selective layer containing
CA-mimic supported by PSf

ultrafiltration membrane

5 μmol/g (Zn–cyclen
/PVA with 1 wt% CNC)

CO2 permeance: 126 GPU
CO2/CH4 selectivity: 42

2021
Jahan
[99]

CO2 separation
from N2

MMM with His-NPs
CA-mimic loaded in
Pebax-1657 matrix

0–9 wt% His-NPs in
Pebax-1657 matrix

CO2 permeability: 188.4 Barrer
CO2 permeance: 2.7 GPU (70 μm

thickness)
CO2/N2 selectivity: 158.2

2022
Nilouyal

[97]

CO2 separation
from N2

MMM with Zinc-coordinated
MOF CA-mimic loaded in

Pebax-1657 matrix

3% MOF CA-mimic in
Pebax-1657

CO2 permeability: 869 (dry) Barrer
1409 (humid) Barrer CO2 permeance:

28.2 GPU (50 μm thickness)
CO2/N2 selectivity: 88.6 (dry)

83 (humid)

2022
Zheng

[20]

Acronyms: PVA—poly(vinyl alcohol); PSf—polysulfone; GPU—gas permeation unit: 10−6 cm3(STP)/(cm2

s cm Hg); CNT—carbon nanotube; PAN—polyacrylonitrile; HNT—halloysite nanotube; MOF—metal
organic frameworks; CA—carbonic anhydrase; MMM—mixed matrix membrane; CoBBP—Co-2,6-bis(2-
benzimidazolyl)pyridine; PEO—poly(ethylene oxide); PA6—polyamide 6; Barrer—10−10 cm3(STP) cm/(cm2 s
cmHg); PAMAM—poly(amidoamine) dendrimer; PEGDMA—poly(ethylene glycol) dimethacrylate; GMA—
glycidyl methacrylate; PES—polyethersulfone; POP—porous organic polymers; CNC—crystalline nanocellu-
lose; His-NPs—Zinc-coordinated self-assembled histidine-based bolaamphiphile nanoparticles.

3. Liquid Membranes

Strictly speaking, liquid membranes (Figure 1) promoted by CA and CA mimics are
also considered facilitated transport membranes within the gas separation membrane
category, where two gas phases are separated on either side of the membrane. However,
the fabrication of liquid membranes is distinctly different from the non-porous facilitated
transport membranes detailed in Section 2. Often, commercial porous membranes are
used to construct liquid membranes, and the choice of either hydrophobic or hydrophilic
materials is based on the type of liquids used and the membrane configurations. The
history and recent advances of enzyme-promoted liquid membranes are discussed in this
section. Their key parameters and performance metrics are summarized in Table 2.
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Table 2. Liquid membranes with carbonic anhydrase for CO2 separation.

Application Membrane Configuration
Enzyme,

Concentration
Performance Year, 1st Author, Ref

CO2 separation
from N2

Microporous PP HFCLM mat
with heat exchanger type

design (mutually orthogonal
fiber orientation)

3 mg/mL CA in 1.0 M
NaHCO3

At 10% CO2
CO2 permeance: 90 GPU
CO2/N2 selectivity: 234

2006
Bao
[78]

CO2 separation
from air

Microporous PP HFCLM
bundle with feed and sweep

fibers intimately commingled

10 mg/L CA in
poly(acrylic

acid-co-acrylamide)
hydrogel

Able to reduce CO2 from 0.52% to
0.09%

2008
Cheng

[79]

CO2 separation
from air

Microporous PVDF HFCLM
bundle with feed and sweep

fibers intimately commingled

121.8 W-A U/L CA
displayed on the surface
of E. coli suspended in

water

40% increase in CO2 removal rate,
2 times more stable than free CA

2011
Fan

[102]

CO2 separation
from N2

SLM with enzyme solution
impregnating hydrophilic
PVDF membrane; hybrid

nylon-silica CLM sandwiched
between two hydrophobic

PVDF membranes

0.2 mg/mL CA in 1 M
NaHCO3 pH~8

CO2 permeance: 108 GPU, silica
xerogel provides additional

catalytic benefit

2011
Favre
[103]

CO2 separation
from N2

SILM with porous
hydrophobic PVDF membrane

0.01 wt% CA in
hydrophobic

[C4MIM][Tf2N] ionic
liquid or PEG 300

Max CO2/N2 selectivity: 48;
enzyme enhancement is more

profound at higher water content

2012
Neves
[104]

CO2 separation
from N2, H2, CH4

SILM with hydrophobic PVDF
microfiltration membrane

5 mg/mL in hydrophobic
[C4MIM][Tf2N] ionic

liquid

Selectivity:
CO2/N2:30.3

CO2/CH4:19.9
CO2/H2:11.2

2016
Bednar

[80]

CO2 separation
from N2

SLM with porous hydrophilic
cellulose acetate membrane

reinforced by pectin

2 mg CA/mL in Tris
buffer (20Mm, pH 8.3)

CO2 permeability: 93 Barrer
CO2 permeance: 0.75 GPU

(120 μm thickness)
CO2/N2 selectivity: 54

2018
Nemestóthy

[82]

CO2 separation
from N2

ILM within 8 nm hydrophilic
silica mesopores and thickness

of 18 nm

2 CA per nanopore;
effective conc. of 100 mg

CA mL–1

CO2 permeance: 2600 GPU
Selectivity: CO2/N2:788;

CO2/H2:1500

2018
Fu

[105]

CO2 separation
from N2

SLM with DES filling
hydrophilic PTFE

microfiltration membrane

0.5 mg CA/g
DES (choline chloride and

levulinic acid)

CO2 permeability: 78 Barrer
CO2/N2 selectivity: 32

Adding CA failed to enhance
selectivity

2021
de Castro

[81]

CO2 separation
from N2 and CH4

SLM with DES filling
hydrophilic PTFE

microfiltration membrane

0.1 mg CA/mL DES
(choline chloride and urea)

CO2 permeability: 140 Barrer
(w/CA)

Selectivity:
CO2/N2: below RUB

CO2/CH4: above (w/o CA) and
on (w/CA) RUB

2021
Craveiro

[106]

CO2 separation
from CH4

SLM with water-in-oil
emulsion filling porous

hydrophobic PVDF membrane

1 wt% disperse phase
(0.5 g CA/L K2CO3 pH 11,

5% PEG 300) in corn oil
with 2 wt% Tween 80

Permeability of CO2 increased by
~15% and CO2/CH4 selectivity
increased by 2.9-fold with CA

2022
Mondal

[107]

CO2 separation
from N2 and CH4

SLM with hydrophilic PTFE
microfiltration membrane

0.5 mg CA/g solvent
(12.5/14.5/75.0 wt%

ChOH/water/glycerol)

CO2 permeability: 81 Barrer
Selectivity:

CO2/N2: 90.5

2022
Castro
[108]

Acronyms: PP—polypropylene; HFCLM—hollow fiber contained liquid membrane; CA—carbonic anhydrase;
GPU—gas permeation unit: 10−6 cm3(STP)/(cm2 s cmHg); PVDF—polyvinylidene fluoride; W-A—Wilbur
and Anderson; SLM—supported liquid membrane; CLM—contained liquid membrane; SILM—supported
ionic liquid membrane; [C4MIM][Tf2N]—1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide;
PEG—polyethylene glycol; ILM—immobilized liquid membrane; DES—deep eutectic solvents; RUB—Robeson
upper-bound; ChOH—choline hydroxide.
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3.1. Early Developments in CA-Promoted Supported Liquid Membrane (SLM)

The concept of using CA for enhancing CO2 transport through a thin liquid membrane
dates back to the late 1960s. Enns [109] demonstrated that transport enhancement across a
membrane resulted from a dominating bicarbonate diffusion mechanism because at pH
values higher than 6.1, bicarbonate concentration was higher than dissolved CO2, and
increased bicarbonate concentration was facilitated by the rapid interconversion between
dissolved CO2 molecules and bicarbonate ions catalyzed by CA. The supported liquid
membrane (SLM) used in these tests was created by saturating a Millipore filter with
nominal pore size of 0.45 μm, void space of 80%, and a thickness of 150 μm with 25 mM
aqueous sodium bicarbonate solutions containing 1–10 mg/mL dissolved CA. In SLM, there
is a continuous liquid phase from one side of the membrane to the other. Capillary forces
hold the liquid within the open pores of the solid support. CO2 transport enhancement
of more than two orders of magnitude was possible at pH 9.0 with the highest enzyme
concentration. Shortly after, Ward et al. [12] described an “immobilized liquid membrane”,
also a flat sheet supported liquid membrane (SLM), in which a porous cellulose acetate
film was saturated with 2 N aqueous potassium bicarbonate containing 2 mg/mL of CA.
An initial 6-fold enhancement in CO2 transport was observed, but this decreased to zero
after several days, indicating low stability of the liquid membrane and the CA being used.
Therefore, improving the stability of the liquid membrane by reducing solvent evaporation
is a primary research objective and requirement for CO2 separation applications.

3.2. SLM with Non-Volatile Liquids

One of the strategies for retaining enzyme activity and reducing evaporative sol-
vent loss in SLM is the use of non-volatile liquids and thermostable CA strains [110].
Neves et al. [104] chose a hydrophobic ionic liquid supported by a hydrophobic porous
PVDF membrane. The addition of 0.01 wt% CA in the ionic liquid showed an enhancement
effect only at higher water content, signifying a compromise between optimizing the ionic
liquid internal structure and benefiting from enzymatic CO2 hydration enhancement. The
same was true when a higher CA concentration of 5 mg/mL was added and maximum CO2
selectivity versus other gases remained low [80]. Recently, deep eutectic solvents (DES),
such as the choline chloride and levulinic acid pair, have been explored to form stable
SLM. However, adding CA into DES failed to improve CO2 selectivity over N2 [81] and in
certain cases, decreased its selectivity over CH4 [106]. Castro et al. [108] prepared a choline
hydroxide-based alkaline solvent containing 14.5% water and 75% glycerol supported on a
hydrophilic PTFE microfiltration membrane. With the help of 0.5 mg CA/g solvent and
the presence of a large percentage of water, CO2/N2 selectivity increased to 90.5. Another
promising case involves the formation of a stable emulsion for filling the porous membrane.
Mondal et al. [107] formulated a water-in-oil emulsion with 1 wt% aqueous disperse phase
in corn oil stabilized by 2 wt% Tween 80 and filled the pores of the porous hydrophobic
PVDF membrane. The aqueous phase comprised 0.5 g CA per liter potassium carbonate
solvent and 5 wt% PEG 300 for enzyme stabilization. With the help of the CA enzyme, CO2
permeability increased by ~15% and CO2/CH4 selectivity increased by 2.9-fold.

3.3. CA-Promoted Contained Liquid Membrane (CLM)

As interest in capturing CO2 from air and from power plant flue gas grew, new
membrane configurations emerged to overcome supported liquid membrane instabil-
ity. Contrary to SLMs, where hydrophilicity/hydrophobicity of the liquid and support
should match in order for the liquid to fill the pores or space in between the fibers of
the support [82], contained liquid membranes (CLM) use a mismatch of the hydrophilic-
ity/hydrophobicity of the liquid and the membrane surfaces to create physical barriers that
contain the liquid in a confined space (e.g., between flat membrane sheets, or between adja-
cent hollow fibers (HF)), forming a liquid membrane. Because of the additional physical
barriers between the liquid and gas phases, CLMs tend to be less prone to the instability
caused by solvent evaporation.
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Bao et al. [78] constructed a CLM by surrounding a microporous PP woven HF mat,
with mutually orthogonal fiber orientations between hollow fibers containing feed and
sweep gases (arranged like a heat exchanger), using different CO2 absorption liquids.
The CLM with the space between the feed and sweep fibers filled with 1.0 M NaHCO3
containing 3 mg/mL dissolved CA performed better than that filled with 20 wt% di-
ethanolamine (DEA). Alternatively, Trachtenberg et al. (Carbozyme Inc., Monmouth
Junction, NJ, USA) [58] immobilized CA on the liquid side wall of both feed and sweep
hollow fiber microporous membranes in a contained liquid membrane (CLM) configuration
to intensify the CO2 mass transfer between the gas and liquid and back from liquid to gas
at the gas–liquid interfaces. Immobilization alleviated solvent evaporation and enzyme
instability, and 85% CO2 removal was achieved in a preliminary test using 15.4% CO2, a con-
centration typical for flue gas from coal-fired power plants. Zhang et al. [111] immobilized
CA in a poly(acrylic acid-co-acrylamide)/hydrotalcite (PAA-AAm/HT) nanocomposite
hydrogel, in the interstitial space between feed and sweep hollow fiber membranes, and
reported the immobilized CA retained over 76% activity. However, the bicarbonate diffu-
sion rate through the hydrogel phase was found to be the rate-limiting step of the overall
process. The same was concluded about enzyme-based facilitated transport contained
liquid membranes (EBCLM), where increases in liquid thickness led to increases in CO2
selectivity but decreases in CO2 permeance [112].

3.4. Liquid Membrane Thickness

Whether it is a SLM or CLM, the thickness of the liquid membrane, which is deter-
mined by the thickness of the support membrane or the distance between two surfaces
of the support membrane, greatly influences the CO2 permeance of the liquid membrane.
Typical liquid membrane thicknesses reported in the literature range from 10s to 100s μm,
which could result in low CO2 permeance even if their permeabilities are high. To decrease
the liquid membrane thickness and greatly improve CO2 permeance, Fu et al. [105] fabri-
cated an inorganic membrane with close-packed arrays of silica mesopores with a diameter
of 8 nm and total thickness (depth) of 1 μm, with the top 18 nm being hydrophilic and the
rest being hydrophobic. The hydrophilic portions of the pores were filled with CA solution
through capillary forces with an average of 2 CA enzymes per 18 nm thick liquid film in
each mesopore. This drastic reduction in liquid layer thickness and high nominal CA con-
centration inside the channel resulted in a remarkably high CO2 permeance of 2600 GPU,
and high selectivities of 788 and 1500 for CO2/N2 and CO2/H2, respectively, were achieved
at room temperature and atmospheric pressure. This example experimentally verified the
hypothesis that a reduced liquid layer thickness coupled with high enzyme loading can
produce a liquid membrane with outstanding permeance and selectivity. Such encouraging
results argue for more studies to demonstrate this phenomenon with other types of support
membranes, which will require advancements in respective material processing techniques
for fabricating well-controlled nano-sized structures.

4. Gas–Liquid Membrane Contactor

4.1. Advantages Compared with Conventional Gas Separation Membrane and Chemical Absorption

An important practical challenge for conventional CO2 separation membranes lies in
the limited partial pressure driving force at atmospheric application conditions. The CO2
concentration in the flue gas of a coal-fired power plant is only ~14% and is even lower in
natural gas power plant emissions at only ~5% [113]. Both are emitted at near atmospheric
pressure, leading to a CO2 partial pressure of only 0.05–0.14 bar. Gas permeation occurs
when the partial pressure of CO2 on the feed side is greater than the partial pressure of
CO2 on the permeate side:

n f × p f ≥ np × pp (3)

where, n f is the molar concentration of CO2 in the feed, p f is the feed pressure, np is the mo-
lar concentration of CO2 in the permeate, and pp is the permeate pressure. Rearrangement
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of Equation (3) shows that the maximum separation that can be achieved by a membrane is
limited by the ratio of the feed and permeate pressures:

p f

pp
≥ np

n f
(4)

A feed to permeate pressure ratio greater than one is needed to drive the CO2 enriching
process, no matter how selective the membrane is, and the compression and vacuum cost
could easily make the whole process unaffordable [8].

Chemical reactive absorption processes using primary amine solvents have been
the benchmark technology for capturing CO2 at atmospheric pressure owing to the high
CO2 removal rate. However, broad adoption of the technology has been impeded by
corresponding high regeneration energy consumption (high OPEX) and large equipment
size (high CAPEX) [114]. One solution for reducing the high energy penalty is by using
lower energy solvents such as sterically hindered amines, tertiary amines, and inorganic
carbonate-based solvents [115]. However, the CO2 absorption rates of these solvents are
often low despite having higher absorption capacity on a mole basis than the primary
amine benchmark, monoethanolamine (MEA) [116]. In combination with CA enzymes,
however, low energy solvents have the potential to meet MEA absorption efficiency [117].

In addition, the CO2 absorption rate can be improved with mass transfer intensifica-
tion strategies, such as the use of gas–liquid membrane contactors (GLMC), which provide
a well-defined interfacial area that is orders of magnitude higher than conventional packed
columns [118] along with modularity and a small footprint. Additional advantages of using
GLMC stem from its non-dispersive nature which helps avoid common problems in con-
ventional packed columns, such as flooding, foaming, channeling, and entrainment [119].
GLMC modules are typically assembled as a bundle of hydrophobic microporous hollow
fibers packed parallel in a shell. Gas and liquid usually flow counter-currently on opposite
sides of the membrane (Figure 1). Leimbrink et al. [118] compared the CO2 absorption
performance of conventional packed column, rotating packed beds, and a GLMC in 30%
MDEA, with and without 0.2 wt% CA. Without CA, the three contacting devices had similar
CO2 absorption per effective interfacial area. With CA, although the membrane contactor
showed lower enhancement from the CA enzyme (due to the large specific surface area
of the membrane contactor making it seem less effective from enzyme enhancement), it
achieved the highest CO2 absorption per contactor volume, requiring only a quarter of the
size to achieve the same absorption required for a packed column process.

4.2. Developments in CA-Promoted GLMC

Interest in improving the CO2 removal rate of artificial lung devices prompted the
early development of enzyme immobilized GLMC for CO2 transport. In contrast to con-
ventional GLMC used for CO2 absorption, the essential function of an artificial lung is
to act similar to a desorber contactor, where CO2, delivered as a liquid flow in the form
of dissolved bicarbonate ions, is quickly converted to CO2 gas and carried away by the
oxygen sweep gas. The oxygen sweep gas acts as the low CO2 partial pressure driving force
for desorption. This desorption reaction is catalyzed by CA immobilized at the surface of
the hollow fiber membranes. Federspiel and coworkers [13,120–123] utilized plasma-based
surface modification techniques to introduce hydroxyl or amino functional groups on
hollow fiber membranes (HFM) followed by surface chemical activation using cyanogen
bromide or glutaraldehyde, both of which are reactive toward lysine amino groups in CA.
Enhancements of 115% and 37% in CO2 removal rates were observed from buffer and blood,
respectively, after optimizing surface treatment and enzyme immobilization conditions,
including the use of chitosan as a tether polymer. Further increases in enzyme activity, by
use of a highly active recombinant human CA, did not yield additional improvement to the
CO2 removal rate due to the lack of sufficient driving force at physiological conditions for
CA to push the reaction toward bicarbonate dehydration at the fluid boundary layer. This
emphasizes that CA offers a benefit when the reaction is kinetically limited in the presence
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of a driving force but does not overcome equilibrium dominated conditions. However,
when the local equilibrium was altered by introducing acidity at the boundary layer by
using an acidic sweep gas, a 109% increase in the CO2 removal rate was achieved while
still maintaining the bulk blood at physiological pH. This further emphasizes that altering
the local equilibrium is a fundamental strategy by which enhanced CO2 mass transfer
can be achieved in the presence of CA. While GLMC has only been explored somewhat
for CO2 stripping [124,125], advances in artificial lungs with immobilized CA on HFM
could potentially provide alternatives to the high temperature CO2 stripping process which
consumes the most energy in conventional chemical absorption processes.

The research field of CA-immobilized GLMC for CO2 absorption is expanding [126]
as more attention is placed on the negative effects of greenhouse gas emissions on our
environment and efforts increase to find more efficient and sustainable solutions to mit-
igate this issue. Representative research studies with their materials selection and key
performance outcomes are summarized in Table 3. The dominant research themes include
membrane surface modification, enzyme immobilization, absorption solvent development,
and reducing mass transfer barriers.

Table 3. Gas liquid membrane contactor with carbonic anhydrase for CO2 absorption and desorption.

Application Membrane Configuration
Enzyme,

Concentration
Performance Year, 1st Author, Ref

Artificial lungs
CO2

desorption
PMP HFGLMC

Immobilized CA up to
88% theoretical monolayer

coverage, 0.3 U esterase
activity

Rates of CO2 exchange from buffer
increased by 75% with

immobilized CA

2007
Kaar
[13]

Artificial lungs
CO2

desorption
PMP and PP HFGLMC

Immobilized CA
0.99–8.8 U esterase

activity

CO2 removal rate increased by
115% and 37% from buffer and

from blood, respectively

2012–2015
Arazawa
[120–123]

CO2
absorption

PP flat sheet membrane with
LbL polyelectrolytes

PEI/PSS/PAH/MSNP

440 μg CA cm−2 per layer
tested up to 3 layers

CO2 hydration rate of
19 ± 4 μmol cm−2 min−1 per layer

tested up to 3 layers using
CO2-saturated buffer

2015
Yong
[88]

CO2
absorption

Hydrophobic PVDF flat sheet
membrane with TiO2 coating 700 μg CA cm−2

CO2 hydration rate of
140 μmol cm−2 min−1 nominal

membrane area using
CO2-saturated buffer

2015
Hou
[127]

CO2
absorption

PVDF flat sheet Janus
membrane with

fluorosilane-treated
superhydrophobic and

CNT-coated hydrophilic sides

165 ± 22 μg CA cm−2
CO2 hydration rate of

1.32 μmol cm−2 min−1 from
100% CO2 gas to pure water

2015
Hou
[128]

CO2
absorption

PP- or TiO2-coated
superhydrophobic PP

HFGLMC

200 μg immobilized CA
(on TiO2 NP)/mL

suspended in absorption
buffer

CO2 hydration rate of
0.96 μmol cm−2 min−1 from

20% CO2 gas mixture to buffer

2016
Hou
[129]

CO2
absorption

GLMC with a tubular porous
glass membrane with

hydrophobic coating on the
outer skin

10 mM enzyme mimic in
0.5 M K2CO3

10.8 μmol cm−2 min−1 from 10%
CO2 gas mixture to 1 M NaOH;
10-fold increase in rate constant
using 10 mM enzyme mimic in

0.5 M K2CO3

2016
Saeed
[130]

CO2
absorption

HFGLMC with porous PP or
non-porous Psf with PDMS

coating; LbL polyelectrolytes
PEI/PSS/PAH for enzyme

adsorption

Three tri-layers
(PSS/PAH/CA) and about
0.15 mg CA in HFGLMC.

3-fold improvement in CO2
absorption rate in 30 wt% K2CO3

with immobilized CA which
retained > 80% activity after

exposure to common contaminant
from flue gas but did not tolerate

high pH combined with high
temperature

2016–2017
Yong

[131,132]
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Table 3. Cont.

Application Membrane Configuration
Enzyme,

Concentration
Performance Year, 1st Author, Ref

CO2
absorption

HFGLMC based on
hydrophobic porous PP (bulk

and pores) and a dense
hydrophilic PVDF layer and
PIL coating on flue gas side

1 wt% CA concentrate
dissolved in 30% MDEA

or MEA.

2.2- and 1.7-fold enzyme
enhancement in 30% MDEA with
(CO2 flux 0.41 μmol cm−2 min−1

from 15% CO2) or without PIL
coating, respectively; negative

effect for adding CA in 30% MEA

2017
Kim
[89]

CO2
absorption from
CO2/Xe mixture

Dense flat sheet PDMS GLMC
separating gas and liquid

phase microfluidic channels
with alveolar design

0.1 mg CA/g of CP ionic
liquid with water activity

of 0.753

Enzyme has no effect on Xe
transport but has 1.9-fold

enhancement for CO2 absorption

2018
Malankowska

[133]

CO2
absorption

PVDF HFGLMC with
co-deposited PDA/PEI for

enzyme immobilization

498 U esterase activity per
m2 membrane

15 μmol cm−2 min−1, 150% higher
than non-biocatalytic membrane

2019
Xu

[134]

CO2
absorption

Electrospun PSMA nanofiber
membrane as enzyme carrier

and gas–liquid contacting
surface positioned by flotation

device

10 mg CA/mg nanofiber
membrane

CO2 hydration rate
8.9 μmol cm−2 min−1 from 100%

CO2 gas

2020
Kim
[135]

CO2
absorption

MOF grown on Al2O3
membrane filter for enzyme

adsorption

0.1 mg CA/membrane
or 75 μg CA/cm2 nominal

area

CO2 hydration rate
108 μmol cm−2 min−1 from

5% CO2 gas into water

2021
Liu

[136]

CO2
absorption

Flat sheet PP GLMC with
co-deposited PEI/PDA for

enzyme immobilization
94.3 μg CA/cm2

CO2 hydration rate
1.74 μmol cm−2 min−1 from

15% CO2 into 100 mM Tris buffer

2021
Rasouli

[137]

CO2
absorption

Biocatalytic Flat sheet PP
GLMC and MNP both were
co-deposited with PEI/PDA

and used for enzyme
immobilization

6.49–65.44 mg CA/Lreactor

CO2 hydration rate
1.7 μmol cm−2 min−1 from

15% CO2 into 100 mM Tris buffer

2022
Rasouli

[90]

Acronyms: PMP—poly(methyl pentene); HFGLMC—hollow fiber gas liquid membrane contactor; CA—carbonic
anhydrase; PP—polypropylene; LbL—layer-by-layer assembly; PEI—polyethylenimine; PSS—poly(styrene sul-
fonate); PAH—poly(allylamine hydrochloride); MSNP—mesoporous silica nanoparticle; PVDF—polyvinylidene
fluoride; CNT—carbon nanotube; NP—nanoparticle; GLMC—gas liquid membrane contactor; PSf—polysulfone;
PIL—poly(ionic liquids); MDEA—methyldiethanolamine; MEA—monoethanolamine; CP—cholinium propi-
onate; PDA—polydopamine; PSMA—poly(styrene-co-maleic anhydride); Al2O3—aluminum oxide; MNP—
magnetic nanoparticle.

4.3. Materials and Surface Modifications

The role of a membrane in GLMC is to separate the liquid phase from the gas phase and
provide well-defined non-dispersive contacting areas between the two phases. Therefore,
the most commonly used type of membranes are hydrophobic porous membranes, includ-
ing, poly(methyl pentene) (PMP) [13], polypropylene (PP) [88], and polyvinylidene fluoride
(PVDF) [134]. Serving the same function, tubular porous glass membranes can also be used
after applying hydrophobic coatings on the outer membrane skin [130]. Surface modifica-
tions, such as coating with sol-gel TiO2, have been implemented on PVDF membranes to
improve enzyme compatibility [127]. However, decreased water contact angle and liquid
entry pressure were observed, and severe pore blockages occurred after multiple sol-gel
coating cycles. Superhydrophobic coating, 1H,1H,2H,2H-perfluorodecyltriethoxysilane
(PDTS), was applied on a TiO2 functionalized PP membrane, leading to improved opera-
tional stability while inadvertently also increasing membrane resistance [129].

In addition to deliberate surface modifications carried out by chemical reagents and
polymer coatings, the surface properties of membranes, including the parts of pores ex-
posed to enzyme immobilization solutions, are drastically altered by immobilized enzymes,
often leading to membrane pore wetting. In one study, at a high enzyme loading, the
surface pore openings were narrowed and the water contact angle of a pristine PP mem-
brane dropped from 131◦ to 78◦ after enzyme immobilization [90]. However, the extra
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mass transfer resistance caused by partially wetted pores was overcome by enzymatic CO2
hydration enhancement caused by CA enzymes attached inside the wetted pores [137]. A
biocatalytic GLMC operated in fully pore-wetted conditions has been described where CA
was adsorbed on hygroscopic and catalytic MOF grown on the surface of a hydrophilic
Al2O3 membrane, where a CO2 hydration rate of 108 μmol cm−2 min−1 from 5% CO2 gas
into water was achieved [136], but the buffering capacity of the system was not explained.
The additional mass transfer resistance of the wetted pores was likely overcome by the
combined catalytic hydration enhancements from CA and MOF. A recent modelling study
concurred with the observation that mass transfer resistance in wetted pores can be reduced
by catalyzed CO2 hydration [138].

To overcome pore wetting caused by immobilized enzymes, a “Janus” configuration
was used to modify a PVDF membrane, with hydrophilic carbon nanotubes (CNT) on one
side and superhydrophobic fluorosilane on the other side of the membrane [128]. CA was
immobilized through physical adsorption onto the hydrophilic side to prevent interference
with the pore structure and properties of the hydrophobic membrane. In a pressure drop
test, where the hydrophilic side faced water and the superhydrophobic side faced the
overhead gas chamber filled with 100% CO2 gas to 1 atm, the CA immobilized membrane
achieved up to a 2-fold increase in CO2 hydration rate compared with the no-enzyme
control membranes. The advantage of immobilizing CA on a Janus membrane located
at the gas–liquid interface was demonstrated by the fact that over 30 mg of free CA had
to be dissolved in the liquid bulk to achieve a similar CO2 hydration rate as 2.97 mg CA
immobilized on the membrane. Because the mass transfer at the gas and liquid interface is
the rate-limiting step, the immobilized enzyme concentrated at the interface was able to
catalyze the CO2 hydration more efficiently.

In addition to hydrophobic porous membranes, non-porous CO2 permeable mem-
branes were also explored as GLMC for CO2 absorption. CO2 absorption into 30% K2CO3
solvent using a non-porous polysulfone (PSf) HFM coated with a layer of PDMS [132]
was 70–90% that of a porous PP HFM, both incorporating immobilized CA through layer-
by-layer electrostatic adsorption [131]. A 60-μm-thick free-standing non-porous PDMS
membrane used in microfluidic devices to separate anesthesia gases from an ionic liquid
(IL)-based CO2 absorption solvent exhibited a 1.9-fold increase in CO2 affinity when 0.1 mg
CA/ g IL was added, while Xenon permeability was not affected [133]. A seemingly
counter intuitive example showing promise was based on a porous hydrophobic PP mem-
brane with a dense non-porous hydrophilic PVDF skin that was surface-coated with a CO2
selective, hydrophilic, and anti-fouling poly(ionic liquid) (PIL) layer facing the flue gas
side [89]. The added resistance from the hydrophilic PVDF dense non-porous skin layer
was insignificant compared with the improved affinity of CO2 brought about by the PIL
layer, which resulted in a synergy with dissolved enzyme in the solvent and an overall
improvement in CO2 absorption.

These encouraging examples show that studies on modification of the membrane
surface with control over hydrophilicity/hydrophobicity and the location of the immo-
bilized enzymes and CO2-philic additives will continue to evolve in positive directions.
At the current stage, larger scale demonstration studies are urgently needed to prove the
feasibility and longevity profiles of enzymatic GLMC processes for commercialization.

4.4. Enzyme Immobilization

The basic principles of enzyme immobilization outlined in the introduction are applica-
ble to membrane immobilization. For GLMC applications, enzymes are exclusively immobi-
lized on the surface of the pre-made carriers, either stationary on the membranes [131,134]
or mobile on nanoparticles that are dispersed in the absorption solvent [90,129]. Because
GLMCs are positioned at the gas–liquid interface where the limiting step in mass transfer
occurs it makes sense to expose the immobilized enzyme as close to this interface as possible.
This requires enzymes to be adsorbed to or immobilized on the liquid-facing membrane
side or requires enzymes to stay mobile in the liquid and thus have chances to approach
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the gas–liquid interface as the liquid flows. These principles were combined in a recent re-
port [135] where CA enzymes were immobilized on an electrospun poly(styrene-co-maleic
anhydride) PSMA nanofiber membrane that was floated at the air–liquid interface assisted
by 3D printed flotation devices, and the actual air and liquid interface was refreshed fre-
quently as the liquid was agitated. Such a configuration could be useful outside of the
column-based absorption systems, such as for enhancing CO2 uptake in natural systems
such as in ponds and lakes.

One important parameter that studies across the field strive to improve is the enzyme
loading. Enzyme loading is commonly reported as the mass of enzyme (μg or mg) or
esterase activity (U) of CA, either as a total number for the module assembly [13] or divided
by the nominal area of the membrane [136] or volume of the reactor [90]. Various strategies
can be used to increase enzyme loading. For example, enzyme loading increased linearly
with the number of alternating enzyme layers in a layer-by-layer (LbL) electrostatic adsorp-
tion technique [131,132]. Enzyme loading can also be optimized by moderating chemical
reagent ratios to control surface functional group density [134] or by optimizing instrument
power and duration settings, such as plasma radio frequency glow discharge [120–123].
A monolayer of enzyme coverage, estimated through geometrical calculations, can be
compared with the obtained enzyme loading [13]. However, beyond a certain point, the
CO2 hydration rate of the immobilized enzyme no longer follows a linear correlation with
the total amount of enzyme detectable by the esterase activity assay [128]. This is because
only the surface-exposed enzymes are able to catalyze the extremely fast CO2 hydration
reaction, while enzymes buried deeper under the surface are mass transfer limited and,
therefore, not able to contribute to the catalytic effect. Nevertheless, higher enzyme loading
could indeed improve product longevity because fresh layers of enzyme could be exposed
over time to continue the catalytic enhancement [128].

It is widely acknowledged that the immobilized enzyme orientation on surfaces can
affect its activity, and the impact of such effects with immobilized CA enzymes have already
been studied on simple geometries such as ultra-flat template-stripped gold (TSG) [139].
However, due to the more complex geometry of membranes and the non-specificity of
chemical bonds or physical interactions involved in many immobilization approaches,
experiments on the controlled orientation of immobilized CA on membranes and the effect
on CO2 absorption performance have not yet been reported. This is an important research
direction as the fields of enzyme immobilization and protein engineering converge toward
orienting immobilized enzymes with enhanced activity and stability.

4.5. Solvents and Form of Substrate

Initial evaluations of biocatalytic GLMC measured the enzymatic CO2 hydration rate
enhancement with the membrane immersed in CO2-saturated buffers [88,127]. However,
this type of configuration circumvented the critical and rate-limiting mass transfer step of
CO2 from the gas phase to the liquid phase, which is a critical performance function of
GLMC that should be evaluated. More realistic configurations, with membranes positioned
at gas–liquid interfaces, were later implemented with 100% CO2 gas [128] and soon after
with more realistic lower concentration CO2 gas mixtures [129].

Common liquids used as CO2 absorption solvents for lab scale testing are water [136]
and low concentration aqueous buffers [137]. The advantages of using these solvents, in-
clude abundancy, non-corrosiveness, and less tendency to wet the hydrophobic membrane.
However, a drawback is their low CO2 capture capacity, which inevitably requires the
use of higher amounts of liquid to absorb more CO2. Concentrated aqueous solutions of
potassium carbonate are relatively benign and are known to both benefit from CA kinetic
enhancement and have a useful carbon loading capacity [14]. An aqueous 30 wt% K2CO3
solvent was used in an HFGLMC apparatus where three layers of CA were electrostatically
immobilized, resulting a three-fold improvement in CO2 absorption rate compared with
the non-enzyme control membrane [131,132]. The immobilized CA retained over 80%
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activity after a 200 h exposure to common contaminants from flue gas and to the high pH
environment brought about by the high solute concentration.

The low regeneration energy solvent 30% methyldiethanolamine (MDEA) was com-
pared with the benchmark solvent 30% monoethanolamine (MEA), both with 1 wt% dis-
solved CA concentrate, in an HFGLMC configuration [89]. Dissolved CA contributed up
to a 2.2-fold CO2 absorption rate enhancement in 30% MDEA, while showing a negative
effect for 30% MEA. The explanation is that MEA reacts directly with CO2 to rapidly form
carbamate molecules, which is not enhanced further by CA, which instead acts through
a bicarbonate formation mechanism. A less common category of absorption solvent for
GLMC, ionic liquid, was also studied with dissolved CA [133]. The water content was es-
sential for detecting an enzyme enhancement effect because the hydration reaction requires
1 mole of water per mole of CO2 converted to bicarbonate.

In summary, CA-enhanced GLMCs, with both immobilized and dissolved CA, offer
rate enhancement benefits from the biocatalyst and, thus, are able to use aqueous benign
solvents, which greatly reduces membrane wetting and improves membrane longevity.
Because pumping and heating large volumes of water take a lot of energy, future studies
that couple the CO2 capture in natural liquid sources with direct utilization have the
potential to avoid the desorption cost and make this process more desirable.

5. Enzyme Membrane Reactor

Beyond CO2 capture, membranes play a vital role in the design of efficient enzyme
membrane reactors (EMR) for carrying out CO2 utilization chemical conversion reactions.
These processes benefit from the combined separation function of the membrane together
with continuous-flow chemical reactors. Discussions in this section focus on intense
research on the design and application of EMR for CO2 reduction reactions that incorporate
oxidoreductase enzymes and representative studies are summarized in Table 4.

Table 4. CO2 conversion to chemicals with oxidoreductase.

Application Membrane Configuration Enzyme, Concentration
Cofactor Regeneration

Electron Transfer System
Year, 1st Author, Ref

CO2 conversion to
formic acid

Ceramic tubular membrane as
UV-light blocker

FDH;
DAH

UV > TiO2 (EtOH as hole
quencher) > MV > DAH >

NADH > FDH

2005
Kurayama

[92]

CO2 conversion to
methanol

Flat sheet polymeric membranes
with immobilized enzymes by

direct membrane fouling
FDH; FaldDH; ADH NADH > FDH; FaldDH;

ADH

2015
Luo
[37]

CO2 conversion to
formic acid

Hydrophobic HFM as gas
distributor and PAA-grafted PE

HFM as enzyme carrier
FDH NADH > FDH

2016
Wang
[95]

Formaldehyde
conversion to methanol

Hydrophilic flat sheet
macroporous (200 nm) SiC
membrane pretreated with

NaOH and surface
functionalized with PEI or
APTES as enzyme carrier

ADH NADH > ADH
2018

Zeuner
[140]

CO2 conversion to
formic acid

PAA-grafted PE HFM modified
by PEI through electrostatic

interaction as CO2-philic surface
FDH NADH > FDH

2018
Wang
[141]

CO2 conversion to
formic acid

Electrospun PS nanofiber
membrane surface modified by
acid treatment, APTES, and GA

activation as enzyme carrier

FDH Cu foam electrode >
NADH > FDH

2018
Barin
[142]

CO2 conversion to
methanol

PVDF porous membrane
functionalized by dead-end

filtration of MOFs containing
enzymes and cofactor

FDH; FaldDH; ADH;
GDH

L-glutamate > GDH >
NADH > FDH; FaldDH;

ADH

2019
Zhu
[143]
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Table 4. Cont.

Application Membrane Configuration Enzyme, Concentration
Cofactor Regeneration

Electron Transfer System
Year, 1st Author, Ref

CO2 conversion to
formic acid

Porous HFM used as both gas
distributor and enzyme carrier FDH

UV > TiO2 (EDTA as hole
quencher) > [Cp*Rh(bpy)
(H2O)]2+ > NADH > FDH

2020
Gu

[144]

CO2 conversion to
formic acid

PAA-grafted PE HFM modified
by PEI compared with PEI/PDA
co-deposited SiO2 microsphere

as enzyme carriers

FDH NADH > FDH
2021
Guo
[145]

CO2 absorption and
conversion to formic

acid

PP or ceramic GLMC modified
by PEI/PDA and in situ grown
MOFs encapsulating enzymes

CA;
FDH NADH > FDH

2021
Chai
[146]

CO2 conversion to
formic acid

Ultrafiltration membrane with
hydrophobic PP support layer
and hydrophilic regenerated

cellulose skin layer for enzyme
immobilization

FDH
UV > MIL-125-Py-Rh

(TEOA as hole quencher) >
NADH > FDH

2022
Lin

[147]

CO2 conversion to
formic acid

Ultrafiltration membrane with
hydrophobic PP support layer
and hydrophilic regenerated

cellulose skin layer for enzyme
immobilization

FDH
UV > Rhm3-N-PCN

(TEOA as hole quencher) >
NADH > FDH

2022
Zhang

[96]

CO2 conversion to
formaldehyde

PE hollow fiber membrane was
used as the enzyme-bearing
reactor and gas distributor

FDH;
FaldDH

UV > TiO2 (EDTA or H2O
as hole quencher) >

[Cp*Rh(bpy) (H2O)]2+ >
NADH > FDH; FaldDH

2022
Guo
[94]

Acronyms: UV—ultraviolet light; FDH—formate dehydrogenase; MV—methyl viologen; DAH—diaphorase;
EtOH—ethanol; FaldDH—formaldehyde dehydrogenase; ADH—alcohol dehydrogenase; HFM—hollow fiber
membrane; PAA—poly(acrylic acid); PE—polyethylene; SiC—silicon carbide; NaOH—sodium hydroxide;
PEI—polyethylenimine; APTES—(3-aminopropyl)triethoxysilane; GA—glutaraldehyde; MOF—metal or-
ganic frameworks; GDH—glutamic dehydrogenase; EDTA—ethylenediaminetetraacetic acid; [Cp*Rh(bpy)
(H2O)]2+—pentamethylcyclopentadienyl rhodium bipyridine complex; GLMC—gas–liquid membrane contac-
tor; PDA—polydopamine; TEOA—triethanolamine; MIL-125-Py-Rh—a Ti-based MOF with anchored Rh com-
plex; Rhm3-N-PCN—Rhodium complex covalently grafted on amine functionalized polymeric carbon nitride.

5.1. Location of the Immobilized Enzymes

Biocatalyst stability, recovery and reuse are improved by immobilizing enzymes
on membrane supports, utilizing both their high surface area and separation functions.
Common immobilization strategies involve modifying porous membrane surfaces using
UV-grafting [141], acid [142] or base [140] treatment, silanization [140], polydopamine
(PDA) and PEI deposition [145]. The carboxylic acid or amine surfaces are further
activated with carbodiimide coupling reagent [95] or glutaraldehyde [142], respectively,
rendering the surface covalently reactive toward amino groups on the enzyme. Enzymes
immobilized on membrane surfaces have alleviated mass transfer limitations and thus
higher activity.

Leveraging the separation function of a membrane, direct membrane fouling [37],
also known as dead-end filtration [143], has been a popular non-chemical alternative for
enzyme immobilization. Enzyme cascades can be easily constructed by direct membrane
fouling methods. Luo et al. [37] immobilized formate dehydrogenase (FDH), formalde-
hyde dehydrogenase (FaldDH), and alcohol dehydrogenase (ADH), both as a co-localized
mixtures and as separate layers, in sequences using direct membrane fouling techniques.
While the direct cascade concept of reducing product inhibition and enhancing substrate
shuttling is appealing, the presence of a bottleneck enzyme in the cascade, FaldDH in this
case, requires a threshold formic acid concentration to move the reaction in the reduction
direction, making co-localization less effective. Rather, a cascade consisting of separate
enzyme layers is more conducive to higher final product yield because of the flexibility
this gives in optimizing reaction steps separately. Zhu et al. [143] encapsulated individual
enzymes in metal organic frameworks (MOF) and loaded them either randomly or in
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sequence into the pores of a support membrane by dead-end filtration. Consistent with the
foregoing study, they found that the ordered multi-enzyme cascade system achieved the
highest methanol yield.

Another aspect of localizing enzymes by immobilization is to protect enzymes from
harsh environments (Figure 2). Kurayama et al. [92] used a ceramic membrane to separate
the enzymatic reaction step from the photocatalytic chamber used for cofactor regeneration.
They found that when ultra-violet (UV) light shone on the whole system and directly on the
enzymes, no formic acid production occurred, indicating the critical importance of the UV
blocking function. Alternatively, Guo et al. [94] separated the NADH-depleted liquid and
pumped it to a separate quartz vessel for photo-regeneration, away from the enzymatic
reaction chamber. Tian et al. [148] encapsulated enzyme in zeolitic imidazolate-based MOF
to protect FDH from possible deactivation by reactive oxygen species (ROS) generated
in the photocatalytic reaction. Chai et al. [146] used thermal stable MOFs as protective
coatings to encapsulate FDH and protect it from high temperature flue gas conditions.
While the free enzyme denatured immediately, the MOF encapsulated enzyme maintained
activity even after 4 h at 100 ◦C. However, they pointed out that the NADH cofactor has
larger dimensions than the pore sizes of the MOF, thus limiting the effectiveness of the
immobilized enzymes to those exposed at the surfaces. This issue was investigated in
another study [143], where FDH, FaldDH, or ADH were paired with and co-immobilized
with glutamate dehydrogenase (GDH) for enzymatic NADH regeneration. The methanol
production rate increased in the cases where NADH was also co-immobilized in the
MOF structures. It seems that although the well-defined native MOF pores do not fit
the large NADH, the pre-encapsulated NADH generated larger cavities that were able to
accommodate it for a faster reaction.

5.2. Roles of Membrane in Substrate Uptake

Due to its low aqueous solubility, delivering CO2 to the active site of enzymes becomes
a rate-limiting step. For many of the early studies, CO2-saturated water or buffer [37,92]
was used to circumvent the gas to liquid mass transfer limitation. For continuous delivery
as a gas, CO2 was bubbled into the reaction chamber [142]. CO2 gas can also be infused into
the liquid by using hollow fiber membranes (HFM) as a CO2 gas distributor [95], utilizing
both the high surface areas and porous structures of the membranes to generate small gas
bubbles for faster dissolution. For batch reactions, CO2 can be blown into the liquid and
pressurized in the head space to a certain pressure before sealing the reaction chamber [145].

Another strategy to increase CO2 uptake in the reaction solution, borrowing knowl-
edge from the CO2 reactive absorption process, is the use of amine-based CO2-philic
materials. Wang et al. [141] found that a PEI modified HFM surface was able to bring in
more CO2 from the gas phase in the form of bicarbonate ions and improve formic acid
production of dissolved FDH. This implies that CA could also assist FDH to reach a higher
productivity. Chai et al. [146] constructed a GLMC with immobilized CA and FDH, com-
bining CO2 capture with CO2 conversion in a single step. By positioning the GLMC at the
gas–liquid interface with the hydrophilic side facing the liquid, the biocatalytic membrane
produced 5.6 μmol formic acid after 4 h of reaction using 20% CO2 gas.

In addition, the hydrophilicity and hydrophobicity of the membrane have an influence
on CO2 gas accessibility to the enzyme. Lin et al. [147] measured the CO2 gas bubble
adhesion force on both hydrophobic and hydrophilic membranes and concluded that hy-
drophobic membranes attracts CO2 gas bubbles better. FDH immobilized on a hydrophobic
layer achieved higher formic acid yield than that immobilized on a hydrophilic layer.

5.3. Cofactor Regeneration

While many studies used the natural cofactor NADH as the electron donor [95,140,141,145,146]
as a proof-of-concept, the continuous supply of NADH to run the reaction can be costly and
is uneconomical for real-world CO2 reduction applications. To overcome this limitation,
NADH regeneration has been the focal point of many recent research publications. There
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are three main approaches for NADH regeneration, namely, biocatalytic [143], photocat-
alytic [147], and electrochemical [142].

Biocatalytic regeneration involves the use of another enzyme and its substrate as a
natural reducing electron source to reduce NAD+ to NADH. Zhu et al. [143] co-immobilized
glutamic dehydrogenase (GDH) with FDH, FaldDH, and ADH. A continuous supply
of relatively inexpensive L-glutamate as the reductant powered the enzymatic cascade
reduction reactions from CO2 to methanol.

Photocatalytic regeneration uses semiconductors or organic dye-based photosensi-
tizers to harvest light energy for creating high energy electrons that can be transferred to
NAD+ for its reduction. However, direct electron transfer from the photosensitizer to NAD+

is inefficient, and an electron mediator is usually needed. Kurayama et al. [92] paired TiO2
particle photo-catalysts with oxidized methyl viologen (MV2+) as the electron mediator
with the enzyme diaphorase (DAH) that accepts the reduced form of MV+ as the reducing
equivalent in reducing NAD+ to NADH. The results showed that the concentrations of
both MV and NADH affected the overall CO2 conversion rate, and that the DAH catalytic
reaction was the rate-limiting step. The requirement of an additional enzyme to transfer
the reducing equivalents from an electron mediator to NAD+ is disadvantageous as it adds
additional bottlenecks, such as the DAH catalytic process.

Electrochemical approaches aim to overcome cofactor-dependent reaction limitations.
A Rhodium-based compound named pentamethylcyclopentadienyl rhodium bipyridine
complex, [Cp*Rh(bpy) (H2O)]2+, was reported to directly interact either with nicotinamide
cofactors or with a reagentless source of reduction equivalents, such as a cathode [149].
Gu et al. [144] employed soluble homogenous [Cp*Rh(bpy) (H2O)]2+ along with a het-
erogeneous TiO2 photo-catalyst and achieved a maximum turnover number of 125 after
4.5 h for NADH regeneration. Guo et al. [94] utilized a similar regeneration system for the
synthesis of formaldehyde from CO2 with both FDH and FaldDH immobilized on hollow
fiber membrane. They compared the pH and sacrificial electron donor and found that
ethylenediaminetetraacetic acid (EDTA) produced much higher formaldehyde yield than
water over a pH of 5–7.5.

The problem with using homogeneous (dissolved) electron mediators is that they
travel with the reaction liquid throughout the system and thus require a large amount of
mediator to be used to achieve an effective concentration. The solution to this is to confine
or immobilize the electron mediator in a localized domain. Tian et al. [148] constructed
an elaborate compartmentalized photocatalyst-enzyme system inspired by the thylakoid
membrane (Figure 4). The electron–hole pair separation ability of an inorganic photosensi-
tizer graphitic carbon nitride C3N4 was improved by incorporating aromatic thiophene
into network structures, and the selective electron transfer to NAD+ was mediated by a
Cobalt complex coordinated with bipyridine covalently bonded to the surface modifier
polyethylenimine (PEI) for efficient NADH regeneration. Lin et al. [147] synthesized a
Ti-based MOF with an electron-transferring Rh complex anchored to the light-harvesting
iminopyridine unit of the MOF and found an NADH generation yield of 66.4% in 60 min.
Zhang et al. [96] covalently grafted a Rh complex onto amino-functionalized polymeric
carbon nitride photo-catalyst for efficient regeneration of NADH with a conversion of 66%
in 20 min.

A common drawback for all photocatalytic systems is the use of a sacrificial electron
donor, after photo excitation and electron transfer, to deliver electrons to fill positively
charged holes and regenerate the photo-catalysts. This electron donor can be abundant
compounds, such as water, but the most efficient ones, such as EDTA and triethanolamine
(TEOA), would cause additional cost and chemical waste issues. Recently, some metal-
dependent FDHs have been reported to accept artificial electron donors by mediated
electron transfer (MET) [150], circumventing the use of the NADH cofactor. Obtaining
electrons directly from electrodes through direct electron transfer (DET) is an appealing
concept but it usually comes at the cost of lower interfacial electron transfer rates due to
the need for direct contact between electrode and enzyme, thus limiting effective enzyme
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loading to only a monolayer [151]. However, as of now, neither of these NADH-free
mechanisms has been used in conjunction with membrane technologies, and future work on
utilizing high surface area conductive membranes could potentially overcome the enzyme
loading limitation and result in highly efficient integrated electrochemical-enzymatic CO2
reduction technologies.

 

Figure 4. Modified graphitic carbon nitride decorated with a Cobalt complex for photocatalytic
NADH regeneration (Reprinted with permission from Ref. [148]. Copyright 2020, American Chemi-
cal Society).

5.4. Long-Term Stability of EMR

The long-term stability of EMR includes storage and operational stabilities, and both
need to be addressed before large scale-up and commercialization is possible. A consistent
finding across studies is that the storage stabilities of immobilized enzymes are greatly
improved over their free dissolved enzyme counterparts. For example, FDH covalently
attached on HFM retained 83% and 67% activity after 30 and 60 days, respectively, in buffer
at 4 ◦C, compared with 48% activity retained for the dissolved FDH after only 14 days
under those conditions [95]. FDH immobilized on electrospun polystyrene nanofiber
retained 41% activity after 20 days storage in buffer at 4 ◦C [142], and close to 100% activity
retention was reported for CA and FDH encapsulated in MOF membranes after 20 days
storage in ambient air [146]. Most studies report operational stabilities as the “number of
recycles”, which is usually limited to 10–20 cycles with total operation times of several
to tens of hours [37,142]. For example, ADH immobilized on ceramic silicon carbide
membranes retained less than 20% of the initial activity after 17 cycles of reuse [140].
However, high activity retention over many days of operation will be needed to fully
validate the operational stability of EMRs. Lin et al. compared FDH immobilized either
on the hydrophobic support layer or the hydrophilic skin layer of a photo-biocatalytic
membrane system over five 24 h cycles of operation (120 h total) and found that although
the former generated more formic acid, both configurations were able to retain all of their
initial productivity at the end of test [147]. Guo et al. comprehensively tested operational
stability by running their reaction continuously for 48 h, finding that a photo-enzyme
coupled system was significantly more stable than photocatalysis (UV/TiO2 reduction
of CO2) or biocatalysis (FDH and FaldDH without NADH regeneration) alone [94]. This
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type of continuous operation testing is highly important in future studies. Analogous to
the CO2 reduction reaction, the enzymatic fuel cell field has long been battling with short
lifetimes of bio-electrodes and instabilities of electron mediators [152]. By carefully fine
tuning the enzyme immobilization matrix, lifetimes of more than 45 days or even 200 days
of continuous operation are possible [153–155]. Certainly, the experiences [156,157] gained
in biofuel cell research should be adopted for the fabrication of stable biocathodes for CO2
reduction reactions, and we expect more long-term stability tests will be carried out with
this goal.

6. Conclusions and Future Perspectives

Biocatalytic membranes are a promising technology category for CO2 capture and
utilization that combine high reaction rates and enzyme selectivity with high surface area
and separation functions of the membrane. CA and its mimics have been used in both
immobilized and in dissolved forms in conjunction with membranes, where the presence
of water molecules is essential for the facilitated CO2 transport mechanism to function,
regardless of the membrane type. For mixed matrix membranes and liquid membranes,
membrane thickness is the bottleneck for achieving high CO2 permeance. Recent trends
in constructing ultra-thin CA immobilized selective layers or liquid-immobilizing porous
structures, both supported by mechanically stable non-selective layers, for high permeance
CO2 separation, are expected to continue as more sophisticated fabrication methods are
devised for reducing the membrane thickness.

CA-enhanced gas–liquid membrane contactors (GLMC), with both immobilized and
dissolved CA, offer rate enhancement benefits for the biocatalyst and, thus, are able to
use benign aqueous solvents, which greatly reduces membrane wetting and improves
membrane longevity. Although issues such as enzyme-induced membrane wetting, surface
hydrophilicity and pore blockages can occur, the additional mass transfer resistance of the
wetted pores can still be overcome by the catalyzed CO2 hydration. Because the mass trans-
fer at the gas–liquid interface is the rate-limiting step, immobilized enzymes concentrated at
this interface are able to catalyze the CO2 hydration reaction more efficiently. Modifications
of membrane surfaces with increased control over hydrophilicity/hydrophobicity and the
location of immobilized enzymes and CO2-philic additives will continue to evolve and
improve reaction performance. In addition, only limited exploration of GLMC for CO2
stripping has occurred. Advances in artificial lungs with immobilized CA on hollow fiber
membranes (HFM) could inspire alternatives to high temperature CO2 stripping processes
which are responsible for high energy consumption.

While it is widely acknowledged that the orientation of enzymes on surfaces affects
the activity of immobilized enzymes, complex membrane geometries and non-specificity
of chemical bonds or physical interactions involved in many immobilization approaches
have hindered experiments on controlled orientation of immobilized CA on membranes.
Thus, the impact of oriented CA on CO2 absorption performance is yet to be reported.
This is an important research direction as the fields of enzyme immobilization and protein
engineering converge toward orienting immobilized enzymes with enhanced activity and
stability. Likewise, enzyme cascades for CO2 conversion, currently constructed by direct
membrane fouling, would benefit from improved control over enzyme placement and
orientation. The presence of a bottleneck enzyme in the cascade requires a minimum
threshold substrate concentration to move the reaction in the reduction direction, making
co-localization of enzyme pairs potentially less effective, though controlling the molar ratio
of enzymes in proximity to each other may help alleviate this issue. Alternatively, cascade
reactions consisting of separate enzyme layers could achieve higher final product yields,
due to the corresponding flexibility in optimizing each separate reaction step.

Poor aqueous solubility of CO2 is a rate limitation for delivering CO2 to enzyme active
sites for CO2 conversion. Utilizing CA-promoted CO2 hydration reactions together with
HFM CO2 gas infusion is one way to supply higher concentrations of carbon in the form
of bicarbonate to solute selective membranes or to CO2 reducing enzymes. Furthermore,
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coupling CO2 capture in natural liquid sources with direct utilization has the potential to
completely avoid desorption costs and make this process more desirable. New gas–liquid–
solid tri-phase contactor configurations have the potential to further integrate and improve
the capture and conversion processes.

A critical challenge in the application of CO2 reducing enzymes for CO2 conversion
is the delivery of reducing equivalents, i.e., electrons and protons. While methods to
regenerate the natural cofactor NADH have been the focus of many studies in this field, and
proofs-of-concept for biocatalytic, photocatalytic, and electrochemical NADH regeneration
methods have been reported, more research is needed to develop and scale up these
important processes. In other areas of biocatalytic reactor research, certain metal-dependent
FDHs are reported to accept artificial electron donors by mediated electron transfer (MET)
or obtain electrons directly from the electrode through direct electron transfer (DET). Since
neither of these NADH-free mechanisms has yet been used in conjunction with membrane
technologies, future work on utilizing high surface area conductive membranes should be
conducted. Such efforts could potentially overcome enzyme loading limitations and result
in highly efficient integrated electrochemical-enzymatic CO2 reduction technologies that
are urgently needed to address the climate change crisis.
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Abstract: For industrial CO2 utilization, the supply of concentrated CO2 within a con-
tinuous, high-volume stream at high temperatures remains a substantial requirement.
Membrane processes offer a simple and efficient method to provide CO2 in this form.
While several organo-silica-based membranes have been developed for CO2/N2 separation
under these conditions, there is no standardized framework guiding comparability and
optimization. Therefore, we present these membranes in a Robeson-like plot across various
temperatures. Utilizing a standard 1,2-bis(triethoxysilyl)-ethane (BTESE) precursor and a
simplified sol–gel method, we prepared a microporous membrane layer and characterized
it for an exemplary comparison. This characterization includes key parameters for mixed-
gas applications: (1) temperature-dependent single- and mixed-gas permeances to observe
interactions, (2) the impact of the driving forces in mixtures (vacuum and concentration)
to distinguish between permselectivity and the separation factor clearly, and (3) influ-
ence of the support structure to enable permeability calculations at elevated temperatures.
Furthermore, a quick interpretation method for assessing the membrane’s microstructure
is presented. A qualitative microstructure assessment can be achieved by analyzing the
temperature dependencies of the three major diffusion mechanisms that simultaneously
occur—Knudsen, surface, and activated diffusion.

Keywords: microporous membrane; BTESE; CO2 separation; binary mixtures; Robeson-like
plot

1. Introduction

An important way to compensate for remaining fossil carbon emissions is to capture
carbon from unavoidable industrial emissions and reutilize it as a carbon source in chemical
processes. According to Favre et al. [1], processes in the industry generate continuous
exhaust streams with CO2 concentrations between 5 and 30%. Carbon utilization processes,
such as the reverse water–gas shift reaction (rWGS), require temperatures above 250 ◦C,
making CO2 capture at these temperatures more economical [2]. The state-of-the-art
separation methods based on washing and adsorption typically yield CO2 discontinuously
at low temperatures, which is less efficient for subsequent utilization. Although it is
possible to implement intelligent process interconnections to achieve a pseudo-continuous
process, like in pressure swing adsorption (PSA), this would require advanced process
control and high investment costs [3]. A membrane separation process with a CO2-affine
membrane appears as an attractive, simple, and straightforward alternative because it

Membranes 2025, 15, 83 https://doi.org/10.3390/membranes15030083
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enables removing CO2 continuously from an industrial emission stream and constantly
delivering a concentrated CO2 stream for further utilization [4]. Notably, a membrane
can be regarded as a continuous PSA application by spatially separating adsorption and
desorption through diffusion across the membrane [5].

In recent years, major progress has been made in gas-separation polymer membranes.
New classes of CO2-philic polymers have been developed with improved performance
for CO2 separation and capture [6]. Many polymeric membranes investigated so far
are summarized in the Robeson plot in Figure 1, with its upper bound defined by the
intrinsic mass transport properties of CO2 and N2 in polymers [7]. However, for industrial
applications, the operating conditions in the industry (e.g., high temperature) present a
major challenge for polymer membrane development [8]. There are no Robeson plots for
membranes above standard temperature due to the changing membrane properties at high
temperatures that render CO2 separation impossible.

Figure 1. Robeson plot upper bound correlation for CO2/N2 separation around standard temperature
for various polymeric membranes. Reprinted from Robeson, L.M. The upper bound revisited. J.
Membr. Sci. 2008, 320, 390–400 with permission from Elsevier [7].

Merkel et al. [9] displayed a variety of porous membranes in a Robeson-like plot, with
permeance rather than permeability as the membrane kinetics (Figure 2). Considering
the economic suitability, the authors included an area of optimal membrane properties
as a target for future developments. Membranes with optimal properties have at least
a permeance for CO2 above 1000 GPU (GPU = 10−6 cm3 (STP)/(cm2 s cmHg)) and a
single-gas selectivity higher than 20. Optimizing membranes to reach the upper boundary
may lead to high selectivities but low permeabilities. These membranes have a very low
permeability for the unselective component, causing relatively high partial pressures of the
selective component in the permeate. As a result, this leads to low fluxes of the selective
compound caused by the small partial pressure difference and requires larger membrane
areas to separate high-feed streams. Therefore, the (Robeson) upper bound is not the
technically relevant limitation, as membranes with low fluxes and high selectivity have no
technical relevance in separating gas mixtures [9].
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Figure 2. Robeson-like plot for porous materials. This schematic illustrates the ways to influence
the membrane design criteria to reach the optimum membrane properties as described by Merkel
et al. [9]. The increase in selectivity is predominantly determined by the membrane material (red
arrow), whereas the permeance is based on pore size (blue arrow) and pore number (green arrow).

Several design criteria must be met to reach the envisioned optimal membrane proper-
ties. Most importantly, the membrane must be made of selective material for the preferred
component to permeate with higher kinetics. Differences in the affinity between gas and
membrane determine the selectivity (marked by red arrow). For this affinity to become
relevant, pores must be below 2 nm, as only these micropores have a favorable surface-to-
volume ratio where the flow along the pore surface exceeds the volume flow. However, as
the pores become larger, the permeance increases, but the selectivity decreases (marked
by the blue arrow in Figure 2). Increasing the pore number is the only way to shift a
microstructure with small pores and high selectivity into the envisioned area. In other
words, the ratio of the number of micropores to membrane volume (porosity) needs to be
high (marked by the green arrow) [10,11].

In designing a membrane to separate CO2 from N2, it is necessary to make use of the
right property difference. The kinetic diameters of CO2 (0.33 nm) and N2 (0.365 nm) are
too close, and a precise pore size would be necessary. The weight of N2 (28 g mol−1) is
smaller than that of CO2 (44 g mol−1). Therefore, Knudsen-based separation would prefer
N2 permeation with low selectivity. Thus, only a separation based on their affinity with
surfaces is applicable. CO2 has a quadrupole that enables adsorption on basic (oxygen)
sites [12]. This property enables surface diffusion, which can lead to high selectivities if
the microstructure is set appropriately. At first glance, a membrane with ultramicropores
would be preferable for CO2 separation and purification as high selectivities are possible.
However, a small pore size down to the range where molecular sieving dominates is also
accompanied by very low flow rates for the non-selective component, demanding very high
membrane areas to be technically relevant [9]. Therefore, we opted for a membrane with
slightly larger micropores consisting of a CO2-philic material. In the literature, various CO2

affine materials with a network of connected micropores of approximately 0.5 nm diameter
have been reported, including zeolites [13], metal–organic frameworks (MOFs) [14], carbon-
based membranes [12], and sol–gel-derived silica [15]. Silica membranes, in particular, have
been intensively investigated due to their relatively simple formation by the sol–gel coating
process. They are characterized by relatively good selectivity for CO2 while maintaining
adequate permeability. However, interest in this material has diminished considerably
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due to concerns about its stability in water (vapor) [16]. An extension of the work on
silica membranes is the introduction of hybrid carbon-modified silicas. They are produced
similarly to the silica membranes but, with alkane-bridged silicon precursors. The precursor
used in this work is the 1,2-bis(triethoxysilyl) ethane (BTESE). This compound is a precursor
for silica-bridged aerogels with versatile applications, i.e., in environmental applications
in oil/water separation [17] or even in antibiotic adsorption from water [18]. Notably, the
organo-silica aerogels showed excellent behavior in gas separation applications [16,19–22].

Focusing on the temperature-dependent transport behavior can provide insights into
the pore structure, extending the work of Lee et al. [23]. A comparison with the reported
organo-silica-derived membranes exhibits permeances ranging from as low as 30 GPU [24]
to as high as 9500 GPU [25]. Although all the membranes are fabricated similarly, no
comprehensive analysis for this wide range of reported kinetics has yet been provided.

As all technical applications aim to operate in mixtures, the mixed-gas permeances
are of paramount relevance, and there is no operational reliability that the gases behave in
the same manner in both mixtures and single-gas experiments. To our knowledge, only
three reports currently investigate mixed-gas behavior in such membranes. A comparison
between binary CO2 and single-gas permeances shows very different results within the
limited data available. Whereas Yang et al. [26] report a decreasing permeance for binary
mixtures, Rubner et al. [24] observed an increasing one and van Gestel. et al. [27] found no
difference between mixtures and single-gas experiments. For this reason, we add further
data and aim to explain the observed variations.

To our knowledge, no permeation data are available for organo-silica membranes
operating in vacuum and atmospheric modes, making it difficult to compare the two. Only
in other microporous systems were the vacuum permeation data entirely given [28]. It
is assumed that low permeate pressures enhance the CO2 desorption kinetics and thus
increase the permeance [29].

The present study aims to re-evaluate the permeation and separation behavior in
organo-silica membranes, focusing on general and specific cases, using an organo-silica
membrane fabricated in our lab. The investigation examines the CO2 and N2 permeance of
the fabricated membrane in a single-gas operation. It evaluates the mass transport prop-
erties of each layer (macroporous support, mesoporous intermediate layer, and selective
cover layer). We aim to correlate the permeance levels with the respective mass transport
mechanism by examining the temperature trajectories. As these membranes operate to
provide CO2 for processes like rWGS, we present the available data for various published
organo-silica-based membranes in the Robeson-like plot for the respective temperatures.

After the single-gas examination, we conduct experiments on mixed-gas transport
phenomena by testing the fabricated membrane in binary CO2/N2 mixtures and providing
mixed-gas permeances as one of the first for this membrane. Finally, we also study how
the mode of operation affects mass transport kinetics. This involves varying factors such
as the CO2/N2 composition of the feed mixtures and the driving force (atmospheric
or vacuum permeate pressure). We compare operation modes with permeation data to
show why separation selectivity and separation factors are often confused, leading to
misleading conclusions.

2. Materials and Methods

2.1. Membrane Formation

The support for membrane deposition was a polished macroporous α-alumina disk
with a diameter of 39 mm, a thickness of 2.2 mm, and a pore size of 80 nm, purchased
from Pervatech (PT) BV (the Netherlands). On top of this, a mesoporous γ-Al2O3 layer was
coated by an aqueous sol–gel method using a boehmite (γ-AlO(OH)) sol. The synthesis
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has been described in the literature based on the original work of Yoldas [30]. The sol was
mixed with a PVA solution (3.5 g PVA/100 mL water) in a ratio of 3:2 and then poured
into a 50 mL Petri dish. We used a specially designed dip-coater, which moved clockwise
through the Petri dish so that only the polished side of the support was immersed (holding
time was 15 s). For this, the support was attached to a vacuum suction cup mounted on a
rotating pendulum, and the dish with the sol/PVA mixture was positioned at the lowest
point of the pendulum (see Figure S1). After coating, it was isothermally treated at 500 ◦C
for 3 h with a pre-heating and post-cooling ramp of 1 ◦C/min.

On top of the obtained mesoporous γ-Al2O3 layer, a microporous organo-silica (Org-
Sil) top layer was deposited by an alcoholic sol–gel method using the same pendulum
dip-coater. Our synthesis and coating process was mainly based on previous work by
Castricum et al. [20] and van Gestel et al. [27]. In summary, 16.66 mL of the membrane-
forming precursor (1,2-bis(triethoxysilyl)-ethane (BTESE)) was mixed with 28.14 mL of
ethanol (both thermo scientific chemicals), 0.63 mL of nitric acid (65 wt.%), and 4.57 mL
of water at room temperature ([water]:[hydrolyzable ethoxy groups] = 1). The resulting
mixture was heated to 60 ◦C under reflux conditions for 90 min, followed by natural
cooling to room temperature. Then, the sol was diluted with 50 mL of ethanol and stored
in a refrigerator (stock sol). Before the coating step, this stock sol was further diluted
20 times with ethanol to obtain defect-free films reliably. Finally, after dip-coating, the
membrane sample was dried for ~1 h and thermally treated at 300 ◦C for 3 h under a N2

or air atmosphere to create different microporous structures [20,31–33]. A drawing of the
resulting microstructure can be found elsewhere [5], and photographs of the membrane are
shown in Figure S2.

2.2. Structural and Chemical Characterization

High-resolution scanning electron microscope images (SEM) were made using a Zeiss
Supra 55 VP microscope with an acceleration voltage of 18 kV. The membrane disk was
shock-frozen in liquid N2 for a few minutes to obtain high-quality images. Then, the
membrane was cut into small 1 cm2 pieces using a side cutter, and the obtained piece was
sputter-coated with a thin layer of gold to ensure electrical conductivity. Chemical charac-
terization by ATR-FTIR and Raman spectroscopy, as well as X-ray diffraction (XRD) and
thermo gravimetric (TG) analysis, was conducted in detail and are reported elsewhere [34].

2.3. Gas Permeation and Separation Experiments

Single-gas experiments were performed using a custom-made test cell designed to
hold 39 mm disks, with the feed gas inlet and the retentate outlet on the upper side and the
permeate outlet at the bottom side of the cell. A small opening at the top side allowed the
application of a thermocouple non-invasive close to the membrane. The feed gas, CO2 or
N2, was supplied by a gas bottle with a mounted pressure reducer, allowing measurements
at pressures up to 6 bar. A Bronkhorst El Press pressure controller valve was installed in
the retentate line. Pressure was measured in the feed pf and the permeate pp line. All the
measurements were conducted with the same transmembrane pressure difference of 3.2 bar.
Experiments with atmospheric pressure on the permeate side held a feed pressure of 4.2 bar;
for experiments with a vacuum (70 mbar) on the permeate side, the feed pressure was
lowered to 3.27 bar. No sweep gas was used. To quantify the mass flow of the permeating
stream Ji, three Bronkhorst EL-Flow Prestige mass flow meters with different measurement
ranges (0–1 g/h, 0–10 g/h, and 200 g/h) to reduce the measurement error were installed
in the permeate line (error: ±0.5% of the measured value, ±0.1% of endpoint value). The
membrane cell was placed in an oven to vary the temperature. To apply a lower pressure, a
membrane pump (KNF LABORPORT N938.50) was installed in the permeate line. Before
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the permeation experiments, the membrane surface was sealed with a Viton O-Ring (i.d.
32 mm), resulting in an effective permeation area Am of 804 mm2. Due to the application of
Viton, the testing temperature was limited to 200 ◦C; with the vacuum pump, a pressure of
70 mbar (absolute pressure) was obtained.

Qi =
Ji

Am · (pi, f − pi,p)
=

Pi
di

(1)

The permeance Q was calculated from the measured values according to Equation (1).
Accordingly, the permeability Pi as the intrinsic membrane kinetic was calculated by
multiplying the permeance with the respective layer thickness di.

SCO2/N2 =
QCO2

QN2

(2)

The permselectivity S was calculated as the ratio of the CO2 to N2 permeance as shown
in Equation (2).

βCO2/N2
=

(
xCO2 /xN2

)
Permeate(

xCO2 /xN2

)
Feed

(3)

In binary gas permeation experiments with CO2/N2 mixtures, Bronkhorst EL-Flow
mass flow controllers were applied to create mixtures with 10, 25, and 50 vol % CO2. The
composition of the permeate was analyzed with a micro gas chromatograph (μGC) (Agilent
490, Manchester, UK). The separation efficiency was evaluated using the separation factor
β, defined in Equation (3) as the ratio of the mole fraction x of CO2 to N2 in the permeate
compared to the same ratio in the feed:

Qcomposite =

(
dα−Al2O3

Pα−Al2O3

+
dγ−Al2O3

Pγ−Al2O3

+
dorg−sil

Porg−sil

)−1

(4)

A resistance-in-series model was employed to calculate the consecutive mass transport
resistances in the composite membrane [35].

First, the substrate’s permeance was measured (Equation (1)) as a stand-alone mem-
brane, and with the respective membrane thickness di, obtained from SEM images, the
substrate permeability was calculated by the relevant summand of Equation (4). In the
second step, the same substrate was coated with an γ-Al2O3 layer and combined with the
information about the substrate and the γ-Al2O3 layer thickness; the permeability of this
layer was calculated by Equation (4). This was repeated for the organo-silica layer.

3. Results

Figure 3 displays the SEM images of a membrane sample prepared as described in the
experimental section. The left panel (A) shows the defect-free surface, uniformly covered
by the organo-silica layer. An edge view is presented in panel (B), where distinct macro-,
meso-, and microporous parts are visible. Layer 3 represents the macroporous α-Al2O3

substrate, followed by a γ-Al2O3 layer with a thickness of 4 μm (layer 2), which is relatively
large compared with the other publications in this field, possibly due to the higher amount
of PVA in the coating liquid used here. However, as can be seen, the roughness of the
α-Al2O3 substrate is, in this way, very effectively smoothened. In the insert of Figure 3B,
the BTESE-derived functional organo-silica top layer 1 is also clearly visible. The estimated
layer thickness is around 100 nm, which is comparable with values for similar membranes
in the literature [20,27,36], and the surface looks very clean and defect-free.

63



Membranes 2025, 15, 83

  
(A) (B) 

Figure 3. SEM secondary electron images of a composite membrane comprising the α-Al2O3 macrop-
orous support (3), the mesoporous γ-Al2O3 layer (2), and the microporous organo-silica top layer
fired in N2 (1). Panel (A) shows the surface view, and Panel (B) shows a cross-section with distinctive
layer separation. The insert shows the membrane at a higher magnification to better visualize the
organo-silica layer thickness.

Figure 4A shows the single-gas permeation results for CO2 and N2. The measure-
ments include the stand-alone α-Al2O3 substrate (3), (3) + γ-Al2O3 layer (2), and (3 + 2) +
organo-silica top layer, both the thermally treated version in N2 and air. The support
(3) shows a lower permeance for CO2 (3.25 × 10−7 mol m−2 s−1 Pa−1) than for N2

(3.6 × 10−7 mol m−2 s−1 Pa−1) at ambient temperature. The permeances for both com-
ponents decrease with increasing temperature according to the Knudsen theory. For all
the temperatures, the observed permselectivity is around 0.8, which equals the theoreti-
cal Knudsen selectivity. The same behavior is also observed after adding the γ-Al2O3

layer. However, the permeance is lower (CO2: 2.87 × 10−7 mol m−2 s−1 Pa−1; N2:
3.6 × 10−7 mol m−2 s−1 Pa−1) as an additional resistance is introduced. Such pores could
enhance the surface diffusion mechanism for CO2 as described in reference [37].

 
(A) (B) 

Figure 4. Temperature-dependent single-gas permeation through the α-Al2O3 support (blue), the
support + γ-Al2O3 (red), and the selective cover layer made of organo-silica on top of the others
(black). Panel (A) shows the measured permeance, and (B) the derived permeability.
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Coating with the organo-silica layer leads to essential changes in the gas permeation
behavior. As can be seen, the CO2 permeance exceeds the N2 permeance, albeit at a lower
level. The permeance values are reduced to 1.3 × 10−7 mol m−2 s−1 Pa−1 for CO2 and
0.1 × 10−7 mol m−2 s−1 Pa−1 for N2 for the organo-silica thermally treated in N2. Again,
the same trend is observed in the air-treated one, but the permeance levels are higher for
both components. Notably, the permeance of N2 is now much lower than that of CO2,
demonstrating that the membrane became CO2-affine and suitable for CO2 separation
applications. We assume that N2 molecules can only diffuse through the free pore volume
in the membrane layer. In contrast, the CO2 molecules can use an additional diffusion
path along the inner pore surface, making surface diffusion the prominent mass transport
mechanism. The obtained CO2/N2 permselectivity of 13 for organo-silica treated in N2 is
around 15 times higher than that for a non-selective Knudsen membrane. When treated
in air the CO2/N2 permselectivity of 6.3 is around 8 times higher than for a non-selective
Knudsen membrane.

Equally interesting are also the trends observed upon increasing the testing tempera-
ture. For N2, a slight but measurable increase is obtained going from room temperature to
100 ◦C and further to 150 ◦C. This suggests an activated gas transport mechanism typical
for relatively narrow microporous structures (pore diameter < 1 nm) and the absence of a
substantial Knudsen transport contribution [38]. Remarkably, the CO2 permeance remains
constant, which is unexpected considering the lower adsorptive affinity for CO2 but already
observed elsewhere [26,27,29,39]. In these tests, activated transport and surface diffusion
contribute equally to the overall CO2 transport through the membrane and neutralize
each other. From these results, it is also clear that the permselectivity of the membrane is
negatively affected by these temperature-dependent trends. An increase in the temperature
to 100 ◦C and further to 150 ◦C leads to a lowering of the permselectivity to 7 and 4.3 for
the membrane treated in N2, and for the membrane treated in air, the selectivity decreases
from 3.4 to 3. Both cases are still larger than the Knudsen value of 0.8.

In a multi-layered system consisting of a macroporous support, mesoporous layers,
and a microporous selective top layer as described here, the measured permeance and
permselectivity values reflect the mass transfer resistance in the permeation through the
membrane, which is expressed in terms of flux normalized per unit of pressure and
area (mol/m2 s Pa). To facilitate comparison, the permeation data in Figure 4A were
then normalized per unit of thickness for each part of the membrane, resulting in the
intrinsic permeability values, see Equation (4). As expected, the results summarized in
Figure 4B show that the macroporous α-Al2O3 support (thickness 2.2 mm) exhibits by far
the highest permeability and, thus, the lowest resistance in the membrane structure. When
we consider the mesoporous γ-Al2O3 layer as a stand-alone membrane (thickness 4 μm),
the permeability is much lower, and a CO2/N2 permselectivity of 0.9 is obtained. We can
see further a similar trend for the stand-alone organo-silica layer thermally treated in N2,
which exhibits a permselectivity of ca. 23 at 20 ◦C, decreasing to 15 and 11 at 100 and 150 ◦C,
respectively. Notably, the selectivity increases for the in-air treated membrane from 23 at
20 ◦C to 16 at 100 ◦C to 26 at 150 ◦C. The differences between the theoretically calculated
and measured values suggest faster CO2 permeating kinetics in the organo-silica layer
of the membrane structure. However, this is negatively compensated by the dominating
Knudsen diffusion contribution of the support structure, where N2 shows faster kinetics.
Remarkably, in the single organo-silica layer, increased permeance of CO2 is seen for the
membrane treated in air. This phenomenon is not seen in the composites as the slower CO2

kinetics in the support structure overlay and dominate the overall kinetics. To evaluate the
quality and separation performance of the membrane’s top layer, the transport kinetics
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of the underlying layers must also be analyzed, as the entire multi-layer membrane has a
lower selectivity than the top layer.

In the next series of experiments, CO2 and N2 are applied as a mixture to the membrane
treated in N2. A transmembrane pressure of 3.2 bar was applied. To quantify the influence
of CO2 desorption on the permeation behavior, the pressure on the permeate side was set to
70 mbar. Figure 5 shows the observed CO2 and N2 permeances for different feed mixtures
with 10 vol%, 25 vol%, and 50 vol% CO2 at both pressure levels as a function of the testing
temperature. It can be seen that the N2 permeance increases from room temperature to
100 ◦C and further to 150 ◦C for each feed composition by analogy with the single-gas
permeation tests (100% N2). This confirms that N2 exhibits activated diffusion in the
membrane’s micropores in a mixed-gas situation. In contrast, a constant CO2 permeation
with increasing temperature in the single-gas permeation tests was observed in all the
mixed-gas experiments regardless of the composition of the feed. This indicates once again
that activated permeation and surface diffusion balance each other out or that the influence
of the support structure overlays the temperature increase.

Figure 5. Mixed-gas permeation through Org-Sil membrane treated in N2. Permeances of CO2 and
N2 for different gas compositions (10%, 25%, and 50% CO2) and permeate pressures (atmospheric
(�) and 70 mbar (�)) at different temperatures. Single-gas measurements (100% CO2 and 100% N2

as reference). The transmembrane pressure is kept constant at Δp = 3.2 bar.

The trends observed in the mixed-gas results are consistent with those from the
single-gas experiments, including CO2/N2 selectivity, which shows agreement with the
permselectivity values calculated from the single-gas tests. For example, an identical
selectivity of 13.5 is achieved at room temperature, which decreases to 3–4 for the test at
150 ◦C. This indicates that the widely accepted mechanism of pore blocking by CO2 and
consequent reduction in N2 permeation does not occur. If such a pore-blocking mechanism
were to happen when both gases are applied as a mixture to a microporous membrane, the
N2 permeance would decrease in the mixed-gas situation.

Figure 5 also shows the results of alternative permeation measurements for the case
where the pressure on the permeate side is reduced to 70 mbar. We do not observe
differences from the previous pressure-driven experiments with atmospheric pressure on
the permeate side, which shows that the CO2 and N2 permeation is not dependent on the
pressure on the permeate side. Furthermore, as for all the measuring points, a different
CO2 partial pressure on the feed side was applied, and the same permeance was observed.
A pressure dependence on the permeance can be ruled out.
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In studying the permeation and separation properties of the top layer, the effective
separation factor is an important parameter. However, descriptions of permeation and
separation in microporous membranes covering this aspect are hard to find. The separation
factor is a characteristic parameter that describes the separation efficiency of a binary
mixture. It measures the enrichment of a gas component (e.g., CO2) after it has passed
the membrane. Thus, it is, together with the permeance, the main factor determining the
practical applicability of the membrane. Figure 6A shows the effect of feed composition,
pressure, and temperature on the separation factor and the related CO2 enrichment from
the feed gas. As can be seen, the higher the CO2/N2 ratio in the feed, the higher the
separation efficiency. When comparing atmospheric pressure with reduced pressure at the
permeate side, the separation factor shifts to higher values when a vacuum is applied on the
permeate side. As shown in Figure 6B, this effect is pronounced for the room temperature
results with, e.g., a separation factor increase from 10 to 16 for a 50/50% CO2/N2 feed
mixture. Calculated in terms of CO2 purity in the permeate flow, this results in very high
values of 90–95%. Following the single-gas permselectivity, the separation factor decreases
continuously with increasing temperature, converging at 150 ◦C to values of 2 to 4, which
the increased N2 kinetics and a temperature constant CO2 permeance can explain.

  
(A) (B) 

Figure 6. CO2/N2 gas mixture separation through Org-Sil membrane. (A) CO2 purity in permeate
as a function of the CO2 Feed Composition, (B) CO2/N2 separation factor as a function of temper-
ature for different feed compositions (10, 25, and 50 vol% CO2, Δ denotes permeate vacuum). The
transmembrane pressure is kept constant at Δp = 3.2 bar.

4. Discussion

Figure 7 displays a Robeson-like plot of various organo-silica and primarily BTESE-
derived membranes. As the future interest lies in the application at higher temperatures,
the available data for temperatures up to >200 ◦C are also shown. Although no data at
50 ◦C are presented, this temperature panel is included as the membrane reported by Guo
et al. [25] at 50 ◦C is the only one that reaches the envisioned area of optimum membrane
properties. As the temperature increases, even the best-performing membrane leaves
this area.
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Figure 7. Display of available BTESE-derived permeance and selectivity in a Robeson-like plot for
temperatures from 20 ◦C to over 200 ◦C. Each square � represents a membrane from the references.
The star � indicates the membrane presented in this study, treated in N2, while the triangle �
represents the membrane treated in air. The red stars and triangles correspond to theoretical stand-
alone membranes. Data from references [24–27,29,31,36,39–42].

The membrane discussed in this article is indicated by the star (in N2) and the triangle
(in air). The membrane treated in N2 is located at the arrow’s starting point, and the
arrowhead points to the membrane treated in air. The initial approach was to modify
the pore structure to increase the number of pores while keeping the pore size constant,
as illustrated in Figure 2 by the green arrow. However, this approach did not produce
the intended result, suggesting increased pore size. This behavior was also observed by
Ibrahim et al., who describe the increased permeance by an increase in pore size. Thermal
treatment in air leads to a higher degree of decomposition of organic ethoxide groups [33].

Comparing the membranes at different temperatures is difficult for two major reasons.
Firstly, all membranes have different properties, as shown in Figure 2. The microstructure
of the membranes has (i) different porosity for CO2 (green arrow), (ii) different pore sizes
(blue arrow), and (iii) a varying degree of active sites that participate in surface diffusion
(red arrow). However, the pore structure and number are often undisclosed along the
permeation data. This is either because of laborious investigation procedures or influences
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on the pore structure, which are various and usually not easy to control. Membranes
fabricated similarly often vary in their permeation data because of varying influences.
The discrepancies can be attributed to the specific fabrication processes, including the
water/silica and acid/silica ratio, reaction time, reaction temperature, stirring, sol aging
(dilution and particle growth), drying conditions (humidity, duration, temperature, and
defects), sintering (temperature, time, atmosphere, and defects), coating technique (dilution,
coating times, and airborne particles), and membrane aging (measurement immediately
after fabrication or after a storage period).

Secondly, the practice of reporting the permeation data as the permeance of the com-
posite and not as the permeability of the respective layer complicates the comparability.
In Figure 7, organo-silica-derived membranes on different support structures are shown,
making it difficult to compare the resulting permeation data. In Figure 4B, we presented
permeability data for our membranes and noticed a different temperature trajectory for
the composite than for the single layers. This is possibly due to differences in the mass
transport phenomena of the mesoporous support structure, which affects the behavior of
the separation layer. We calculated the permeance of a theoretical single layer and placed
it in the Robeson-like plot to illustrate the impact of the support. The red squares in the
panels for 20 ◦C, 100 ◦C, and 150 ◦C represent the theoretical single-layer permeances
for the fabricated membrane treated in N2 and air. This demonstrates that the air-treated
membrane now meets the necessary permeation properties for economic application. We
understand that some support structure is needed, and we believe that with material opti-
mization, some of the membranes currently not in the optimum area will reach that point.
We want to highlight how the mesoporous support becomes more influential at higher
temperatures because the dominating Knudsen diffusion decreases its flux. Therefore, high
flux supports can help make the application economically viable at high temperatures [43].

Nevertheless, we tried to explain the different permeation and selectivity levels in
the published data and how apparent contradictions can be resolved. Examining the
temperature trajectories of different gas permeances offers insights into the pore structure.
Three different cases are observed. Firstly, Castricum et al. and Kanezashi et al. report
decreasing permeances for CO2 with increasing temperature [31,41]. Secondly, Grekou
et al. [24,29] and Rubner et al. demonstrate the opposite trend, showing an increase in CO2

permeance with rising temperature [24,29]. Thirdly, Van Gestel et al. and Yang et al., as
well as our work, observe no changes in permeances with increasing temperatures [26,27].
Three distinct mass transport mechanisms—Knudsen diffusion, surface diffusion, and
activated permeation—coexist depending on the number and size of pores, participating
in mass transport in varying ratios. Higher proportions of Knudsen diffusion and surface
diffusion result in higher permeances but at a decreasing trend with increasing temperature.
Therefore, in the first case, it can be concluded that Castricum et al. [41] and Kanezashi
et al. [31] produced membranes with many micro- and mesopores. Membranes with
activated diffusion as the predominating mass transport mechanism give low permeances
but show an increasing trend with increasing temperature. Therefore, in the second case, the
membranes reported by Grekou et al. [29] and Rubner et al. [24] indicate a microstructure
with a high proportion of ultramicropores. In the third case, membranes with a pore
structure in between can have mass transport mechanisms that offset each other, resulting
in constant permeances with increasing temperature. The membranes studied by van
Gestel et al. [27], Yang et al. [26], and those investigated in this work are likely to have
structures with micro- and ultramicropores. Therefore, it is concluded that for a membrane
design, only microstructures with pores below 0.7 nm are suitable, as only these show
large permeances with good selectivity. The problem with decreasing selectivity at higher
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temperatures is assumed to be overcome by providing active sites for surface diffusion at
higher temperatures.

Using permeances obtained from single-gas measurements for mixed-gas applications
can cause problems since the interactions of mixed gases can alter their behavior. Mem-
branes with a large portion of ultramicropores can enable interactions between the slow
and fast permeating compounds by a pore-blocking or condensation mechanism [44]. Yang
et al. showed a decrease in CO2 in the mixture compared to the single gases and accounted
for some hindrance as its cause, as reported in zeolites [13,26]. Rubner et al. even observed
increased CO2 permeances in the mixture compared to the single-gas results, indicating
that the non-adsorbing gas enhances the mass transport of the adsorbing gas. Our results
fall within the range of reported data, showing no deviations from the single-gas results,
indicating that no interactions occur in micropores.

Since most publications do not disclose mixed-gas permeances, they assess their
mixed-gas results based on the separation factor and compare them to the single-gas
permselectivity. If the separation factor is lower than the permselectivity, some hindrance
or blockage is attributed to the decreased selectivity. This approach can lead to incorrect
conclusions since the separation factor depends on kinetics (permeance) and the driving
force (partial pressure difference) governing mass transport.

As illustrated in Figure 6B, the same membrane exhibits variations in its separation
factor from 5 to 10 by merely changing the feed composition (10% to 50%). Additionally,
for the same composition (10% CO2), applying a vacuum on the permeate side causes the
separation factor to change from 4 to 13. However, the permselectivity remains constant
throughout (see Figure 5). For a proper comparison, mixed-gas permeances are necessary.

Operating mixed-gas separations on the permeate side under vacuum conditions
yields higher separation factors. Contrary to the proposition by Grekou et al. [29] that the
higher separation factors are caused by the enhanced desorption kinetics of the adsorbing
component under lower pressure, our observations indicate otherwise. If the adsorption
were truly enhanced, the permeances for different operation modes (atmospheric vs. vac-
uum) would show variation. Operating the membrane with a vacuum increases the driving
force (partial pressure difference) for the faster-permeating component, leading to higher
fluxes and higher permeate concentrations at low pressures [45].

5. Conclusions

In this study, we investigated ceramic microporous CO2-philic membranes. We ana-
lyzed the transport behavior of CO2 and N2 focusing on the possible future implementation
of such a membrane in a CO2 separation process at elevated temperatures.

The investigated membrane shows a constant CO2 permeance with increasing tem-
perature and an even increasing permeability for the membrane thermally treated in air.
This shows that focusing on permeances overlooks the actual transport behavior of the
fabricated organo-silica layer, as the influence of the support structure is non-neglectable.
A single-gas separation efficiency derived from permeances at 150 ◦C yields a selectivity of
4.3. In contrast, the same membrane has a selectivity of 11 when single-layer permeabilities
are used as mass transport kinetics. It is important to note that the Knudsen behavior of
the support structure often masks the properties of the selective cover layer. Only con-
clusions based on permeabilities are meaningful when evaluating different organo-silica
fabrication methods.

As all membranes are aimed to perform in mixed-gas applications, single-gas kinetics
must be compared to mixed-gas behavior to derive the relevant kinetics and separation
performance. The presented membrane shows the same kinetics and selectivities as in
single-gas experiments. The elsewhere reported separation performance increases based
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on a pore-blocking mechanism can not be confirmed as the anticipated decrease in N2

permeance was not observed.
However, the separation factor based on operation conditions showed that the mem-

brane is pressure ratio limited, and the separation factor increases with increasing pressure
ratios (Figure 6A,B). This is achieved by increasing the partial pressure in the feed or by
lowering the partial pressure in the permeate via a vacuum. An enhanced CO2 desorption
kinetic caused by permeate vacuums was also not observed, as the CO2 permeance stayed
constant for all the operation modes.

This study introduces an extension of the Robeson-like plot for different temperatures,
including membrane data reported in the literature and data from the present study. Only
one membrane at 50 ◦C reaches the optimum membrane properties across all the available
data. Until now, no organo-silica-based membrane has reached the properties for economic
application above 50 ◦C.

From temperature trajectories introduced into the Robeson plot, we conclude that only
membranes with micropores in the range for surface diffusion can reach the envisioned
area of optimum membrane properties. This is especially important for high-temperature
applications where the surface affinity is declining. Combining micropores with surfaces
that offer adsorption sites that enable surface diffusion at higher temperatures is very
promising [5,34].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/membranes15030083/s1, Figure S1: Rotary dip coating setup.
The top left picture shows the pendulum moved by a motor in a rotary motion. At the end of the
pendulum is a substrate mounted by suction. This is moved through a petri dish filled with the
coating sol. The right panel shows a schematic drawing of the laboratory setup. The bottom left
picture shows a magnification of the critical point where the coated substrate leaves the sol and a
drop forms at the rim; Figure S2: Photograph of the BTESE-coated Substrate in the Laboratory on the
left. The same BTESE membrane inside the permeation cell on the right.
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Abstract: Membrane technology is a promising methodology for carbon dioxide separation
due to its benefit of a small carbon footprint. However, the trade-off relationship between
gas permeability and selectivity is one obstacle to limiting its application. Herein, branched
polyethyleneimine (BPEI) containing a rich amino group was successfully grafted on the
surface of the metal–organic framework (MOF) of AIFFIVE-1-Ni (KAUST-8) through co-
ordination between N in BPEI and open metal sites in the MOF and with the resultant
maintained BET surface area and pore volume. Both the strengthened CO2 solubility coeffi-
cients coming from the additional CO2 adsorption sites of amino groups in BPEI and the
reinforced CO2 diffusivity coefficients originating from the fast transport channels created
by KAUST-8 led to the promising CO2 separation performance for KAUST-8@BPEI/Pebax-
1074 MMM. With 5 wt.% KAUST-8@BPEI loading, the MMM showed the CO2 permeability
of 156.5 Barrer and CO2/N2 selectivity of 16.1, while the KAUST-8-incorporated MMM
(5 wt.% loading) only exhibited the CO2 permeability of 86.9 Barrer and CO2/N2 selectivity
of 13.0. Such enhancement is superior to most of the reported Pebax-1074-based MMMs for
CO2 separation indicating a wide application for the coordination method for MOF fillers
with open metal sites.

Keywords: mixed-matrix membrane; metal–organic framework; carbon capture; grafting

1. Introduction

Urgent action is required to limit warming to 2 ◦C by the year 2100 according to Inter-
governmental Panel on Climate Change (IPCC) [1,2]. One of the main greenhouse gases
is carbon dioxide. Various techniques have been developed for carbon capture including
distillation, sorption, and membrane separation. The mature market-dominated technology
of distillation and sorption, such as liquid amine-scrubbing and sorbents adsorption, which
have a large carbon footprint and equipment footprint for CO2 capture, due to the phase
change involved in the distillation and the absorbent regeneration step in sorption [3,4].
Comparatively, membrane technology stands out due to its high energy efficiency, small
physical footprint, and low carbon footprint [5,6]. Baker’s study demonstrated the potential
of membranes for carbon capture by showing a reduction of 44% energy cost relative to the
amine absorption method when increasing the CO2 feed content from 10% to 30% with CO2

purity more than 99%, which meets the requirement set by the Department of Energy [7].
With intensive studies of membrane separation, there is yet industrial application for

flue gas treatment. For polymeric membranes, the main obstacle is the trade-off relationship
between gas permeability and selectivity that the increased gas permeability is generally

Membranes 2025, 15, 26 https://doi.org/10.3390/membranes15010026
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coupled with the reduced selectivity, and vice versa [8–10]. For inorganic membranes,
the inevitable intercrystallite defects limit its further scale-up [5]. Correspondingly, the
mixed-matrix membranes (MMMs) fabricated by incorporating nanoparticle filler as the
dispersed phase into the continuous phase of polymer matrix have gained increasing
attention in recent years because they combine the advantages of solvent-processability
from polymers and precise pore-regulation ability from nanoparticles, which is helpful
to break the trade-off issue [8]. Diverse particles have been investigated as fillers in the
MMMs including inorganic metal oxide, organic porous aromatic framework (PAF) [11],
and the organic–inorganic hybrid of mental-organic framework (MOF) [12].

Among these, metal–organic framework (MOF) is one of the most popular and effi-
cient fillers due to its highly controllable pore size, shape, and functionality arising from
the diversity of metal ions and ligands that can accommodate the specific application
scenario [13,14]. For example, the 5 wt.% loading of micron-sized hollow ZIF-8 in the
MMM made the CO2 permeability 224.6% and 63.5% higher than the neat PEO membrane
and nanosized hollow ZIF-8/PEO MMM due to the accumulated transport highway con-
structed by the micron-sized hollow ZIF-8 [15]. The 5 wt.% loading of Cu@Al(bpydc) in
Pebax accelerated the diffusion and solubility of CO2 in the MMMs and led to the simulta-
neous improvement of CO2 permeability and CO2/CH4 selectivity by 92.90% and 27.10%,
respectively [16]. A similar concurrent enhancement for CO2 permeability and CO2/N2

selectivity was also reported in the 10 wt.% PHZ-2/Pebax MMMs owing to the improved
free volume and low gas transfer resistance caused by the hollow structure of filler [17].

As a pillar-layered metal–organic framework, AIFFIVE-1-Ni (KAUST-8) with periodic
square-grid layer established by linking Ni(II) ion with pyrazine ligand and further pillared
by the [AlF5(H2O)]2− anion in the third dimension (primitive cubic (pcu) topology) was
applied as fillers in this study (Figure 1a) [18–21]. The pillar was demonstrated as an
octahedral with an Al3+ metal center accommodated with five F atoms and one H2O
molecule with three F atoms and one H2O molecule facing the 1D channel (Figure 1b,
left). Upon dehydration, with one coordinated H2O molecule lost away from the Al3+ site,
the pillar geometry changed from a square to a trigonal bipyramidal-like structure with a
reported pore size of around 5 Å (Figure 1b). The reported structure demonstrated double
loaded site for CO2 with both electropositive interaction between C with F atoms in pillars
(F···CCO2 = ~2.8 Å) and electronegative O with H in pyrazine ligand (H···OCO2 = ~2.6 Å,
Figure 1c) [13,21,22]. The open metal site of Al3+ was declared as a barrier for more CO2

loading as it blocks its simultaneous interaction with the four F atoms [14,21]. Meanwhile,
the open metal site was well known for anchoring the desired functional moiety to boost the
targeted application [23–25]. To utilize the CO2 affinity sites and further enhance their CO2

separation ability, branched polyethyleneimine (BPEI)-grafted KAUST-8 was constructed
and applied as fillers in Pebax 1074. Pebax 1074 was chosen as the polymer matrix because
it consists of 55% soft phase polyethylene oxide and 45% hard phase polyamide 12, which
can correspondingly supply the CO2 affinity property and the mechanical strength [26].
With 5 wt.% SAPO zeolite, the Pebax-1074-based MMM exhibited the CO2 permeability
of 98.2 Barrer and CO2/N2 selectivity of 72 [27]; The 8 wt.% loading of ZnO in Pebax
1074 accelerated the CO2 permeability and CO2/N2 selectivity of the MMM from 110.67
to 152.27 Barrer and 50.08 to 62.15, separately [28]. The function of the grafted BPEI in
KAUST-8 and its mechanism for CO2 separation were thoroughly investigated in this work.
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Figure 1. (a) Schematic diagram of KAUST-8 formation, (b) Dehydration process of KAUST-8, and
(c) CO2 interaction sites with KAUST-8. (Ni, cyan; N, blue; C, grey; O, red; F, green; Al, orange).

2. Experimental Section

2.1. Materials

Nickel (II) acetate (Ni(CH3COO)2, 99%), pyrazine (C4H4N2, 99%), hydrofluoric acid
(HF, 40 wt.% in H2O), and n-butanol (C4H10O, 99%) were purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd., Shanghai, China. Aluminum (III) hydroxide
(Al(OH)3, AR), methanol (CH4O, 99.9%), and ethanol (C2H6O, 99.9%) were obtained from
Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. Branched polyethyleneimine
(BPEI, 99%, Mn = 600 g·mol−1) was purchased from Merck Ltd., Beijing, China. Pebax
1074 polymer pellet was provided by Arkema Inc., Beijing, China. Gases of N2, CO2, and
He were supplied by Nanjing Chuangda Group Co., Ltd., Nanjing, China. All purchased
materials were used as received without further purification.

2.2. Preparation of KAUST-8

The KAUST-8 was synthesized according to our previous work [29]. Pyrazine (1.80 g)
and nickel acetate (2.20 g) were separately dissolved in ethanol (6 mL) and deionized water
(3 mL), followed by mixing and sonicating for 3 min. Aluminum hydroxide (0.7 g) was
dissolved in a mixed solvent of HF and deionized water (7 mL, v:v = 6:1). The above two
solutions were then mixed and sonicated for 3 min. The mixture was poured into a 50 mL
Teflon liner and heated to 80 ◦C for 6 h. After cooling down to room temperature, the
sky-blue product (Figure S1a) was collected by centrifugation and washed with deionized
water three times and ethanol once. Finally, the product was dried at 60 ◦C for 24 h.

2.3. Preparation of KAUST-8@BPEI

The BPEI-grafted KAUST-8 was synthesized according to the reported work (abbrevi-
ated as KAUST-8@BPEI) [25]. BPEI (0.3 g) was dissolved in methanol (20 mL) and sonicated
for 10 min. KAUST-8 (2.0 g) was added to the above solution and followed by stirring at
25 ◦C for 24 h. Then, KAUST-8@BPEI (Figure S1b) was collected by washing with methanol
three times. Finally, the product was dried at 70 ◦C for 24 h.

2.4. Membranes Fabrication

The membranes were synthesized according to our previous work [30]. Pebax 1074
was dried in a vacuum oven at 80 ◦C for 6 h before use to remove any adsorbed moisture.
The ratio of polymer/(polymer + solvent) is controlled at 2.5 wt.%. For the neat membrane
fabrication, Pebax 1074 was dissolved in n-butanol at 90 ◦C under a water bath for 3 h.
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After dissolution, the solution was poured rapidly into the Teflon dish followed by placing
in an oven at 60 ◦C for 14 h to obtain the membrane. Finally, the membrane was carefully
removed from the Teflon dish and dried in a vacuum oven at 60 ◦C for 12 h to remove any
residual solvent before the gas permeation test. The fabrication of the MMMs was similar to
the neat membrane. The quantitative MOF (KAUST-8 and KAUST-8@BPEI) was dispersed
in n-butanol and followed by stirring for 3 h. At the same time, Pebax 1074 was dissolved
in n-butanol and heated for 3 h. Then, the Pebax 1074 solution was gradually added to the
MOF-dispersed solution in 2 steps (1/10 for the first time and 9/10 for the second time) and
each time it was further stirred at 90 ◦C for 2 h. The following procedures were conducted
in the same way as the neat membrane. For easy note, the KAUST-8 and KAUST-8@BPEI-
based MMMs were separately labeled as KAUST-8/Pebax-X and KAUST-8@BPEI/Pebax-X,
where X means the weight percentage of the loading (X = 2.5 wt.%, 5 wt.%, and 10 wt.%).
Other loadings of more than 10 wt.% led to membrane cracks or serious agglomeration
for the incorporated fillers. The thickness of all membranes was measured with a digital
micrometer (Mitutoyo, Kanagawa, Japan) and around 60 ± 10 μm. The gas permeability
and CO2/N2 selectivity of KAUST-8@BPEI/Pebax-5 with different thickness are shown
in Table S1. It could be seen that membrane thickness has a slight effect on membrane
separation performance.

2.5. Gas Permeation Measurements

The membrane gas permeation measurements were carried out by using a home-made
Wicke–Kallenbach technique shown in Figure 2. All gas permeation tests were carried out
under the condition that the temperature was maintained at 25 ◦C and the feed pressure
was controlled from 1 to 6 bar. To avoid gas leakage, the membrane sample with an effective
membrane area (3.8 cm2) was placed in the sample holder and sealed with a rubber O-ring.
The CO2/N2 feed gas mixture (v:v = 15:85) was fed to the membrane module. As shown in
Table S2, the flow rate of 20 mL/min is the optimal experimental condition. Hence, the total
flow rate of the feed side was controlled at 20 mL/min. The permeated gas was introduced
into the gas chromatography (Agilent 7890, Santa Clara, CA, USA) and swept by Helium
at a flow rate of 20 mL/min. After the test system was stable, the gas permeation data
were tested three times and averaged. The gas permeability was calculated according to
Equation (1).

Pi =
LNi

AΔPi
(1)

where Pi is the gas permeability of the gas i (1 Barrer = 10−10 cm3(STP)·cm·cm−2·s−1·cmHg−1),
L is the membrane thickness (cm), Ni is the volumetric flux through the membrane of the gas i
(cm3/s), A is the membrane effective area (cm2), and ΔPi is the pressure difference across the
membrane (cmHg).

The selectivity (αi/j) of membrane was calculated according to Equation (2).

αi/j =
Pi
Pj

(2)

where Pi and Pj are the gas permeability of the gas i and j, respectively.
Based on the results obtained from the gas (CO2 and N2) adsorption, the solution

coefficient (S) can be calculated according to Equation (3).

S =
c
f

(3)
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where S is the solution coefficient (cm3(STP)·cm−3·cmHg−1), c is the concentration for
adsorbed CO2 of the sample (cm3(STP)·cm−3), and f is the corresponding upstream fugacity
driving force (cmHg).

The diffusion coefficient (D) can be obtained indirectly based on the Equation (4).

D =
P
S

(4)

where D is the diffusion coefficient (cm2·s−1).

Figure 2. Schematic diagram for gas permeation test.

2.6. Characterizations

X-ray diffraction (XRD) patterns of KAUST-8, KAUST-8@BPEI, and the corresponding
MMMs were collected from the Rigaku Smartlab TM 9 KW equipment, Tokyo, Japan (Cu
Kα radiation, 40 kV, 40 mA, and λ = 1.542 Å). Thermogravimetric analysis (TGA) of KAUST-
8, KAUST-8@BPEI, and the corresponding MMMs was obtained from the thermal analysis
system (NETZSCH STA 449, Selby, Germany) under N2 atmosphere from 30 ◦C to 800 ◦C
with a heating rate of 10 ◦C/min. The morphologies of KAUST-8, KAUST-8@BPEI, and the
corresponding MMMs were collected from field emission scanning electron microscopes
(FESEM, S4800, Hitachi, Tokyo, Japan). X-ray photoelectron spectroscopy (XPS) of KAUST-
8 and KAUST-8@BPEI was conducted on Kratos Amicus. The XPS spectra were conducted
for C, N, Al, and Ni atoms and referenced to the C 1s level to correct the peak shift. The
CO2 and N2 adsorption isotherms of the samples were measured by BSD-660M at 298 K
and 77 K, respectively. Based on the N2 adsorption data, the multipoint BET (Brunauer–
Emmett–Teller, Beijing, China) was used to determine the specific surface areas and pore
widths of KAUST-8 and KAUST-8@BPEI. Fourier transform infrared (FTIR) spectroscopy
analysis of the samples was performed on the Nicolet IS10 equipment (Waltham, MA, USA)
in the wavenumber range of 400–4000 cm−1.

3. Results and Discussion

3.1. Characterization of KAUST-8@BPEI

The crystallinity of the synthesized MOF was examined by XRD patterns in Figure 3a.
Both KAUST-8 and KAUST-8@BPEI exhibited the identical pattern relative to the simulated
pattern and the prior reported work [21,29] with the main peaks of 110, 004, and 220
at 2θ of 12.96◦, 23.34◦ and 25.74◦, respectively. This indicates the right product and the
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BPEI modification did not affect the crystallinity of KAUST-8. The weaker intensity of
the KAUST-8@BPEI relative to the pristine KAUST-8 might be due to the interaction
between KAUST-8 and BPEI, which was consistent with the trend of the BPEI-modified
UiO-66 [31]. The decomposition temperature (Figure S2) was up to 350 ◦C aligning with the
previous work, which proved the favorable thermal stability and the potential application
in industrial scale of KAUST-8 and KAUST-8@BPEI [32]. The weight loss before 200 ◦C
was due to the loss of the coordinated water in the framework of KAUST-8 as shown in
Figure 1b [21]. Compared to KAUST-8, the more reduced weight loss (~5%) after 800 ◦C
for KAUST-8@BPEI was due to the grafted BPEI functional groups, which supported the
existence of BPEI on KAUST-8@BPEI surface. Similar thermal weight loss phenomena
were found for BPIE-grafted ZIF-8 and carbon nanotubes in the previous works [25,33].
The grating of BPEI on KAUST-8 was proved by the FTIR spectra (Figure 3b). Newly
emerged peaks at wavenumber of 1672 cm−1 assigned to the bending vibration of NH
and 990 cm−1 and 646 cm−1 assigned to the out-of-plan wagging vibration of NH were
detected for KAUST-8@BPEI compared to the pristine KAUST-8, which confirmed the
successful grafting of the BPEI on KAUST-8 particles [33] and was echoed by the weaker
intensity in the XRD pattern (Figure 3a). The minor reduced BET surface area (Figure 3c,
Table S3, 489.9 m2/g vs. 433.1 m2/g), pore volume (7.6% drop, Table S3), and the slightly
narrowed pore size (Figure 3d, 4.73 Å vs. 4.66 Å) certified that one end of the BPEI was
grated into KAUST-8 framework. The CO2 uptake of KAUST-8 was 2.83 mmol/g, which
was consistent with Eddaoudi’s work [21]. Meanwhile, the enhanced CO2 adsorption
property (3.3% up, Figure 3e) revealed that the other end of BPEI functionalized as CO2

adsorption site. This was further confirmed by the XPS results, which showed a slight
left shift to the lower binding energy for Ni 2p from 855.2 eV to 855.1 eV (Figure 3h) after
KAUST-8 was grafted with BPEI, suggesting an enhancement of electron density in Ni [31].
The confirmation for the covalent attachment of BPEI with the KAUST-8 framework was
supported by the detected increased ratio of N/Ni2+ (Table S4).

3.2. Characterization of MMMs

The morphology of the neat membrane and MMMs was investigated by the SEM
cross-sectional images (Figure 4a–c). The neat membrane demonstrated a smooth cross-
sectional morphology (Figure 4a), which was consistent with our prior work [30]. With the
addition of KAUST-8 and KAUST-8@BPEI at a loading lower than 10 wt.%, the MMMs
showed a similar cross-sectional morphology to that of the neat membrane without ob-
vious interface voids or even a visible interface between the polymer and the additive
(Figures 4b and S3a–c), reflecting the compatible interface and defect-free membrane struc-
ture. Such behavior matched our previous work [34]. The OH-PDCX/PIM-1 MMMs
exhibited similar morphology to that of the neat PIM-1 membrane without obviously dis-
tinguishing between additive and polymer under the compatible solvent, leading to a more
compatible polymer–additive interface and therefore to a more enhanced membrane per-
formance relative to the obvious polymer–additive interface membrane sample (CO2/N2

enhancement: 22% vs. 4.4%). When additive loading up to 10 wt.%, no matter with KAUST-
8 or KAUST-8@BPEI, an obvious additive agglomeration was observed (highlighted in
the red circle in Figures 4c and S3d). This is a general phenomenon that a high additive
loading of more than 10 wt.% has the tendency to join together for stabilization due to the
high surface energy of the particle [29,30]. The FTIR spectra of the neat membrane showed
peaks at 981 cm−1, 1513 cm−1, 1608 cm−1, 2792 cm−1, and 3170 cm−1, which are assigned
to the typical C–O–C, H–N–C=O, O–C=O, C–H and N–H groups in Pebax 1074 polymer
(Figure 3i) [35–37]. With the incorporation of KAUST-8 or KAUST-8@BPEI from 2.5 wt.%
to 5 wt.%, and 10 wt.%, typical peaks were retained, indicating there was no detectable
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chemical change through the FTIR examination and the existence of additive did not affect
the crystallinity of the polymer matrix. For CO2 adsorption (Figure 3f), the KAUST-8
additive-incorporated KAUST-8/Pebax MMMs showed slightly higher CO2 adsorption
property relative to the controlled sample (4.08 cm3/g vs. 3.98 cm3/g). This was caused
by the CO2 affinity sites in the framework of KAUST-8 (CO2 with both electropositive
interaction between C with F atoms in pillars and electronegative O with H in pyrazine
ligand, Figure 1c) [13,21,22]. The enhancement degree was small due to the low loading of
KAUST-8 (5 wt.%) in the polymer matrix. With BPEI further grafted on KAUST-8, an obvi-
ous improvement of CO2 adsorption to 4.57 cm3/g was detected, revealing the successful
grating of BPEI in KAUST-8 framework and consistency to the result in XPS (Figure 3g,h),
along with the reported enhanced CO2 adsorption for BPEI, which was grated into MOF as
noted in Zheng’s work [25].

 

Figure 3. (a) XRD for KAUST-8 and KAUST-8@BPEI, (b) FTIR spectra for KAUST-8, KAUST-8@BPEI
and BPEI, (c) N2 adsorption and desorption isotherms for KAUST-8 and KAUST-8@BPEI at 77 K,
(d) Pore size distribution of KAUST-8 and KAUST-8@BPEI calculated from 77 K N2 adsorption
isotherm based on the Horvath–Kawazoe model, (e) CO2 sorption isotherms for KAUST-8 and
KAUST-8@BPEI at 298 K, (f) CO2 sorption isotherms for neat membrane, KAUST-8/Pebax-5 and
KAUST-8@BPEI/Pebax-5 at 298 K, (g) XPS spectra of KAUST-8 and KAUST-8@BPEI, (h) Ni XPS
spectra of KAUST-8 and KAUST-8@BPEI, and (i) FTIR spectra for membranes. All green and blue
vertical lines are drawn to guide the eye.
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Figure 4. Cross-sectional SEM images for (a) neat membrane, (b) KAUST-8@BPEI/Pebax-5, and
(c) KAUST-8@BPEI/Pebax-10, Left: low magnification, Right: high magnification, filler agglomeration
highlighted in the red circle in the inset in Figure 4c.

3.3. Separation Performance
3.3.1. Loading Effect

The loading effect was evaluated by increasing loading from 0 to 2.5 wt.%, 5.0 wt.%,
and 10 wt.% in Figure 5. The neat membrane demonstrated CO2 permeability of 71.2 Barrer,
N2 permeability of 6 Barrer, and ideal CO2/N2 selectivity of 11.9, which were within the
range of the reported work since the CO2 permeability and CO2/N2 selectivity of the Pebax-
1074-based MMMs, were influenced by several factors, such as Pebax-1074 from different
batches, different kinds of solvent for membrane preparation, and so on. As a result, the
membrane performance differences between the different Pebax-1074-based MMMs were
significant [26,27,38,39]. With KAUST-8 loading (Figure 5a), CO2 permeability and CO2/N2

selectivity demonstrated a concomitant increasing trend till the optimal loading of 5 wt.%
with an enhancement of 22% and 9%, respectively. Such an enhancement mainly came from
the CO2 adsorption property of the embedded KAUST-8 additive (63 cm3/g in Figure 3e) as
both F atoms in the pillar of [AlF5(H2O)]2− and the H atoms in the pyrazine ligand can act
as CO2 affinity sites. With further KAUST-8 loading to 10 wt.%, both CO2 permeability and
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CO2/N2 selectivity dropped, although they were still higher than the controlled sample.
This was caused by the additive agglomeration at a higher loading, which reduced the
ability of KAUST-8. A similar behavior was reported in the Y-abtc@Pebax MMMs for
CO2/N2 separation [40]. By comparison, the KAUST-8@BPEI/Pebax MMMs demonstrated
a similar gas permeation trend to that of the KAUST-8/Pebax MMMs under the function of
various loading with the same optimal loading at 5 wt.%. However, higher loading also
led to serious particle accumulation (Figure 4c). The difference for gas permeation change
behavior under the function of KAUST-8@BPEI as the additive was explored in detail in
Figure 6.

 

Figure 5. Loading effect on the change of gas permeability and CO2/N2 selectivity of (a) KAUST-
8/Pebax MMMs and (b) KAUST-8@BPEI/Pebax MMMs. Arrows are drawn to guide the eye.

Figure 6. BPEI effect on the change of (a) CO2 permeability and (b) CO2/N2 selectivity of KAUST-
8/Pebax MMMs and KAUST-8@BPEI/Pebax MMMs.

3.3.2. BPEI Effect

In Figure 6, the KAUST-8@BPEI/Pebax MMMs showed a clear strengthened enhance-
ment both for CO2 permeability (Figure 6a) and CO2/N2 selectivity (Figure 6b) relative
to the KAUST-8/Pebax MMMs throughout various loading from 2.5 wt.% to 5 wt.%, and
10 wt.%. For example, at the optimal loading of 5 wt.%, the KAUST-8@BPEI/Pebax MMM
showed a 120% increment for CO2 permeance and a 35.3% increment for CO2/N2 selectiv-
ity relative to the neat membrane, which were higher than most of the other Pebax-based
MMM samples. Hence, the effect of the BPEI functionalization is effective and we intend to
further enhance the role of BPEI in our future work. Generally, as an amine-functionalized
moiety, BPEI possessed the ability for more CO2 adsorption. This was confirmed by the
CO2 adsorption property both from the MOF particle (Figure 3e) and the corresponding
membrane samples (Figure 3f), and it was consistent with prior work [25,31]. Consequently,
a more CO2-selective and faster CO2 transport membrane structure was constructed. The
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reason for the specific function of BPEI for CO2 separation and the separation mechanism
is discussed in the following section.

3.3.3. Pressure, Temperature Effect and Long-Term Stability

Pressure effect on membrane separation performance was examined under both the
single gas and mixed gas conditions (Figure 7). Generally, high pressure can lead to the
following effect on membrane performance. Firstly, it can compact the membrane structure
with the generated condensed fractional free volume, which corresponds to the reduced
gas permeability; secondly, it can provide a more driving force across the membrane
for the gas transportation and can be coupled with enhanced gas permeability; thirdly,
the membrane can adsorb more condensable gas (such as CO2) and be plasticized with
the resultant enlarged fractional free volume and the enhanced permeability. For CO2

permeability in the studied three samples (Figure 7a), they all increased with increasing
the feed pressure under both single and mixed gas conditions and with a lower value
under the mixture gas condition than that in the single gas condition. The increasing CO2

permeability with increasing feed pressure was caused by the plasticization effect. This
was revealed by the opposite N2 permeability change trend under the single and mixed gas
conditions (Figure 7b). Under the single gas condition, N2 permeability reduced gradually
with the increasing feed pressure due to the polymer condensability effect under high
pressure. However, under mixed gas conditions, N2 permeability gradually increased with
increasing feed pressure, indicating that the membrane samples were already plasticized
under the CO2/N2 mixture gases. Moreover, the presence of N2 in the mixed gas could
prevent further adsorption and condensation of CO2 and reduce its solubility, which called
for the competition sorption and was a general trend for mixed gas tests [26,28,41,42].
Hence, the increase rate for CO2 permeability under the mixed gas condition was lower
than that of the single gas condition. Both enhanced CO2 and N2 permeability in the mixed
gas condition also led to the fairly constant CO2/N2 selectivity relative to the single gas
test (Figure 7c). Although it exhibited a plasticization effect in the MMM samples, the
highest and constant CO2/N2 selectivity for the KAUST-8@BPEI/Pebax MMM in this study
relative to the KAUST-8/Pebax MMM and the neat Pebax membrane (15.7 vs. 10.3 vs. 9.4)
revealed the benefits of the synergistic function of KAUST-8 and BPEI grating for carbon
capture.

Figure S4 showed the temperature effect on the change of gas permeability and
CO2/N2 selectivity of KAUST-8@BPEI-5/Pebax. As the temperature rose, both CO2 and N2

permeability of KAUST-8@BPEI-5/Pebax increased because it facilitated the gas diffusion
through the membrane. Similar to our previous work, due to the higher permeation activa-
tion energy, the N2 permeability was more susceptible to temperature, resulting in the larger
degree of N2 permeability enhancement compared to the CO2 permeability and hence
the reduced CO2/N2 selectivity [29,38]. Hence, a lower temperature is more suitable for
separating CO2 and N2 with excellent selectivity. In addition, the three studied membrane
samples demonstrated a similarly stable separation performance (Figure 7d) within the
240 h test under mixed gas condition, which demonstrated the highest CO2 permeability
of 150.8 Barrer and the highest CO2/N2 selectivity of 16.5 for the KAUST-8@BPEI/Pebax
MMM compared to the KAUST-8/Pebax MMM and the neat Pebax membrane. As the
testing time reached 1000 h, the CO2 permeability of all test samples decreased, accompa-
nied by an increase in CO2/N2 selectivity. This phenomenon was due to the decreased
fractional free volume caused by the physical aging in the membranes [42]. Generally, the
permeability of larger gas molecules declines more rapidly than that of smaller ones. Since
the molecule size of N2 is larger than CO2, the degree of decrease in N2 permeability is
severer than that of CO2, resulting in the slight increase in CO2/N2 selectivity.
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Figure 7. Pressure effect on the change of (a) CO2 permeability, (b) N2 permeability, and (c) CO2/N2

selectivity of neat membrane, KAUST-8/Pebax-5, and KAUST-8@BPEI/Pebax-5, dashed line: single
gas condition, solid line: mixed gas condition. (d) Long-term gas permeation test of neat membrane,
KAUST-8/Pebax-5, and KAUST-8@BPEI/Pebax-5 according to feed pressures of 1 bar, operated
under 25 ◦C for mixed gas with a volume ratio of 15/85. Arrows are drawn to guide the eye.

3.4. Separation Mechanism

To clarify the function of KAUST-8 and BPEI for CO2 separation performance, the
solubility and diffusivity coefficient deduced from the membrane gas sorption results
(Figure 3f) are grouped in Table 1, and the XRD patterns for the d-spacing change are
shown in Figure 8. Three membrane samples including neat membrane and with the
optimal 5 wt.% loading MMMs with KAUST-8 and KAUST-8@BPEI were selected to
clearly illustrate the effect of KAUST-8 and BPEI. As can be seen in Table 1, the neat Pebax
membrane showed a CO2 solubility of 4.56 × 10−2 cm3(STP)·cm−3·cmHg−1 and CO2

diffusivity of 15.63 × 10−8 cm2·s−1. With the addition of KAUST-8, the CO2 solubility
was nearly retained with a slight enhancement of 2% but with an obvious CO2 diffusivity
coefficient enhancement of 19%. The retained solubility coefficient was aligned to the
nearly unchanged CO2 adsorption property by adding 5 wt.% into the polymer matrix,
as illustrated in Figure 3f, and the obvious enhanced diffusivity coefficient was mainly
from the porosity of the KAUST-8 framework with the reported pore size (~5 Å, Figure 1b).
Similarly, the maintained N2 solubility was due to the lack of extra N2 affinity sites from
the embedded KAUST-8 additives, and the minor increased N2 diffusivity coefficient was
caused by the small addition of the porous structure of KAUST-8. Consequently, the obvious
increment of CO2 diffusivity coefficient and the minor enhancement of N2 diffusivity
coefficient led to the more boosted CO2 permeability than N2 permeability (Figure 5).
With BPEI grafting, the amine group in BPEI contributed to the clearly strengthened CO2

solubility (15% up, Table 1) due to its CO2 affinity (Figure 3e,f) and slightly reduced N2
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solubility due to the occupied surface area and pore volume in KAUST-8 through grating
of BPEI (Figure 3c). Meanwhile, the branched structure of BPEI contributed to the further
intensified CO2 and N2 diffusivity (Table 1) due to the fact that its branches can disrupt
the polymer chain packing during the membrane formation process [25]. As a result, both
CO2 and N2 permeability were further enhanced (Figure 6a). The d-spacing change in
these three membrane samples (Figure 8) correlated to the diffusivity change in Table 1 and
the corresponding membrane gas separation performance in Figures 5 and 6. As seen in
Figure 8, the XRD pattern for the neat Pebax membrane demonstrated a strong and typical
diffraction peak at about 2θ of 22◦ aligned to the (001) form of the crystal from the PA
diffraction [39]. The d-spacing for the neat membrane was 0.397 nm, which is similar to the
reported work [39]. With the addition of KAUST-8, the typical peak at 2θ of 22◦ showed a
slight left to 0.398 nm due to the disrupted polymer chain through the addition of KAUST-8
particle. With further BPEI grafting, the branched characteristic in BPEI intensified the
polymer chain disruption and led to a reinforced left shift to 0.401 nm. This correlated to
the enlarged d-spacing and extra gas transport channels for the continuously increased
CO2 and N2 permeability (Figures 5 and 6) and explained the enhanced gas diffusivity
coefficient demonstrated in Table 1. Conclusively, the CO2 separation mechanism for the
simultaneously enhanced gas permeability, and the selectivity is illustrated in Figure 9. In
brief, the additional CO2 adsorption sites of -NH2 (adsorption site 1) and -NH- (adsorption
site 2) from the grafted BPEI along with the H from pyridine (ligand, adsorption site 3)
and F from pillar ([AlF5(H2O)]2−, adsorption site 4) contributed to the enhanced CO2

solubility. The porosity and branched structure of BPEI disrupted the polymer chain
packing behavior and were responsible for the created fast gas transport channels as well as
the increased CO2 and N2 diffusivity. The overall balanced function between the enhanced
diffusivity coefficient for CO2 and N2 as well as the reduced N2 solubility coefficient led to
the simultaneously enhanced CO2 permeability and CO2/N2 selectivity (Figure 6).

Table 1. Solubilities and diffusivities of CO2 and N2 for neat Pebax membrane, KAUST-8/Pebax-5,
and KAUST-8@BPEI/Pebax-5 MMMs.

Membrane
CO2 Solubility

[10−2 cm3(STP)·cm−3·cmHg−1]
CO2 Diffusivity
[10−8 cm2·s−1]

N2 Solubility
[10−2 cm3(STP)·cm−3·cmHg−1]

N2 Diffusivity
[10−8 cm2·s−1]

Pebax 4.56 15.63 2.12 2.83
KAUST-8/Pebax-5 4.67 18.61 2.15 3.11

KAUST-8@BPEI/Pebax-5 5.23 29.92 1.58 6.14

Figure 8. XRD for neat Pebax membrane, KAUST-8/Pebax-5, and KAUST-8@BPEI/Pebax-5 MMMs.
The blue line is drawn to guide the eye.
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Figure 9. The gas transport behavior in KAUST@BPEI/Pebax MMM.

3.5. Comparison with Other Membrane Materials

The CO2/N2 separation for the BPEI-grafted KAUST-8 MMMs was compared to other
the Pebax-based MMMs by normalizing the enhancement of CO2 permeability and CO2/N2

selectivity to clearly demonstrate the function of the fillers. As shown in Figure 10a, even the
gas separation performance of the representative MMM (KAUST-8@BPEI/Pebax-5) failed
to surpass 2008 Robeson upper bound. It could be seen in Figure 10b that the proportion of
improvement was relatively high [29,43–45]. The KAUST-8@BPEI/Pebax MMM showed
120% increment for CO2 permeance (left column) relative to the neat membrane, which
was higher than most of the other MMM samples with the only exception of SUM-9,
NH2-MIL-53, and MgO in the Pebax-based MMMs and the KAUST-8/XLPEO MMMs.
Among these exceptions, all membrane samples showed a lower enhancement ratio for
CO2/N2 selectivity (right column), with only one named NH2-MIL-53/Pebax exhibiting
the simultaneously slightly higher CO2/N2 selectivity (39.4% vs. 35.3%) [45]. Such results
confirmed the synergistic function of CO2-philic from BPEI and porous framework of
KAUST-8 in Pebax for CO2/N2 separation. As a result, fillers in the MMMs specific for
targeting in simultaneously increasing solubility and diffusivity coefficient for the targeted
gases are a promising way to largely enhance the separation performance. In the long run,
the grafting of BPEI can be applied to other kinds of MOFs, such as ZIF-8, UiO-66 and so
on. Meanwhile, 6FDA-DAM or PIM-1 can be chosen as the polymer matrix to prepare the
MMMs and achieve better performance.

Figure 10. Membrane separation performance comparison with (a) 2008 Robeson upper bound and
(b) enhancement ratio in terms of CO2 permeability and CO2/N2 selectivity (individual data refer to
Table S5).
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4. Conclusions

In this work, branched polyethyleneimine (BPEI) was successfully grafted on the
surface of KAUST-8 (AIFFIVE-1-Ni) through the coordination between the N element in
BPEI and the open metal sites of Ni2+ in the framework of KAUST-8. The extra added
CO2 adsorption sites from the amino group in the BPEI-grafted KAUST-8 combining the
intrinsic CO2 adsorption sites of F from the inorganic pillar and H from the ligand led to the
enhanced CO2 solubility coefficients in the KAUST-8@BPEI/Pebax MMMs. The additional
fast transport channels arising from the porous structure of KAUST-8 and the enlarged
d-spacing from the disrupted polymer chains caused by the branched structure of BPEI
contributed to the overall enhanced gas diffusivity coefficient in the KAUST-8@BPEI/Pebax
MMMs. The synergic strengthened CO2 solubility and diffusivity coefficients are respon-
sible for the simultaneously enhanced CO2 permeability and CO2/N2 selectivity by the
increment of 120% and 35%, respectively. The resultant MMMs exhibited the superior
enhancement ratio for CO2/N2 separation and H2O/N2 separation performance to most
of the reported membranes by demonstrating either higher gas permeability or selectivity
or both higher than other membranes. The constant CO2/N2 selectivity in mixed gas
under high pressure (6 bar) and stable long-term stability test running at 240 h for the
KAUST-8@BPEI/Pebax MMMs relative to the counterpart samples highlights the efficiency
of open metal sites engineering of MOF fillers in the MMMs for carbon capture. Moreover,
the low cost of Pebax and filler provides the advantage for the industrial application of
the MMMs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/membranes15010026/s1, Figure S1: SEM images for (a) KAUST-8,
Inset: KAUST-8 dispersion after soaking in n-butanol for 24 h and (b) KAUST-8@BPEI, Inset: KAUST-
8@BPEI dispersion after soaking in n-butanol for 24 h; Figure S2: TGA for KAUST-8, KAUST-8@BPEI,
neat membrane, KAUST-8/Pebax-5, and KAUST-8@BPEI/Pebax-5; Figure S3: Cross-sectional SEM
images for (a) KAUST-8/Pebax-2.5, (b) KAUST-8@BPEI/Pebax-2.5, (c) KAUST-8/Pebax-5, and (d)
KAUST-8/Pebax-10. Left: low magnification, Right: high magnification, filler agglomeration is
highlighted in the red circle in the inset in Figure S3d; Figure S4: Temperature effect on the change
of (a) CO2 and N2 permeability and (b) CO2/N2 selectivity of KAUST-8@BPEI-5/Pebax; Table S1:
Membrane thickness effect on membrane separation performance of CO2 and N2 permeability and
CO2/N2 selectivity; Table S2: Flow rates effect on membrane separation performance of CO2 and N2

permeability and CO2/N2 selectivity; Table S3: BET surface area and pore volume of KAUST-8 and
KAUST-8@BPEI; Table S4: The atomic concentration of Al, C, N, and Ni for KAUST-8 and KAUST-
8@BPEI from XPS, respectively; Table S5: Membrane separation performance comparison between
this work and other published works. References [46–53] are cited in the Supplementary Materials.
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The list of symbols and acronyms:
BPEI Branched polyethyleneimine
D Diffusion coefficient
FESEM Field emission scanning electron microscopes
FTIR Fourier transform infrared
HCP Hyper-cross-linked polymer
HF Hydrofluoric acid
IPCC Intergovernmental Panel on Climate Change
KAUST-8 AIFFIVE-1-Ni
MMMs Mixed-matrix membranes
MOF Metal–organic framework
P Permeability
PAF Porous aromatic framework
PEO Polyethylene oxide
PTMSP Poly(1-trimethylsilyl1-propyne)
S Solution coefficient
TGA Thermogravimetric analysis
XLPEO Crosslinked poly(ethylene oxide)
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
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Abstract: Recently, ceramic–carbonate membrane reactors have been proposed to selectively separate
CO2 at elevated temperatures and to valorize this pollutant gas by coupling a catalyzed reaction. This
work explores using a membrane reactor to perform the oxidative reforming of propane by taking
advantage of the CO2- and O2-permeating properties of a LiAlO2/Ag–carbonate membrane. The
fabricated membrane showed excellent permeation properties, such as CO2/N2 and O2/N2 selectivity,
when operating in the 725–850 ◦C temperature range. The membrane exhibited remarkable stability
during the long-term permeation test under operating conditions, exhibiting minor microstructural
and permeation changes. Then, by packing a Ni/CeO2 catalyst, the membrane reactor arrangement
showed efficient syngas production, especially at temperatures above 800 ◦C. A hydrogen-rich
syngas mixture was obtained by the contributions of the oxidative reforming and cracking reactions.
Specific issues observed regarding the membrane reactor’s performance are attributed to the catalyst
that was used, which experienced significant poisoning by carbon deposition during the reaction,
affecting syngas production during the long-term test. Thermodynamic calculations were performed
to support the experimental results.

Keywords: membrane; CO2 separation; O2 separation; oxidative reforming of propane; syngas

1. Introduction

Over the last 20 years, liquid fuel production, as a primary energy source, has in-
creased significantly to cover global industrial demands [1]. Fischer–Tropsch synthesis is a
well-known process to synthesize fuels and other chemical products; this technology can
produce ammonia, dimethyl ether, and low-carbon olefins such as ethylene and propylene
from non-petroleum resources; for instance, syngas, a mixture of H2 and CO [2–4]. The key
point is that syngas can be derived by converting light hydrocarbons with CO2, reducing
greenhouse gas emissions from conventional industrial processes. Recently, reforming
processes for hydrocarbons with CO2 have been reinvestigated because of the potential to
obtain syngas mixtures exhibiting different stoichiometric ratios of H2/CO. For example,
dry reforming of CH4 with CO2 has been used a case study for obtaining a low syngas ratio
of about ∼1 [5]. Like CH4 dry reforming, propane (C3H8) reforming has recently attracted
attention as a new route for decarbonization. Propane occurs during the petroleum refining
process, and it is produced in a liquid state at room temperature under pressure; moreover,
its storage and distribution are practical. Based on the above, hydrogen production through
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propane reforming has been raised [6–8]; specifically, the reaction of C3H8 with CO2 is
currently being investigated. Propane reforming can guarantee a syngas ratio of about 1.5,
as shown in the following Reaction (1) [9].

C3H8 + 3CO2 → 6CO + 4H2ΔH
◦
= 621.3 kJ·mol−1 (1)

The main drawback of a dry reforming reaction is that it is highly endothermic and,
therefore, energy-consuming. The utilization of air/oxygen mixtures has been investigated
through the so-called oxidative reforming reaction by combining a partial oxidation process,
as represented by Reaction (2), to decrease the energy costs and produce syngas during
C3H8 reforming with CO2 (Reaction (3)) [8,10,11].

C3H8 + 1.5O2 → 3CO + 4H2ΔH
◦
= −227.7 kJ·mol−1 (2)

C3H8 + 1.5CO2 + 0.75O2 → 4.5CO + 4H2ΔH
◦
= 196.7 kJ·mol−1 (3)

In the state of the art, the reforming of catalysts based on precious metal and metal ox-
ides has gained attention in propane reforming reactions because these materials can show
a selective transformation [12]. However, the catalysts’ lifetimes, costs, and performances
are currently still subjects of study [13]. In recent studies, catalytic membrane reactors have
been proposed to produce syngas through reforming and other related reactions; these
technologies rely on the design and fabrication of an appropriate membrane that offers
good separation performance, high thermal and chemical stabilities, and high selectivity
toward obtaining the gaseous species of interest, for example, using CO2 over N2 for its
subsequent conversion into syngas [14,15]. Therefore, catalytic membrane reactors have
emerged as a new technology to carry out the gas separation process and chemical reac-
tions simultaneously. Different approaches to developing catalytic membrane reactors
have been considered in studying a new class of membranes based on supported molten
salts, e.g., metal–carbonates and ceramic–carbonate membranes [16–18]. For example,
silver–molten-carbonate membranes have been investigated to selectively separate CO2 at
high temperatures. Silver exhibits the highest electrical conductivity among metals and
negligible chemical reactivity against alkaline molten- salt compositions [19]. Using these
properties, supported molten-salt membranes based on silver can simultaneously separate
CO2 and O2 with high permeation fluxes of 0.82 and 0.43 mL·min−1·cm−2 at intermediate
temperatures (650–700 ◦C), respectively [19]. Briefly, the species transport in this kind of
membrane is based on the surface formation and subsequent ionic conduction of CO3

2−
through the bulk of the carbonate phase. The proposed mechanism has been extensively
described previously [16]. Briefly, the mechanism involves the electronic conductivity of
the solid phase in the membrane according to Reaction (4).

CO2 (g) + 1/2O2 + 2 e− ↔ CO2−
3 (4)

Recently, various attempts to improve the thermal stability of silver–molten-carbonate
membranes have included the surface modification of the silver matrix, for example, with
ceramics using conventional impregnation methods and sophisticated techniques, such
as chemical dealloying, chemical vapor deposition, and atomic layer deposition [20–23].
The refractory properties of the deposited metal oxides and the effectiveness of the surface
protection at the silver matrix’s nanometric scale have improved the membrane’s thermal
stability and stabilized the permeation flux at high temperatures. More recently, the fab-
rication of cermets by integrating silver with ceramic oxides, such as SDC and LiAlO2,
has been subject to research on developing supported molten-salt membranes [24,25].
Using SDC and γ-LiAlO2 as ceramic fillers improves the wettability properties of the
silver matrix against the molten-carbonate phase and hinders its thermal densification
at high temperatures. These features guarantee the highly selective separation of CO2
and O2 at high temperatures, reaching CO2-permeation flux values of as high as 0.49 and
0.78 mL·min−1·cm−2 for SDC/Ag and γ-LiAlO2/Ag molten-salt membranes at 850 ◦C,

92



Membranes 2024, 14, 238

respectively. Moreover, cermet–molten-salt membranes extend the operational lifetime,
taking the conventional silver–molten-carbonate membranes as a baseline [19–23]. The
improvement in the wettability properties against molten carbonates and the protraction
of the operating time of the silver-based membranes has opened the possibility to explore
their use in hydrogen production by coupling reforming reactions [25,26]. For example,
cermet–molten-salt membranes, composed of γ-LiAlO2/Ag and a molten-carbonate mix-
ture of Li2CO3, Na2CO3, and K2CO3, have been studied to obtain syngas through the
oxidative methane reforming reaction. The membrane is shown to be highly stable un-
der reaction conditions for up to 120 h, achieving a total syngas production (H2+CO) of
4.94 mL·min−1·cm−2 [25]. Taking advantage of the high performance of cermet–molten-
carbonate membranes, in the present work, a γ-LiAlO2/Ag-based membrane was exploited
to elucidate the feasibility of obtaining syngas through the oxidative reforming of propane
at elevated temperatures (725–850 ◦C).

2. Materials and Methods

2.1. Membrane Preparation and Characterization

To obtain the cermet–molten-carbonate membrane, first, cermet powders ofγ-LiAlO2/Ag
were prepared from Ag atomized commercial powders of 400 mesh (99.9%, Stannum, Mex-
ico City, Mexico) and γ-LiAlO2 ceramic powders; the latter were chemically synthesized
using the EDTA/citrate method, as previously described in detail [25,27]. Cermet powders
with a composition of 50:50 vol. % were prepared by ball milling using a Spex-Mixer/Mill
apparatus (Chemplex Instruments, Urbana, IL, USA). The grinding medium was alumina
balls, using a ratio of balls to powders of 10 to 1 in weight. The powders were dry milled
for 15 min, recovered from the milling jar, and mixed with polyvinyl alcohol as a polymeric
binder to subsequently be uniaxially pressed into disk-shaped membrane supports. An
incipient sintering process was conducted at 900 ◦C for 20 h using a heating and cooling rate
of 3 ◦C/min to obtain porous supports with a final porosity of around 33 vol. %. Finally, a
dense membrane was obtained by direct infiltration of the supports with a eutectic ternary
mixture of Li2CO3/Na2CO3/K2CO3 using a molar ratio of 43.5/31.5/25, respectively, at
550 ◦C. After infiltration, the cermet–molten-carbonate membrane was slowly cooled, and
the carbonate excess was removed using sandpaper until a final membrane thickness of
1.2 mm.

The membrane was characterized by the X-ray diffraction (XRD) technique to iden-
tify the crystalline phase structure; for this purpose, the diffractometer model D8 Focus
(Bruker, Billerica, MA, USA), equipped with a Cu-Ka radiation source, was used. The XRD
diffraction patterns were recorded in a 2-theta range of 10–90◦ using a scanning rate of
2◦ min−1 and a step size of 0.02◦. The morphology and microstructural features of the
samples were characterized using a JSM-6400 scanning electron microscope (SEM) from
JEOL, Tokyo, Japan. The analyses were conducted using both secondary electron and
backscattered-electron techniques. Archimedes measurements, based on the international
standard ASTM C373-88 [28], were performed to determine the effective pore volume of
the supports. In addition, in the unsteady state, He-permeation measurements were also
used to test the open and interconnected porosity in the supports and to corroborate the
membrane’s infiltration by molten carbonates.

2.2. Permeation Measurements and Oxidative Reforming of Propane Test

The CO2- and O2-permeation measurements were conducted using a commercial
Probostat high-temperature permeation system (NORECs, Norway) equipped with gas
mixers and flow controllers, as described in previous works [14,25]. Briefly, the membrane
was tightly attached to an inner alumina tube with a silver seal (99% purity) using special
spring accessories. The system was completely enclosed with an outer highly dense
alumina tube and heated at 950 ◦C using a ramping rate of 2◦ min−1 to soften the silver seal
and, therefore, the membrane sealing. The system was fed with a gas mixture composition
of CO2/O2/N2 in a 15/17/68 vol. % and a constant flow rate of 50 mL·min−1. N2 was
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used as a diluent to monitor the presence of leaks through the membrane defects. The
permeation measurements were conducted in a temperature range from 725 to 850 ◦C
with increases of 25 ◦C. Each reading was recorded when the system reached steady state
conditions after 60 min of reaching the target temperature. On the permeate side, a constant
argon flow rate (50 mL·min−1) was used as a sweep gas to sweep the permeated species.

To perform the oxidative reforming reaction in the system, a catalyst bed of 10 wt.%
Ni supported on CeO2 was placed 1 cm underneath the membrane on the sweep side. In
the membrane’s permeate side, the sweep gas was switched from pure Ar to a mixture
of 5 vol. % of C3H8 in Ar with a total flow of 50 mL·min−1. This propane concentration
means an excess of the stoichiometric amount of this gas required to perform the oxidative
reforming (Reactions (3) and (4)) based on the CO2- and O2-permeation measurements.
Before the reaction test, the catalyst was held under a gas mixture of 50/50 vol. % H2
and Ar at 850 ◦C for 60 min to reduce the Ni active phase. The permeate species and
the reaction products were continuously analyzed in the whole range of temperatures
studied by gas chromatography, using a chromatograph model GC-2014 (SHIMADZU,
Kyoto, Japan) equipped with a TCD detector and a Carboxen-1010 PLOT capillary column.
Moreover, in situ analysis by an online FT-IR was coupled with the sweep gas effluent to
monitor the presence of water concentration during the reaction test. For this purpose, an
FT-IR equipment model ALPHA II (Bruker, USA) was used.

The permeation flux of CO2 and O2 were calculated considering the total flux and the
N2 leak contribution by the Knudsen diffusion (if the case); however, if N2 was not detected,
a minimum lake value of 0.0013 mL·min−1·cm−2 was considered for the correction of the
fluxes for CO2 and O2 based on the chromatograph detection limit. In the same sense,
the conversion rates for C3H8, CO2, and O2 were estimated based on the chromatography
analysis (Supplementary Materials). Thermogravimetric analysis of the fresh and spent
catalysts was performed in a dry air atmosphere using a thermobalance model Regulus
STA 2500 (Netzsch, Waldkraiburg, Germany). Finally, to elucidate the syngas production
through the oxidative reforming of propane, thermodynamic calculations were conducted
using the FactSage 7.2 thermochemical software [29].

3. Results and Discussion

3.1. Synthesis and Characterization of γ-LiAlO2/Ag Powders and Fabrication of
Cermet–Molten-Carbonate Membranes

Figure 1 shows the XRD analysis of the γ-LiAlO2/Ag cermet prepared by the ball
milling process. The γ-LiAlO2/Ag diffraction peaks indicate that both cermet components
are highly stable during milling because neither structural changes nor secondary phases
were identified because of cermet formation starting from the single components. It is no-
table that the reflection peaks of the ceramic phase are less intense in relation to the metallic
phase; this fact can be attributed to the difference in the atomic weights of the elements
present in each phase of the cermet and, therefore, the X-ray mass absorption coefficient
of the pristine materials [25,30]. The characteristic reflection peaks of the materials were
identified using the ICSD database. For the γ-LiAlO2 phase, a PDF 98-003-0249 card was
used, and it matched a P41212 space group, whereas, for silver, the PDF 98-006-4994 card
with an Fm3m space group was used.

The morphology, particle size, and microstructural features of the γ-LiAlO2/Ag cermet
differ significantly from the pristine materials (Figure 2a–c). On the one hand, the silver
powders were mainly composed of spheroidal particles exhibiting particle sizes in a range of
4–35 μm; on the other hand, γ-LiAlO2 was composed of soft, irregular agglomerates on the
submicrometric scale. In the case of cermet, the powders showed irregular morphologies
and particle sizes of about 5–30 μm. Finally, the SEM image obtained by the backscattering
technique (Figure 2d) shows that milling processing promotes the integration of both single
materials, ceramic, and metal to form the expected composite. This technique agrees with
the results of the XRD, since it successfully indicated the formation of the cermet. Similar
behavior was observed during the formation of the Ce0.9Sm0.1O2−δ/Ag and LiAlO2/Ag
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cermets, which have previously been studied [24,25]; therefore, these results evidence the
feasibility and reproducibility of the ball milling procedure for cermets’ formation.
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Figure 1. XRD analysis of the pristine materials (γ-LiAlO2, Ag) and γ-LiAlO2/Ag cermet (50:50
vol. %) synthetized by the ball milling process.

 

Figure 2. Microstructural analyses by SEM of (a) silver, (b) γ-LiAlO2, and (c,d) γ-LiAlO2/Ag cermet
powders (50:50 vol. %) synthetized by the milling process.

Figure 3 shows a SEM image of the cross-section of the porous support obtained by
pressing and subsequent sintering at 900 ◦C, as well as the cermet–molten-carbonate mem-
brane obtained after infiltration. As shown in Figure 3a, the cermet support has a highly
porous microstructure, consisting of different irregular pore sizes. This porosity represents
an open porosity of around 33 vol. %, estimated by Archimedes’ method. Moreover, the
steady-state helium permeation test indicated that the porosity-to-tortuosity ratio

(
ε
τ

)
of the

cermet support was 0.27, with a helium permeance value of 2.24 × 10−5 mol·Pa−1·m−2·s−1.
These results suggest that the porosity of the support is also highly interconnected. Figure 3b
shows details of the cross-section of the infiltrated membrane. In this case, the open poros-
ity of the support was wholly filled with the molten-carbonate phase, leading to a dense
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microstructure typical for this type of membrane. In addition, the helium-permeation mea-
surement corroborated a successful densification process and indicates that the membrane is
free of defects, because the permeance value decreased to 0.94 × 10−10 mol·Pa−1·m−2·s−1,
which means five orders of magnitude lower than the porous support. Figure 3c shows the
EDS spectrum of the infiltrated sample. The observed signals evidence the presence of all
of the chemical constituents after infiltration.

 

 

 

Figure 3. Microstructural analyses by SEM: (a) porous support sintered at 900 ◦C for 20 h; (b) cermet–
molten-carbonate membrane obtained by infiltration of the Li2CO3/Na2CO3/K2CO3 mixture; (c) EDS
spectrum shown as evidence of the carbonates’ incorporation into the membrane.

3.2. Permeation Measurements and Oxy-CO2 Reforming of Propane at High Temperatures in the
Membrane Reactor Arrangement

Figure 4 shows the permeance properties of the dense membrane in a temperature
range of 725–850 ◦C. Before carrying out a series of measurements as a function of tem-
perature, a stabilization period was maintained in the membrane for the first 24 h at
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825 ◦C (Figure 4b). Afterward, the permeance data were recorded once it was corrob-
orated that the CO2 and O2 fluxes were stable. As shown in Figure 4a, the CO2 and
O2 permeations through the membrane increased because of the ionic conduction of the
surface-formed CO3

2− species (Reaction (4)), which relies on the ionic conduction proper-
ties of the molten-carbonate phase, that is, a thermally activated process [14]. Overall, the
CO2 and O2 transport was remarkable—between 725 and 825 ◦C—and the permeance in-
creased from 0.56 × 10−7 to 1.65 × 10−7 mol·Pa−1·m−2·s−1 for CO2 and from 0.26 × 10−7

to 1.01 × 10−7 mol·Pa−1·m−2·s−1 for O2, respectively. In the whole temperature range
studied, no N2 concentration was detected, i.e., a negligible leak was observed. Hence,
considering the detection limit of the GC, if a minimum concentration of N2 is present, this
would be equivalent to a permeation value of 0.4 × 10−10 mol·Pa−1·m−2·s−1, which would
not change significantly the observed membrane selectivity.

⋅
⋅

⋅

⋅
⋅

⋅

 

⋅
⋅

⋅

 

Figure 4. CO2- and O2-permeation measurements at high temperature of the cermet–molten-
carbonate membrane: (a) CO2- and O2-permeance properties as a function of temperature after
the first 24 h of stabilization; (b) long-term stability of the membrane under permeance condi-
tions at 825 ◦C. Dash lines indicate the period wherein the measurements against temperature
where performed.

As expected, the apparent activation energy values were calculated by construct-
ing Arrhenius plots (Figure 4a). The CO2 and O2 permeances had similar Ea values of
84.6 kJ·mol−1 for CO2 and 90.5 kJ·mol−1 for O2. This fact results from the transport of both
species being a concurrent phenomenon related to Reaction (4) (backward). The long-term
stability of the membrane under permeation conditions was examined at 825 ◦C.

Figure 4b shows the permeation experiments as a function of time. When the temper-
ature reached 825 ◦C and was maintained for the next 95 h, the CO2- and O2-permeance
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fluxes were highly stable, at this point completing a total of 125 h under operating condi-
tions. Remarkably, the membrane achieved concomitant separation with a total permeance
value of JCO2 + JO2 equal to 2.66 × 10−7 mol·Pa−1·m−2·s−1 at 825 ◦C.

As mentioned, at least on the laboratory scale, the cermet–molten-carbonate membrane
showed high thermal and chemical stability over the long term. Owing to this feature,
the oxidative reforming of propane was conducted using the same membrane. Figure 5
shows the syngas production obtained when C3H8 diluted in Ar was fed as the sweep gas
in the experimental arrangement to perform the reaction. As shown in Figure 5a, the H2
production rate improved as the temperature increased, achieving a flux rate from 0.12
to 4.0 mL·min−1·cm−2 when the membrane reached 850 ◦C. Similarly, the CO increased
as a function of the temperature, reaching a total production rate of 1.56 mL·min−1·cm−2

at 850 ◦C. Considering that the excess of propane present in the sweep was consumed, it
can be concluded that the amount of hydrogen produced was higher than predicted by
the stoichiometric oxidative reforming reactions described in Equations (3) and (4), and,
therefore, other side reactions must be involved. As a result, the H2/CO ratio was about
3.9 at lower temperatures (725 ◦C), whereas it was 2.5 at 850 ◦C. Actually, based on the
GC analysis, the presence of C3H8, CO2, and O2 was not detected in the sweep out for
the whole temperature range studied, which means the total conversion of the reactants
was achieved.

⋅
⋅

Figure 5. Syngas production when using a sweep of 5 vol. % of C3H8 in argon: (a) H2 and CO
production rates as a function of temperature; (b) FT-IR in situ analysis of the syngas at different
temperatures. Arrows indicate the corresponding Y axis.
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A complementary FT-IR analysis in situ was also used to analyze the sweep gas
composition. In Figure 5b, the FT-IR spectrum at different temperatures shows very weak
bands of trace species. The O-H from water molecules was between 3016 and 3700 cm−1

and symmetric and asymmetric stretching of CO2 occurred at 665 and 2352 cm−1. On
the other hand, the FT-IR spectrum shows bands at 2147 cm−1 assigned to the stretching
vibrational modes of the CO. Therefore, the results suggest that propane was consumed
to favor syngas production through both dry reforming and partial oxidation reactions
at high temperatures, but a reverse water–gas shift reaction may be involved in syngas
production, as has also been reported for oxygen-transporting membranes studied under
oxidative reforming of propane [31,32].

Afterward, thermochemical simulations of syngas were conducted using the FactSage
7.2 software [29]. As shown in Figure 6a, oxidative reforming of propane is highly viable,
following both the partial oxidation and dry reforming reactions in the temperature range at
which the membrane was studied. Furthermore, thermodynamic calculations support the
possible influence of other reactions occurring during syngas production. Different reaction
pathways can also involve thermal dehydrogenation, thermal cracking, complete com-
bustion of propane, and even methanation and partial oxidation of methane, as reported
in [11,31–34].

Figure 6. Cont.

99



Membranes 2024, 14, 238

Figure 6. Thermochemical simulations of syngas using FactSage 7.2 software: (a) ΔG◦ versus tempera-
ture of the main reactions involved in the syngas production; (b) thermodynamic equilibrium calculus
of the produced species at high temperatures (600–900 ◦C). Arrows indicate the corresponding Y axis.

On the other hand, the equilibrium composition of the syngas was calculated as a
function of the temperature (Figure 6b). The thermodynamic equilibrium calculus indicates
that, certainly, when the temperature increases from 700 to 900 ◦C, CO2 and C3H8 are con-
sumed to favor syngas production. However, based on thermodynamics, CO production
was higher than hydrogen for the whole temperature range. This fact does not match the
experimental data, and it could be attributed to different factors, including catalyst perfor-
mance in terms of catalyst selectivity and significant contributions by the cracking reactions
that can result in an increase in the H2 yield and, therefore, the H2/CO ratio observed
experimentally. Moreover, thermodynamic estimations also suggest the formation of small
quantities of water, corroborating the experimental data from this work.

3.3. Stability Test Under Oxidative Reforming of Propane

The membrane was kept under reaction conditions for 10 h longer at 825 ◦C, for a total
of 151 h of operation, to determine its stability under the oxidative reforming of propane.
Figure 7 shows that the H2 and CO production rates were stable for about the first 6 h. The
H2 production and the CO production during the stability test were 2.37 mL·min−1·cm−2

and 0.77 mL·min−1·cm−2, respectively. Moreover, the H2/CO molar ratio was about 3.4
during the reaction time. After, a rapid decline in syngas production was observed. This
fact is believed to be due to catalyst poisoning by carbon deposition. TGA analysis was
performed to elucidate this fact, and the results show significant differences between the
fresh and spent catalysts (Figure 8). Assuming that the observed weight loss in the TGA
curve was due to the carbon combustion, the carbon content was, therefore, negligible for
the fresh catalyst. In contrast, the spent catalyst showed a high total carbon content of
28 wt. %. These results corroborate that the observed hydrogen production involves oxida-
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tive reforming reactions and a significant contribution from the catalytic thermal cracking.
Therefore, the latter reactions consumed the excess propane supply to the system, wherein
the thermal decomposition of the possible intermediate products, as in Reactions (5)–(7),
leads to high H2/CO molar ratios. In this sense, the propane concentration in the sweep
and the stability of Ni-CeO2 catalysts need further investigation to enhance the obtainment
of syngas through the proposed oxidative reforming of propane approach.

C3H8 → 3C + 4H2ΔH
◦
= 119.5 kJ·mol−1 (5)

C2H4 → 2C + 2H2ΔH
◦
= −52.5 kJ·mol−1 (6)

CH4 → C + 2H2ΔH
◦
= 74.85 kJ·mol−1 (7)

⋅
⋅

Figure 7. Stability of syngas production through the cermet–molten-carbonate membrane under
oxidative reforming of propane. Stability of membrane with a total continuous operation time of
151 h. Arrows indicate the corresponding Y axis.

-28 wt. %

Figure 8. TGA analysis of the fresh and spent catalysts. The weight change indicates the removal by
combustion of the carbon formed due to the thermal cracking reactions.

After studying the oxidative reforming, the membrane surface was analyzed by SEM.
Figure 9 shows the results of the postmortem analysis for both sides of the membrane. The
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surface that was in contact with C3H8 exhibited significant changes in its microstructure,
primarily related to a growth in the size of the grains and porosity, while the surface that
was in contact with the feed mixture of CO2/O2/N2 (15/17/68 vol. %) only showed minor
microstructural changes. Although propane promotes certain changes on the membrane’s
surface, its stability is remarkable because no N2 leaks were attributed to the membrane’s
failure, nor were there significant fluctuations in the permeation performance. Finally,
elemental analysis by EDS of the sweep side of the used membrane (Figure 9c) corroborates
the presence of all of the original elements constituting the fresh membrane (Figure 3c).
Overall, the results suggest the high potential of the proposed cermet–molten-carbonate
membrane to couple the high-temperature CO2 and O2 separation with the oxy-CO2
reforming of propane as a potential conversion and valorization alternative for CO2.

 

Figure 9. SEM postmortem of the cermet–molten-carbonate membrane: (a) feed-side surface in
contact with the feed mixture of CO2/O2/N2 (15/17/68 vol. %); (b) surface in contact with a 5 vol. %
of C3H8 in argon, at a total flow of 50 mL·min−1; (c) elemental analysis by EDS of the sweep side of
the membrane.

4. Conclusions

A ceramic–carbonate membrane reactor was successfully probed to simultaneously
perform the selective separation of CO2 and O2 at elevated temperatures with the subse-
quent production of syngas by coupling the oxidative reforming of propane. The results are
conclusive and evidence the high capability of the studied ceramic–carbonate membrane
to combine its perm-selectivity properties, exhibited between 725 and 850 ◦C, to perform
the proposed catalyzed reactions. The studied operating temperatures promote the con-
tribution of propane cracking to the desirable dry reforming and partial oxidation of the
propane reactions. Indeed, as the catalyst’s deactivation resulted in the syngas production’s
detriment, it is clear that further improvements must be made to the catalyst’s selection,
looking to the future achievement of a higher carbon deposition resilience, especially over
long-term operations.

102



Membranes 2024, 14, 238

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/membranes14110238/s1, S1: Conversion calculations.

Author Contributions: Conceptualization, J.O.-L.; methodology, J.A.F.-A.; formal analysis, J.O.-L.;
investigation, J.A.F.-A. and L.G.C.-H.; data curation, J.A.F.-A., I.C.R.-I. and J.O.-L.; writing—original
draft preparation, J.A.F.-A. and J.O.-L.; writing—review and editing, J.A.R.-S., A.G.-M., F.C.-R. and
I.C.R.-I.; funding acquisition, J.O.-L. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by SIP-IPN, Project No. 20240215, and CONAHCYT, “Ciencia
Básica y de Frontera 2023–2024”, Project No. CBF2023–2024-1992.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article/Supplementary Materials, further inquiries can be directed to the corresponding author.

Acknowledgments: The authors express their appreciation to the SNII-CONAHCYT, SIBE-IPN,
EDI-IPN, and BEIFI-IPN programs for financial support.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. International Energy Agency (IEA). World Energy Outlook Report 2022; International Energy Agency (IEA): Paris, France, 2022;
pp. 1–759.

2. Inderwildi, O.R.; King, D.A.; Jenkins, S.J. Fischer-Tropsch synthesis of liquid fuels: Learning lessons from homogeneous catalysis.
Phys. Chem. Chem. Phys. 2009, 11, 11110–11112. [CrossRef] [PubMed]

3. Lin, T.; An, Y.; Yu, F.; Gong, K.; Yu, H.; Wang, C.; Sun, Y.; Zhong, L. Advances in Selectivity Control for Fischer–Tropsch Synthesis
to Fuels and Chemicals with High Carbon Efficiency. ACS Catal. 2022, 12, 12092–12112. [CrossRef]

4. Xu, H.; Cao, M.; Li, Z.; Li, W.; Meng, S.; Song, H. Production of low carbon number olefins from natural gas: Methane-involved
catalytic non-oxidative propane dehydrogenation. Chem. Eng. J. 2023, 454, 140508. [CrossRef]

5. Alhassan, M.; Jalil, A.A.; Bahari, M.B.; Owgi, A.H.K.; Nabgan, W.; Hassan, N.S.; Tran, T.V.; Abdulrasheed, A.A.; Hamid,
M.Y.S.; Ikram, M.; et al. Profitable Fischer Tropsch realization via CO2-CH4 reforming; an overview of nickel-promoter-support
interactions. RSC Adv. 2023, 13, 1711–1726. [CrossRef]

6. Kokka, A.; Katsoni, A.; Yentekakis, I.V.; Panagiotopoulou, P. Hydrogen production via steam reforming of propane over supported
metal catalysts. Int. J. Hydrogen Energy 2020, 45, 14849–14866. [CrossRef]

7. Barzegari, F.; Kazemeini, M.; Rezaei, M.; Farhadi, F.; Keshavarz, A.R. Syngas production through CO2 reforming of propane
over highly active and stable mesoporous NiO-MgO-SiO2 catalysts: Effect of calcination temperature. Fuel 2022, 322, 124211.
[CrossRef]

8. Liao, M.; Chen, Y.; Cheng, Z.; Wang, C.; Luo, X.; Bu, E.; Jiang, Z.; Liang, B.; Shu, R.; Song, Q. Hydrogen production from partial
oxidation of propane: Effect of SiC addition on Ni/Al2O3 catalyst. Appl. Energy 2019, 252, 113435. [CrossRef]

9. Wang, X.; Wang, N.; Zhao, J.; Wang, L. Thermodynamic analysis of propane dry and steam reforming for synthesis gas or
hydrogen production. Int. J. Hydrogen Energy 2010, 35, 12800–12807. [CrossRef]

10. Lintz, H.-G.; Müller, S.P. The partial oxidation of propane on mixed metal oxides—A short overview. Appl. Catal. A Gen. 2009,
357, 178–183. [CrossRef]

11. Althenayan, F.M.; Adesina, A.A. Oxy-dry reforming of propane over Ce-promoted Co-Ni/Al2O3 catalyst. Appl. Petrochem. Res.
2018, 8, 239–251. [CrossRef]

12. Al-Shafei, E.; Aljishi, M.; Albahar, M.; Alahmed, A.; Sanhoob, M. Effect of CO2/propane ratio and trimetallic oxide catalysts on
maximizing dry reforming of propane. Mol. Catal. 2023, 537, 112945. [CrossRef]

13. Arora, S.; Prasad, R. An overview on dry reforming of methane: Strategies to reduce carbonaceous deactivation of catalysts. RSC
Adv. 2016, 6, 108668–108688. [CrossRef]

14. Fabián-Anguiano, J.; Mendoza-Serrato, C.; Gómez-Yáñez, C.; Zeifert, B.; Ma, X.; Ortiz-Landeros, J. Simultaneous CO2 and O2
separation coupled to oxy-dry reforming of CH4 by means of a ceramic-carbonate membrane reactor for in situ syngas production.
Chem. Eng. Sci. 2019, 210, 115250. [CrossRef]

15. Abdallah, H. A Review on Catalytic Membranes Production and Applications. Bull. Chem. React. Eng. Catal. 2017, 12, 136–156.
[CrossRef]

16. Chung, S.J.; Park, J.H.; Li, D.; Ida, J.-I.; Kumakiri, I.; Lin, J.Y.S. Dual-Phase Metal-Carbonate Membrane for High-Temperature
Carbon Dioxide Separation. Ind. Eng. Chem. Res. 2005, 44, 7999–8006. [CrossRef]

17. Ovalle-Encinia, O.; Lin, Y.S. High-pressure CO2 permeation properties and stability of ceramic-carbonate dual-phase membranes.
J. Memb. Sci. 2022, 646, 120249. [CrossRef]

18. Sun, S.; Wen, Y.; Huang, K. A New Ceramic−Carbonate Dual-Phase Membrane for High-Flux CO2 Capture. ACS Sustain. Chem.
Eng. 2021, 9, 5454–5460. [CrossRef]

103



Membranes 2024, 14, 238

19. Xu, N.; Li, X.; Franks, M.A.; Zhao, H.; Huang, K. Silver-molten carbonate composite as a new high-flux membrane for electro-
chemical separation of CO2 from flue gas. J. Membr. Sci. 2012, 401–402, 190–194. [CrossRef]

20. Zhang, L.; Gong, Y.; Yaggie, J.; Wang, S.; Romito, K.; Huang, K. Surface modified silver-carbonate mixed conducting membranes
for high flux CO2 separation with enhanced stability. J. Membr. Sci. 2014, 453, 36–41. [CrossRef]

21. Fang, J.; Tong, J.; Huang, K. A superior mixed electron and carbonate-ion conducting metal-carbonate composite membrane for
advanced flue-gas carbon capture. J. Membr. Sci. 2016, 505, 225–230. [CrossRef]

22. Tong, J.; Si, F.; Zhang, L.; Fang, J.; Han, M.; Huang, K. Stabilizing electrochemical carbon capture membrane with Al2O3 thin-film
overcoating synthesized by chemical vapor deposition. Chem. Commun. 2015, 51, 2936–2938. [CrossRef]

23. Zhang, P.; Tong, J.; Jee, Y.; Huang, K. Stabilizing a high-temperature electrochemical silver-carbonate CO2 capture membrane by
atomic layer deposition of a ZrO2 overcoat. Chem. Commun. 2016, 52, 9817–9820. [CrossRef]

24. Mendoza-Serrato, C.G.; López-Juárez, R.; Reyes-Montero, A.; Serrano, J.A.; Fabián-Anguiano, C.G.-Y.J.A.; Ortiz-Landeros, J.
Performance of membranes based on novel Ce0.8Sm0.2O2−δ/Ag cermet and molten carbonates for CO2 and O2 separation. Chem.
Eng. Sci. 2022, 255, 117673. [CrossRef]

25. Fabián-Anguiano, J.; Ramírez-Moreno, M.; Balmori-Ramírez, H.; Romero-Serrano, J.; Romero-Ibarra, I.; Ma, X.; Ortiz-Landeros, J.
Syngas production with CO2 utilization through the oxidative reforming of methane in a new cermet-carbonate packed-bed
membrane reactor. J. Membr. Sci. 2021, 637, 119607. [CrossRef]

26. Zhang, P.; Tong, J.; Huang, K. Dry-Oxy Methane Reforming with Mixed e-/CO3
2− Conducting Membranes. ACS Sustain. Chem.

Eng. 2017, 5, 5432–5439. [CrossRef]
27. Ovalle-Encinia, O.; Pfeiffer, H.; Fabián-Anguiano, J.A.; Ortiz-Landeros, J. Nanosized lithium aluminate (γ-LiAlO2) synthesized

by EDTA-citrate complexing method, using different thermal conditions. J. Mex. Chem. Soc. 2019, 63, 229–245. [CrossRef]
28. ASTM C373-88; Standard Test Method for Water Absorption, Bulk Density, Apparent Porosity, and Apparent Specific Gravity of

Fired Whiteware Products. ASTM International: West Conshohocken, PA, USA, 2006. [CrossRef]
29. Bale, C.; Chartrand, P.; Degterov, S.; Eriksson, G.; Hack, K.; Ben Mahfoud, R.; Melançon, J.; Pelton, A.; Petersen, S. FactSage

thermochemical software and databases. Calphad 2002, 26, 189–228. [CrossRef]
30. Scardi, P.; Leoni, M. Diffraction line profiles from polydisperse crystalline systems. Acta Crystallogr. Sect. A Found. Crystallogr.

2001, 57, 604–613. [CrossRef]
31. Yeyongchaiwat, J.; Matsumoto, H.; Ishihara, T. Oxidative reforming of propane with oxygen permeating membrane reactor using

Pr2Ni0.75Cu0.25Ga0.05O4 perovskite related mixed conductor. Solid State Ionics 2017, 301, 23–27. [CrossRef]
32. Gomez, E.; Kattel, S.; Yan, B.; Yao, S.; Liu, P.; Chen, J.G. Combining CO2 reduction with propane oxidative dehydrogenation over

bimetallic catalysts. Nat. Commun. 2018, 9, 1398. [CrossRef]
33. Markova, E.B.; Cherednichenko, A.G.; Smirnova, S.S.; Sheshko, T.F.; Kryuchkova, T.A. Features of the Catalytic Cracking of

Propane with a Step-Wise Change PrxYb2−xZr2O7. Catalysts 2023, 13, 396. [CrossRef]
34. Azara, A.; Benyoussef, E.-H.; Mohellebi, F.; Chamoumi, M.; Gitzhofer, F.; Abatzoglou, N. Catalytic Dry Reforming and Cracking

of Ethylene for Carbon Nanofilaments and Hydrogen Production Using a Catalyst Derived from a Mining Residue. Catalysts
2019, 9, 1069. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

104



membranes

Article

Mixed-Matrix Organo-Silica–Hydrotalcite Membrane for CO2
Separation Part 1: Synthesis and Analytical Description

Lucas Bünger *, Krassimir Garbev *, Angela Ullrich, Peter Stemmermann and Dieter Stapf

Institute for Technical Chemistry, Karlsruhe Institute of Technology, 76344 Karlsruhe, Germany;
angela.ullrich@kit.edu (A.U.); peter.stemmermann@kit.edu (P.S.); dieter.stapf@kit.edu (D.S.)
* Correspondence: lucas.buenger@kit.edu (L.B.); krassimir.garbev@kit.edu (K.G.); Tel.: +49-721-6082-4405 (L.B.);

+49-721-6082-6878 (K.G.)

Abstract: Hydrotalcite exhibits the capability to adsorb CO2 at elevated temperatures. High surface
area and favorable coating properties are essential to harness its potential for practical applications.
Stable alcohol-based dispersions are needed for thin film applications of mixed membranes con-
taining hydrotalcite. Currently, producing such dispersions without the need for delamination and
dispersing agents is a challenging task. This work introduces, for the first time, a manufacturing
approach to overcoming the drawbacks mentioned above. It includes a synthesis of hydrotalcite
nanoparticles, followed by agent-free delamination of their layers and final dispersion into alcohol
without dispersing agents. Further, the hydrotalcite-derived sorption agent is dispersed in a matrix
based on organo-silica gels derived from 1,2-bis(triethoxysilyl)ethane (BTESE). The analytical results
indicate that the interconnection between hydrotalcite and BTESE-derived gel occurs via forming a
strong hydrogen bonding system between the interlayer species (OH groups, CO3

2−) of hydrotal-
cite and oxygen and silanol active gel centers. These findings lay the foundation for applications
involving incorporating hydrotalcite-like compounds into silica matrices, ultimately enabling the
development of materials with exceptional mass transfer properties. In part 2 of this study, the gas
separation performance of the organo-silica and the hydrotalcite-like materials and their combined
form will be investigated.

Keywords: hydrotalcite; BTESE gel; delamination; CO2 separation; mixed-matrix membrane

1. Introduction

Gas separation processes play an important part in reaching carbon-neutral produc-
tion. Especially high-temperature applications that depend on suitable materials that
can efficiently capture CO2 above 200 ◦C receive more attention [1]. Fortunately, sorbent
research has made tremendous efforts in the past to investigate the adsorption properties
of inorganic materials such as Hydrotalcite-like compounds (HTlcs).

The mineral hydrotalcite, [Mg6Al2(OH)16](CO3)(H2O)4, was first described in 1842 by
Hochstetter in serpentine–magnesite rocks in Snarum, Buskerud, Norway [2]. It belongs to
the hydrotalcite supergroup of minerals, also known as layered double hydroxides (LDHs).
More than 40 structurally and chemically related varieties are known so far [3]. All LDH
crystal structures share the similarity of being built up of positively charged brucite-type
layers. Their octahedral sites are mainly occupied by M2+ and M3+ cations, where M2+ are
Mg, Fe, Mn, Ni, Cu, Ca, and Zn, whereas M3+ are Al, Fe, Mn, Co, and Cr. The octahedral
layers alternate with negatively charged interlayers occupied by (CO3)2−, H2O, Cl-, etc.
The crystal structures of hydrotalcite-like compounds and their polytypes have been the
object of numerous studies: Allmann and Jepsen (1969) [4] and Bellotto et al. (1996) [5] for
the variety quintinite (M2+/M3+ = 2) and Zhitova et al. (2019) for the “true” hydrotalcite
(M2+/M3+ = 3) [6].

Synthetic materials on an LDH basis are in great demand due to their useful physico-
chemical properties [7]. Their ability to function as a high-temperature adsorption agent for
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CO2 has been studied extensively [8–11]. However, the bulk of these investigations focuses
on HTlc materials in their layered and powdery forms rather than technical applications.
To bridge this gap and realize their potential in real-world applications, a transformation
of HTlc is essential. The preferred approach involves converting them into a delaminated
state, which offers an enlarged surface area for more effective interactions [12]. Delaminated
HTlcs have a broad range of applications, including their use as catalysts [13], enhanced
drug delivery [14], biosensors, and adsorbents [15]. Their use as pure material membranes
has not shown convincing results due to the resulting porosity that facilitates only Knudsen
diffusion [16,17]. However, their utilization as adsorptive mass transfer agents in polymeric
membranes has already demonstrated efficacy at lower temperatures [18].

For high-temperature membrane applications, a mixed-matrix approach seems to
be promising. Attempts to incorporate hydrotalcite-derived substances in water-based
γ-alumina matrices yielded mesoporous microstructures with unselective Knudsen dif-
fusion [19]. Amorphous organo-silica has proven to be a suitable material as it forms a
microporous microstructure that enables selective mass transport and withstands harsh pro-
cess conditions [20–23]. These silica matrices are prepared from alcohol-based dispersions,
which are highly sensitive to water. In the preparation of the mixed-matrix membrane,
the hydrotalcite-derived adsorption agent must, therefore, be in a stable alcohol-based
form, completely devoid of water content, while possessing similar drying characteris-
tics to the matrix. Gels derived from 1,2-bis(triethoxysilyl)ethane (BTESE) are considered
suitable matrices as their linking units could be used to control the membrane pore sizes.
However, these membranes experience a loss of selectivity at higher temperatures due to a
decrease in adsorptive affinity for CO2 [24,25] and an increase in N2 permeance caused by
activated permeation [26–28]. An excellent review of the state of the scientific knowledge
and technology regarding the application of organo-silica membranes for gas separation
purposes is given by I. Agirre et al. [29]. The high-temperature adsorption agent HTlc
combined with a microporous organo-silica xerogel matrix is envisioned to offset their
respective weaknesses.

The use of delaminating and dispersing agents presents challenges as they tend to
persist on the substance post-drying. While these agents can be eliminated during thermal
treatment, they create porosity, thereby compromising the selectivity of the resulting
membrane for gas separation applications.

Successful delamination processes using formamide as a solvent have shown promis-
ing results; however, there is an effort to find alternatives due to its toxicity. Recent research
suggests positive outcomes with a combination of dodecyl sulfate and n-butanol as an
alcoholic dispersant [30]. Additionally, experiments with sodium acetate have demon-
strated stable HTlc dispersions in ethanol [31]. However, all these processes combine the
disadvantage of either utilizing large amounts of dispersing agents, a solvent with different
drying properties than ethanol, or the HTlc not being in its active CO2 adsorptive form. The
synthesis of the precursor for the CO2 adsorbing compound, hydrotalcite, offers various
routes described in the literature [32]. However, for the specific application of creating
stable ethanol-based dispersions, the focus lies particularly on preparing particles of a
nanometer size.

Therefore, this study shows an approach to creating an HTlc-derived adsorption agent
in ethanol without the use of a dispersing agent. Firstly, the preparation method of the
hydrotalcite is presented, then its delamination in water, and finally, the transformation of
the calcined active form into the ready-for-use ethanol dispersion. Furthermore, the combi-
nation of the produced dispersion is investigated after mixing it with the aforementioned
silica matrix based on BTESE gel derivates. All described steps are analyzed using various
techniques to determine their respective composition and structural properties and how
they vary during processing.

106



Membranes 2024, 14, 170

2. Materials and Methods

2.1. Preparation
2.1.1. Hydrotalcite

The synthesis of hydrotalcite is adapted from the work of Gardner et al. [33,34]. To
control the particle size, water is changed to methanol as a solvent. In 100 mL methanol,
6.1 g of magnesium chloride hexahydrate and 2.41 g of aluminum chloride hexahydrate,
with a molar ratio of Mg/Al = 3, are dissolved. This mixture is heated to 65 ◦C and stirred
under reflux. To start the LDH-forming reaction, 3.8 g of sodium hydroxide is dissolved in
100 mL of methanol and added dropwise to the metal salt solution. For a small particle size
distribution, the synthesis time from Gardner’s work is reduced from 3 days to 1 h. The
synthesized product is rigorously washed with methanol to dissolve the by-product NaCl
and subsequently dried at 50 ◦C. The resulting sample is further referred to as HTlc-pure
(1) throughout the manuscript.

After allowing the reaction mixture to reach room temperature, it is subjected to
centrifugation, and the resulting pellet is dispersed in water. This procedure is repeated
until the pH level reaches neutrality. The dispersed material is then left in water overnight
to undergo delamination, resulting in a transparent dispersion. This specific form of the
delaminated substance is subsequently dried and referred to as HTlc-delaminated (2a).
The membrane coating process yields structures with oriented platelets, as seen in the SEM
images in part two [1]. To investigate the influence of this orientation, oriented samples are
produced by dropping single droplets of the transparent dispersion onto a sample carrier.
This process is repeated several times, resulting in platelets that are oriented parallel to the
carrier surface. Those samples are further referred to as HTlc-delaminated-oriented (2b).

The delaminated dispersion is subjected to thermal treatment at 400 ◦C for 3 h in air to
activate the agent. Following this treatment, the resulting powder is placed in an evacuated
desiccator until the subsequent analysis. This calcined form is labeled as HTlc-calcined (3).

2.1.2. Organo-Silica Matrix

For the synthesis of the matrix material, which enables CO2 separation, the approach is
based on the work of Van Gestel [22]. He based the synthesis on pioneering work conducted
at the University of Twente in the group of Ten Elshof [20]. The synthesis method used in
this work is a simplified version. It involves mixing 16.655 mL of the membrane-forming
precursor (BTESE) with 28.14 mL of ethanol (both thermo scientific chemicals), 0.63 mL
of nitric acid (65 wt%), and 4.57 mL of water. Respective amounts result in a water-to-
hydrolyzable ethoxy group ratio of one. No ice bath is used due to the rapid mixing of
the mixture. The resulting mixture is heated to 60 ◦C and refluxed for 90 min, followed by
cooling to room temperature. To stabilize the sol for storage, an additional 50 mL of ethanol
is added, and the mixture is stored in the refrigerator (stock sol). To produce the gels, the
stock sol was dried at room temperature to produce the lyogel (BTESE-derived lyogel).
Additional thermal treatment was carried out at 300 ◦C for 3 h under an N2 atmosphere to
produce the xerogel. This xerogel is further referred to as BTESE-derived xerogel and is
also analyzed for comparison.

2.1.3. Mixed-Matrix

To mix the HTlc with the organo-silica, the HTlc must first be converted into an
ethanol-based dispersion. Two grams of the calcined and ground Htlc (3) were mixed with
50 mL of ethanol and redispersed using an ultrasonic device for 20 min. Afterward, the
dispersion was centrifuged for 20 min at 4000 rpm to remove any undispersed particles.
This process was repeated until no undispersed particles were found and a stable dispersion
was formed. Then, 5 mL of this sol was mixed with 5 mL of the organo-silica stock-sol
and filled up with 40 mL of ethanol. Subsequently, this sol was dried into a powder for
analysis. This form is denoted as HTlc-modified organo-silica (4) and the final form for the
high-temperature membrane application.
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The membrane-forming process and resulting SEM images of the prepared membranes
and schematic drawings of the microstructure are given in part 2 of this publication [1].

2.2. Analytical Methods

Structural information is obtained by a combination of infrared (IR) and Raman
spectroscopy and X-ray diffraction (XRD). Additionally, its thermal behavior is investigated
by thermogravimetric (TGA) experiments.

2.2.1. X-ray Diffraction (XRD)

X-ray diffraction measurements were conducted on an Empyrean diffractometer
(Malvern-PANalytical, Almelo, The Netherlands) with a Cu-Kα tube operated at 40 mA
and 40 kV equipped with a multistrip PIXcel3D detector (255 channels, simultaneously
covering 3.347◦ 2θ) and a Bragg–Brentano HD device. The powder patterns were measured
in the range of 5 to 90◦ 2θ with step size 0.013◦ 2θ, time per step 1s, slits of 0.125◦, soller slits
of 2.3◦, and sample rotation. The powder patterns were evaluated with HighScorePlus v.5.1
software. The phases were identified using the ICDD (2004) and COD (2021) databases.

Rietveld refinements were performed with TOPAS v.7 for the estimation of the unit
cell parameters and the size of coherent scattering domains of hydrotalcite. The structure
data of Zhitova et al. [5], ICSD Nr.-133744 and ICSD Nr.-133742 have been used as a
starting model.

2.2.2. IR Analysis

IR measurements in Attenuated Total Reflection (ATR) arrangement were performed
on powder samples in a Golden Gate ATR cell with a diamond crystal (Specac LTD,
Orpington, UK) positioned in a Tensor II spectrometer (Bruker Optics, Ettlingen, Germany)
equipped with a deuterated triglycine sulfate (DTGS) detector. Spectra with 64 scans and a
spectral resolution of 2 cm−1 in the range of 400–4000 cm−1 were acquired.

2.2.3. Raman Spectroscopy (RS)

Raman spectroscopic analyses were performed on the powdered samples dusted on
glass slides. A WITec alpha300 R equipped with a UHTS300 spectrometer (300 mm focal
length) and a Zeiss confocal microscope were employed for single-spot measurements.
As an excitation source, a 533 nm laser operated at 50 mW (on sample) was used. The
measurements were performed with a 100× objective with a numerical aperture of 0.9
using 600 and 1800 groves/mm holographic gratings with spectral resolution better than
3 cm−1 and 1 cm−1, respectively. A high-performance back-illuminated CCD camera with
96% quantum efficiency was used for detection. Typical acquisition times were between
5 and 20 s with 5–10 scans. The phase identification was aided by the RRUFF mineral
database and an own database integrated into the WITec True Match program. The data
processing and preparation of the Raman images were performed with the Project 5.3+
software from WITec (Ulm, Germany). The single spectra were corrected by the cosmic
ray removal algorithm, and the consequent subtraction of the background was calculated
using the shape algorithm.

2.2.4. Thermal Analysis (TA)

The thermal analyses (TA) were performed on an STA 403 Jupiter F3 (Netzsch, Selb,
Germany) equipped with a Pt oven, coupled to a Tensor 27 Fourier transform infrared
(FTIR) spectrometer (Bruker-Optics, Ettlingen, Germany). The TA device was purged with
N2 (2 × 60 mL/min) and was connected via a transfer gas line to an FTIR gas cell (both kept
at 200 ◦C to prevent condensation), where the detection of the gases released upon heating
was performed with a liquid nitrogen cooled MCT (mercury cadmium telluride) detector.
The samples were heated at a rate of 10 K/min, and IR spectra of released gases were
acquired with 32 scans and spectral resolution of 4 cm−1 in the range of 600–4000 cm−1.
The calibration of the FTIR spectrometer was carried out with certified test gases in the
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validity range of Beer–Lambert’s law. The quantification of H2O and CO2 was performed
using the method developed by Merz et al. [35].

3. Results and Discussion

3.1. XRD Results

Figure 1 shows the X-ray powder patterns of samples 1, 2a, 2b, 3, BTESE, and 4. Table 1
shows refined unit cell parameters considering the 3R and 2H polytypes and calculated
sizes of the coherent scattering domains (results from the double Voigt approach) for
hydrotalcite in the corresponding samples.

Figure 1. Powder XRD patterns of the methanol-washed HTlc-pure sample (1), HTlc-delaminated
hydrotalcite (2a), HTlc-oriented sample (2b), HTlc-calcined sample (3), BTESE-derived xerogel, and
HTlc-modified organo-silica (4).

Table 1. Unit cell parameters and size of the coherent scattering domains of hydrotalcite in samples
1–4 refined for 3R (space group R-3m H) and 2H (P63/mmc) polytypes.

XRD Results Samples

u.c.p. 1 2a 2b 3 4

a (Å) 3.07(1) 3.066(1) 3.14(1) 3.10(5) 3.064(1)
c (Å) 3R 25.25(1) 23.683(2) 23.557(2) 24.22(1) 24.25(1)
c (Å) 2H 16.833(7) 15.788(1) 15.705(2) 16.19(1) 16.181(7)

crystal size (nm) 1.6(1) 10.6(2) 8.42(7) 3.2(1) 3.4(1)

After being washed with methanol, the synthesized hydrotalcite HTlc-pure shows
very broad reflections pointing to a very small size of the coherent scattering domains of
about 1.6 nm (further referred to as crystal size). This confirms the findings of Gardner
et al. [32] pointing to a tiny crystal size of hydrotalcite precipitated from methanol solutions
of Mg and Al salts. A crystal size of 1.6 nm can also suggest a thickness of one unit cell
parameter in the z direction of the 2H polytype consisting of two brucite layers (Table 1).
The delaminated and oriented samples (2a and 2b), on the other hand, show very sharp
reflections, pointing to crystal sizes of 10.6 and 8.4 nm, respectively. The significantly
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higher values for samples 2a and 2b are expected, given the complete hydrolysis of the
methoxide ions and the stacking of the hydrotalcite platelets along the [001] direction after
drying. The term “delamination” refers to the fact that upon drying, although almost
perfect stacking along the z direction of hydrotalcite takes place, a strong disorder in the
xy plane is observed. Therefore, only 00l reflections are seen in the patterns of samples 2a
and 2b. A tendency for decreasing the size of the c-unit cell parameter from 25.2 to 23.68 to
23.56 Å is also observed for samples 1, 2a, and 2b, respectively. This is consistent with the
expected exchange of methoxide with H2O. The largest c parameter of sample 1 proves
the intercalation of the alkoxide anions between the brucite layers [32]. Samples 2a and 2b
show the typical unit cell parameters for H2O exchanged hydrotalcites (basal spacing of 003
= 7.9Å). The calcined sample (3) once again shows broad reflections of hydrotalcite due to
the expected disorder accompanied by additional broad peaks at around 43 and 62 ◦2Theta,
which could be assigned to MgO (ICDD: 01-089-7746). The c-unit cell parameter shows a
small increase to 24.22 Å. The crystal size decreases to 3.2 nm. Therefore, the calcination at
400 ◦C leads to partly dehydrated, disordered “hydrotalcite” with similar crystal features
as the starting material with disrupted long-range order. In addition, the sample shows
some tiny impurities of NaCl, which is a by-product of the synthesis of hydrotalcite. BTESE
organo-silica gel shows two broad “humps” at about 8 and 24 ◦2Theta. The HTlc-modified
organo-silica membrane sample (4) shows similar features as sample 3 in its powder
pattern but is accompanied by additional 0 kl and 11 l reflections, thus witnessing a random
orientation of the “hydrotalcite” platelets which seem to be homogenously distributed
in the gel matrix. Considering the crystal size of samples 3 and 4, they consist of four
brucite layers.

3.2. IR Spectroscopy

The IR spectra are shown in Figure 2, and relevant bands are summarized in Table 2.
Spectrum 1 and 2a are hydrotalcite synthesized and washed with methanol and the delam-
inated sample, respectively. The assignment is made based on the results of Kloprogge
et al. [36] and Frost et al. [37], as well as [38–40]. Sample 1 shows broader bands than 2a and
2b, which is consistent with the XRD results. The main band situated at 1365 cm−1 is due to
the asymmetrical ν3 (CO3) mode. The broad high-frequency slope is due to the absorption
of ν2 CH3 bending modes, which are expected in the range of 1440–1480 cm−1 [41], and
the possible interaction of the CO3 groups of methanol [42]. Additionally, it may witness
a large Δν3 CO3 splitting typical for adsorbed CO2 as monodentate or bidentate carbon-
ate [38]. The corresponding ν2 (CO3) and ν1 (CO3) modes are seen at about 870 cm−1 and
1075 cm−1, respectively. The relatively high intensity of the latter band in the spectrum
of sample 1 indicates that this carbonate is due to monodetate and bidentate adsorption
of CO2 [38]. It possibly shows contributions of C-O stretching from CO2CH3OH (in the
range of 1020–1060 cm−1), which is known to be sensitive to interactions with hydrogen
bonding [39].

The broad band at 1645 cm−1 belongs to the bending vibration of H2O. The broad
absorption is possibly due to Mg(Al)-OH interactions. The high-frequency region,
2800–3800 cm−1, is marked by a broad band due to ν1 OH (centered at 3425 cm−1) and
a very broad low-frequency slope due to ν1 CH3 and its interaction with OH. Thus, the
presence of methoxide anions is once again confirmed.

Samples 2a and 2b show quite similar spectra with bands at 775 cm−1 (translation
Al-OH) and 860 cm−1 (ν2 CO3). The strongest band is once again the ν3 CO3 (1365 cm−1),
lacking the contribution of CH3 bending modes. It may also indicate smaller Δν3 CO3
splitting due to the presence of polydentate CO3 tightly bonded in the hydrotalcite structure.
The band at 1075 cm−1 (ν1 CO3) also lacks the contribution of CO stretching of methanol.
The delamination with H2O also leads to well-pronounced H2O bands at 1635 cm−1

(bending) and 3410 cm−1 (ν1 OH in H2O) with a shoulder at 3610 cm−1 (ν1 OH). The
presence of the OH bands at 775 cm−1 highlights the difference between sample 1 on one
side and samples 2a and 2b on the other side.
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Figure 2. ATR-IR spectra of methanol-washed hydrotalcite (HTlc-pure: 1), HTlc-delaminated (2a),
HTlc-delaminated-oriented (2b), HTlc-calcined hydrotalcite (3), BTESE-derived xerogel, and HTlc-
modified organo-silica (4).

Table 2. Band assignment of the IR spectra in Figure 2.

Hydrotalcite BTESE, HTlc-Modified Organo-Silica Membrane

Sample 1 2a,b 3 Sample BTESE 4

Band Assignment Band Positions (cm−1) Band Assignment Band Positions (cm−1)

ν Mg(Al)-O 630 ν Mg(Al)-O 650–700
OH libration 775 OH libration 765
ν2 (CO3) 870 860 853 ν1 Si-O 800 830
ν1 (CO3) 1075 1075 1075 Si–OH 950sh 909
ν3 (CO3) 1365 1365 1370 ν3 Si-O 1035s 1022

M,Bν3 (CO3),
ν2 CH3

1400–1500 1390 ν1 (CO3) 1086

δ H2O 1645 1635 1635 ν3 Si-O 1150sh 1152
H-bonding 3000–3400 3100–3400 3200–3400 ν Si-C 1280 1270

ν1 OH(H2O) 3425 3420 3475

ν3 (CO3)
1370

M,Bν3 (CO3)
1405

δ H2O 1638
ν-CH2 2890
ν-CH3 2980

H-bonding
ν1 OH(H2O

3260
3370

M,Bν3 (CO3)—Monodentate, Bidentate CO3, sh—shoulder, s—strong band.

H2O interacting with interlayer carbonate in the hydrotalcite structure gives rise to
increased absorption between 3000 and 3400 cm−1.

The HTlc-calcined sample (3) shows, once again, very broad bands due to increased
disorder. The ν2 bending band of CO3 shows a shift to a lower frequency (853 cm−1), whereas
the asymmetrical stretching band ν3 (CO3) shifts to a higher frequency [1370 cm−1]. The
broader ν3 CO3 band (with a shoulder at 1390 cm−1) may also indicate the presence
of different environments of carbonate having on one side polydentate character but
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also monodentate and bidentate surface carbonate on the other side. Similar behavior is
observed for the OH stretching bands (shift to 3475 cm−1), pointing to the presence of more
slightly bonded hydroxyls as a result of rehydration.

The IR spectrum of the organo-silica xerogel BTESE is characterized by strong and
broad multiple bands in the range of 950–1200 cm−1 with a maximum intensity located at
about 1035 cm−1. These bands could be attributed to asymmetric Si-O stretching modes
(ν3 Si-O) [26] in ring-like siloxane moieties formed via the condensation reaction of silanol
groups. Compared to pure SiO2 gels (TEOS, Aerosil), which show frequencies centered at
about 1070–1100 cm−1 [43], the lower frequency in BTESE could be explained by lower sili-
cate polymerization induced by the presence of organic moieties in the silica network [44,45].
Additionally, it may be due to the lower rate of hydrolysis, as the synthesis was performed
with low H2O content to keep the particle size as low as possible. The band centered around
800 cm−1 is characteristic of symmetric Si-O stretching (ν1 Si-O). A broad absorption seen
as a shoulder at about 910 cm−1 is ascribed to the stretching vibration of silanol bonds
(Si–OH). Its intensity is rather low, which is expected in fired xerogels where enhanced
condensation has taken place. The band at 1280 cm−1 is characteristic of Si-C stretching
vibrations [46]. The range of 2800–3800 cm−1 is dominated by broad bands due to ν1 and
ν3 O-H symmetric and asymmetric stretching of H2O and OH groups. Due to the firing at
300 ◦C, a very low intensity of H2O and OH-related bands is observed. In addition, the
low-intensity bands at 2890 and 2980 cm−1, typical for C-H stretching vibrations, prove
the presence of CH2 and CH3 in the Si–(CH2)2–Si and (–OCH2CH3) groups, respectively.
The low intensity of the C-H bands marks a high degree of hydrolysis and consequent
condensation of silanol groups to siloxanes.

The spectrum of the HTlc-modified organo-silica membrane sample (4) retains similar
features characteristic for both BTESE and HTlc-calcined hydrotalcite (3) but with some
frequency shifts of the original bands. For example, the organo-silica rings seem to be
strongly influenced by the presence of hydrotalcite fragments showing shifts of ν1 Si-O
from 1035 to 1022 cm−1 and of Si-C from 1280 to 1270 cm−1. The band at 800 cm−1 in BTESE
is also shifted, pointing to a change in the Si-O-Si bridging angle. The spectrum of sample
4 shows more pronounced silanol groups (909 cm−1). The formation of silanol groups
correlates with indications for a strong hydrogen-bonded system, which is manifested
by a low-frequency shift of the stretching vibrations of H2O and OH in the spectrum of
sample 4 compared to the rest of the samples. The silanol band frequency is higher than
that reported by Moriyama et al. for pure BTESE gels (890 cm−1) [26]. These observations
imply that the interaction between hydrotalcite and BTESE gel most probably takes place
via enhanced hydrogen bonding between OH and H2O of hydrotalcite and Si-O-Si, SiOH,
and Si-CH2(3) moieties of BTESE gel. The CO3 modes clearly show the presence of two
bands at 1370 and 1405 cm−1 with Δν3 splittings once again higher (35 cm−1) than that
observed for the calcined sample (20 cm−1). It possibly shows an interaction between the
surface CO3 groups of hydrotalcite and the xerogel.

3.3. Raman Spectroscopy

The Raman spectra of the 1, 2a, and 2b samples are presented in Figure 3. All samples
show bands at 549 cm−1 and 457 cm−1, characteristic for hydrotalcite, which could be
assigned to stretching and bending vibrations (M–O, M–O–M, and O–M–O) within the
octahedral layers [36]. Most probably, the band at a lower frequency is due to Al-O
vibrations, whereas the band at 549 cm−1 could be assigned to Mg-O due to the difference
in the atomic weight and corresponding quantities. These bands are sharper in samples 2a
and 2b. Very pronounced is the band at 1078 cm−1 (sample 1) assigned to the symmetrical
stretching vibration of CO3 (ν1 CO3). The corresponding band in samples 1b and 2 is much
sharper and shows a frequency shift to 1062 cm−1. Additionally, the spectrum of sample
1 shows the presence of bands at 1467 cm−1 and 2820 cm−1, 2840 cm−1, and 2950 cm−1

belonging to bending and ν1 and ν3 stretching of CH3 groups in methoxide anions [47,48],
respectively. Therefore, it is evident that methoxide anions (OR) are grafted to the brucite
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layers, partially exchanging OH groups after the formula [M2+
(1−x) M3+

x (OH)2−y] (OR)y]
An−

(x/n) (OR)y .mH2O [32], where An− represents additional anions like CO3
2−, which are

inevitably present due to the contact with CO2 from the air.

Figure 3. Raman spectra of synthesized and washed HTlc-pure sample (1), HTlc-delaminated (2a, 2a*),
and HTlc-oriented hydrotalcite (2b). Spectrum 2a of the delaminated sample is taken almost along
the [001] direction, thus enhancing the H2O bending (1630 cm−1) and stretching bands (3420 cm−1),
whereas the spectrum 2a* is measured along the octahedral layers. As a result, the intensity of the OH
bands (3651 cm−1) is enhanced. The optical images overlaid with the corresponding approximate
orientations of the hydrotalcite structure are shown on the right-hand side. Crosses mark the exact
positions of the Raman measurements. Completely oriented sample (2b) shows a similar spectrum to
2a (Red dots for oxygen atoms and blue dots for hydrogen atoms).

Low-intensity bands at 1174 and 1380 cm−1 are also due to methanol. Broad bands
belonging to bending and stretching modes of H2O and OH groups are present at 1630 cm−1

(δ H2O), 3430 cm−1 (ν1/ν3 H2O), and 3650 cm−1 (ν3 OH). Spectra marked as 2a and 2a*
are taken in two orientations of the delaminated sample. The former is taken almost along
the [001] direction, leading to an enhanced H2O stretching band (3420 cm−1) compared
to that taken along the octahedral layers (perpendicular to [001]). Spectrum 2a* shows
enhanced intensity of the OH bands (3651 cm−1) due to the larger vector components of
the OH bonds seen in this direction. The right-hand side of Figure 3 shows optical images
overlaid with the corresponding approximate orientations of the hydrotalcite structure.
The band at 150 cm−1 also shows a higher intensity in the spectrum of sample 2a*, which
implies that it may also be due to an OH mode. The opposite trends are observed for both
Mg-O modes (549 cm−1), CO3 bands (ν1-CO3), and δ-H2O, which is consistent with the
proposed orientation of the crystals. The spectrum of the oriented sample (2b) is strikingly
similar to that of 2a, which confirms these considerations once again. There are remarkable
differences in the frequencies of Al-O and CO3 bands in the methanol-washed sample (1)
and samples 2a and 2b. Whereas the former shifts to higher frequency (470 cm−1), the latter
shifts to 1062 cm−1. Therefore, methanol strongly influences the carbonate groups in the
interlayer and possibly selectively the Al from the octahedral layers.

Figure 4 shows a comparison of the Raman spectra of HTlc-calcined hydrotalcite (3),
BTESE, and mixed HTlc-modified organo-silica membrane (4). Sample 3 shows broader
bands than the delaminated and oriented samples. The frequencies of the octahedral Mg-O
vibrations change to a minimally higher frequency (551 cm−1), whereas those typical for
Al-O shift to the lower (450 cm−1). The most intense band of MgO is expected also in this
region [49]. Additionally, a broad band occurs centered at about 670 cm−1, possibly due to
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the partial formation of disordered spinel, which needs to be avoided as it has no relevant
CO2 adsorption capacity [50].

Figure 4. Raman spectra of HTlc-calcined sample (3), BTESE xerogel, and HTlc-modified organo-silica (4).

Both are expected products from the breakdown of hydrotalcite [51]. The symmetrical
stretching of CO3 is observed at 1072 cm−1 instead of 1078 cm−1, pointing to a change
in the environment of the carbonate anion. In addition, the intensity of this band is
considerably lower than in the spectra of not calcined samples (Figure 3). The difference
in the vibrational frequencies of the stretching bands of H2O and OH in the spectrum of
the calcinated sample (3450 cm−1, 3620 cm−1) compared to the spectra of samples 1b and
2 (3420 cm−1, 3650 cm−1) also witness a change in the interlayer environment. A partial
rehydration of the sample from air moisture seems possible.

BTESE shows typical CH stretching bands in the range of 2800–3000 cm−1. They
consist of a very intense band at 2898 cm−1 with high-frequency shoulders at 2930 and
2980 cm−1 and a small band at a lower frequency (2812 cm−1). A band at 1416 cm−1

manifests the corresponding bending vibrations. A question arises about the difference
in the intensity of the C-H stretching bands in the IR and Raman spectra. A possible
explanation is that the ethoxide groups in the xerogel are oriented to the centers of the
siloxane rings. Therefore, a relatively low number of such groups is observed at the surface,
thus becoming “invisible” for ATR measurements. Si-C stretching is observed at 1280 cm−1.
In addition, bands typical for breathing vibrations of siloxane rings appear at 525 cm−1.
They are at a higher frequency than the four-membered siloxane rings of the gels derived
from TEOS (490 cm−1) [52]. Broad bands at about 790 cm−1 and 925 cm−1 are attributed
to Si-O-Si and Si-OH vibrations, respectively. At 1000 cm−1, (ν1 Si-O) are present. The
assignment of the band at 1050 cm−1 is somewhat ambiguous. It is also present in non-fired
BTESE gels but with lower intensity (not present). Therefore, it could be due to the C-O
stretching mode of ethoxy groups H3C-O-R on one side or to Si-O stretching modes in
environments different than siloxanes (Si-O-Si). These might be the (C)Si-O environments
typical for the BTESE rings.

The Raman spectrum of the mixture of BTESE and calcined hydrotalcite (4) shows
complementary features characteristic for both constituents and, in addition, strong indica-
tions of interactions between the two. The band at 1043 cm−1 could be due to C-O modes
of methanol used as a dispersion medium or ethanol remnants from the synthesis of the
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BTESE, but an influence of (C)Si-O, as discussed above, is also possible. The intensity of
this band is much higher in spectrum 4 than in spectra 3 and BTESE, respectively.

Therefore, the more probable explanation is that this band is due to adsorbed CO2
as a carbonate, which may be shared between BTESE and calcined hydrotalcite. The
small shoulder on the high-frequency side of this band shows the presence of additional
environments of CO3 in the sample, also witnessed by the Δν3 splitting in the IR spectra.
A new feature is the pronounced OH band shifted to 3690 cm−1. The higher frequency
indicates a lower dependence on the environment, which is characteristic of unassociated
OH groups on the surface of the mixture. The unchanged frequencies of the Mg-O and
Al-O bands give a hint that the interaction between hydrotalcite and BTESE gel takes place
over OH and CO3 species characteristic for the interlayer and not over bridging oxygens
from the main octahedral layers. Whatever assignment of the band at 1043 cm−1 is correct
(ethoxy groups or CO3 groups), the observed frequency shift and intensity might be an
indication for cross-linking between hydrotalcite and BTESE gel.

3.4. Thermal Analysis

The TGA curves are presented in Figure 5A. Figure 5B,C shows the traces of CO2 and
H2O releases, respectively, as a function of temperature. A comparison between A, B, and C
allows the assignment of the observed weight loss. Sample 1 shows an early inflection point
(at 70 ◦C) of the weight loss between 30 and 200 ◦C probably due to two factors: (1) a large
quantity of adsorbed H2O because of the very high specific area and (2) decomposition
of the methoxide anions. Compared to the H2O exchanged and delaminated sample (2a),
the weight loss in the range of 30–250 ◦C of sample 1 takes place not only earlier but is
also higher: 14.7% compared to 12.2%. The latter correlates with the ideal stoichiometry of
hydrotalcite, which considers it a loss of absorbed and interlayer H2O. Between 300 and
500 ◦C, a strong mass loss takes place attributed to almost simultaneous dehydroxylation of
the brucite layers and decarbonation of hydrotalcite [53,54]. A comparison of Figure 5B,C
for sample 2a allows the interpretation that the H2O could be separated into two events,
one of which precedes the CO2 release marginally.

The observed weight loss between 300 and 500 ◦C for samples 1 and 2a (27.8% and
26.5%) is way too low compared to the expected theoretical value for full decarbonation
and dehydroxylation of hydrotalcite with formula (Mg6Al2(OH)16(CO3).4H2O): CO2 +
8H2O = 7.3% + 23.9% = 31.2%, based on an M = 604 g/mol. On the other hand, sample 1 is
composed of methoxide instead of pure H2O in the interlayer, and the detected carbonate
should only be due to a surface reaction with the CO2 from the air, as shown by the large
Δν3 shift in the IR spectrum. In addition, this carbonate persists at higher temperatures, as
observed in [38]. Therefore, the full decomposition of hydrotalcite is reached only at higher
temperatures. The small step observed above 900 ◦C evidences an additional weight loss,
especially considering the TG curves of samples 2a and 3. The total mass loss of samples 1
and 2 is 47.1% and 45.3%, respectively, the latter being very close to the theoretical value
of 43.1%.

The higher loss of sample 1 is expected, given the large presence of methoxide groups.
Calculation of the molar mass considering full substitution of OH by H3CO1−, the presence
of CO3

2− and 4H2O (M = 693 g/mol) would result in a total mass loss of 50.4 %, which
seems to be exaggerated but explains the higher loss of sample 1. Other authors also
reported similar observations [49]. A small contribution to the weight loss above 900 ◦C
could be the melting of residual NaCl, but its content is too low to account for the whole
effect. It cannot be ruled out that some Cl is bonded in the hydrotalcite interlayer [55] and
references therein].

Sample 3 (HTcl-calcined) shows a total mass loss of 17.2%. It is subdivided into
three events taking place between room temperature and 200 ◦C (6%), 200–400 ◦C (4.9%),
400–700 ◦C (2.6%), and 700–1000 ◦C (3.7%). This shows once again that, on the one hand,
the complete decomposition of hydrotalcite takes place at higher temperatures, and on the
other hand, particular rehydration and recarbonation take place after calcination.
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Figure 5. TGA coupled with simultaneous FTIR analysis. Thermogravimetric analysis (A); CO2

release (B); H2O release (C). Samples: HTlc-pure (1); HTlc-delaminated (2a); HTlc-calcined (3),
BTESE-derived xerogel; BTESE-derived lyogel, HTlc-modified organo-silica (4).

The thermal behavior of the BTESE-derived xero- and lyogel show a minor weight
loss due to adsorbed water below 150 ◦C. The lyogel, which has not been exposed to
temperatures above 50 ◦C, shows condensation reactions above 200 ◦C, which results
in further water loss. The fired xerogel shows no further condensation reactions. At
temperatures above 450 ◦C, the lyogel undergoes degradation and combustion of ethoxide
groups and ethylen bridges with C2H4, C2H6, and C2H5OH as products [56]. The total
weight loss for the lyogel accumulates to 37%.

The continuous weight loss for the BTESE-derived xerogel between 300 and 700 ◦C
could be attributed to non-reacted degradation and combustion of ethoxide groups
(–OCH2CH3) and ethylene bridges (–CH2–CH2–). In this range, a release of CO2 was
detected by the IR spectroscopy (Figure 5B). The total weight loss adds up to 7.6%.
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Sample 4, as a combination of (3) and BTESE-derived lyogel, shows a total weight loss
of 31%. Up to 150 ◦C, a 5.3% loss is due to the release of adsorbed H2O and possibly ethanol.
Between 150 and 200 ◦C, a sharp weight loss of 6.9% is observed, which corresponds to
the water loss from the condensation of the Si–OH groups upon the formation of Si–O–Si
bonds. In the range of 200–650 ◦C, a gradual weight loss takes place, which is mostly due
to the release of CO2, as seen in Figure 5B. It seems to be a combination of CO2 release from
hydrotalcite remnants and combustion of ethoxides, as described above. The sharp loss
between 150 and 200 ◦C is not observable in the TG curves of the “pure” constituents BTESE
gel and calcined hydrotalcite. This shows unequivocally that both are not only chemically
connected in the mixture but also that this happens via hydrogen bonding between silanol
groups and active oxygen centers of the brucite layers on one side and OH groups of
the brucite layers and oxygens from the silicate network on the other side following the
reaction MgO-H + Si-OH → MgOSi + H2O. Given the basicity of hydrotalcite on the one
hand and the variability of the degree of hydrolysis of the BTESE gel in dependence on
pH [26] on the other hand, a variable degree of cross-linking both within BTESE siloxane
rings and between siloxane rings and brucite layers could be achieved for the design of
membranes with different properties.

4. Conclusions

This study presents a novel approach for the preparation of mixed-matrix membranes
for gas separation consisting of hydrotalcite dispersed in a matrix of an organo-silica
gel derived from 1,2-bis(triethoxysilyl)ethane (BTESE). The procedure includes synthesis
and subsequent agent-free delamination of hydrotalcite nanoparticles. This is followed
by the dispersion of the delaminated and calcined hydrotalcite in the organo-silica gel
matrix. The materials were systematically examined after each preparation step by XRD,
Raman, IR spectroscopy, and TG analysis. The results show substantial evidence for
the successful preparation, delamination, dispersion, and calcination processes. XRD
provides valuable information about the layer thickness, unit cell parameters, and size of
coherent scattering domains of hydrotalcite after synthesis and every treatment step. The
synthesis in methanol produces nano-sized hydrotalcite with an average of two brucite
layer thicknesses. The consequent hydrolysis and delamination are proven by the lowering
of the c-unit cell parameter and the formation of stacking faults along the z direction. The
results from IR and Raman spectroscopy reveal the nature of the bonding mechanisms
between hydrotalcite and BTESE-derived gel. These include forming a strong hydrogen
bonding system between the interlayer species (OH groups, CO3

2−) of hydrotalcite and
siloxane oxygens on one hand and silanol active gel centers and bridging oxygens from
brucite layers on the other. The interaction between ethoxide groups and hydrotalcite can
also not be excluded, but further investigations are necessary to elucidate their role. These
findings may give an impetus for further development of mixed-membranes containing
inorganic sorption or catalytic agents combined with organo-silica networks. Part 2 of
this work will present a study of all the investigated materials for their permeation and
separation behavior.

Author Contributions: Conceptualization, L.B., K.G., and P.S.; methodology, L.B., K.G., P.S., and D.S.;
formal analysis, K.G., A.U., and L.B.; investigation, L.B., K.G., A.U., and P.S.; writing—original draft
preparation, K.G. and L.B.; writing—review and editing, K.G., P.S., A.U., and D.S.; supervision, D.S.
All authors have read and agreed to the published version of the manuscript.

Funding: Program-oriented funding for this research was provided through the German Helmholtz
Association in the frame of the “Materials and Technologies for the Energy Transition” program.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon request.

Conflicts of Interest: The authors declare no conflicts of interest.

117



Membranes 2024, 14, 170

References

1. Bünger, L.; Kurtz, T.; Garbev, K.; Stemmermann, P.; Stapf, D. Mixed-Matrix Organo–Silica–Hydrotalcite Membrane for CO2
Separation Part 2: Permeation and Selectivity Study. Membranes 2024, 14, 156. [CrossRef] [PubMed]

2. Hochstetter, C. Untersuchung über die Zusammensetzung einiger Mineralien. J. Prakt. Chem. 1842, 27, 375–378. [CrossRef]
3. Mills, S.J.; Christy, A.G.; Schmitt, R.T. The creation of neotypes for hydrotalcite. Mineral. Mag. 2016, 80, 1023–1029. [CrossRef]
4. Allmann, R.; Jepsen, H.P. Die Struktur des Hydrotalkits. Neues Jb. Miner. Monat. 1969, 1969, 544–551.
5. Bellotto, M.; Rebours, B.; Clause, O.; Lynch, J.; Bazin, D.; Elkaim, E. A reexamination of hydrotalcite crystal chemistry. J. Phys.

Chem. 1996, 100, 8527–8534. [CrossRef]
6. Zhitova, E.; Krivovichev, S.; Pekov, I.; Greenwell, H. Crystal chemistry of natural layered double hydroxides. 5. Single-crystal

structure refinement of hydrotalcite, [Mg6Al2(OH)16](CO3)(H2O)4. Mineral. Mag. 2019, 83, 269–280. [CrossRef]
7. Evans, D.G.; Slade, R.C.T. Structural Aspects of Layered Double Hydroxides. In Layered Double Hydroxides. Structure and Bonding;

Duan, X., Evans, D.G., Eds.; Springer: Berlin/Heidelberg, Germany, 2005; Volume 119. [CrossRef]
8. Ram Reddy, M.K.; Xu, Z.P.; Lu, G.Q.; Diniz da Costa, J.C. Layered Double Hydroxides for CO2 Capture: Structure Evolution and

Regeneration. Ind. Eng. Chem. Res. 2006, 45, 7504–7509. [CrossRef]
9. León, M.; Díaz, E.; Bennici, S.; Vega, A.; Ordóñez, S.; Auroux, A. Adsorption of CO2 on Hydrotalcite-Derived Mixed Oxides:

Sorption Mechanisms and Consequences for Adsorption Irreversibility. Ind. Eng. Chem. Res. 2010, 49, 3663–3671. [CrossRef]
10. Wang, Q.; Tay, H.H.; Ng, D.J.W.; Chen, L.; Liu, Y.; Chang, J.; Zhong, Z.; Luo, J.; Borgna, A. The effect of trivalent cations on the

performance of Mg-M-CO3 layered double hydroxides for high-temperature CO2 capture. Chem. Sus. Chem. 2010, 3, 965–973.
[CrossRef] [PubMed]

11. Bublinski, M. CO2-Abtrennung aus Synthesegasen mit Hydrotalciten unter Hochtemperatur-Hochdruckbedingungen. Ph.D.
Thesis, University of Stuttgart, Stuttgart, Germany, 2017. [CrossRef]

12. Adachi-Pagano, M.; Forano, C.; Besse, J.-P. Delamination of layered double hydroxides by use of surfactants. Chem. Commun.
2000, 1, 91–92. [CrossRef]

13. Xie, J.; Khalid, Z.; Oh, J.-M. Recent advances in the synthesis of layered double hydroxides nanosheets. B. Kor. Chem. Soc. 2022, 44,
100–111. [CrossRef]

14. Shirin, V.A.; Sankar, R.; Johnson, A.P.; Gangadharappa, H.; Pramod, K. Advanced drug delivery applications of layered double
hydroxide. J. Control. Release 2021, 330, 398–426. [CrossRef]

15. Mao, N.; Zhou, C.H.; Tong, D.S.; Yu, W.H.; Lin, C.C. Cynthia Lin, Exfoliation of layered double hydroxide solids into functional
nanosheets. Appl. Clay Sci. 2017, 144, 60–78. [CrossRef]

16. Kim, T.W.; Sahimi, M.; Tsotsis, T.T. The Preparation and Characterization of Hydrotalcite Thin Films. Ind. Eng. Chem. Res. 2009,
48, 5794–5801. [CrossRef]

17. Fajrina, N.; Yusof, N.; Ismail, A.; Jaafar, J.; Aziz, F.; Salleh, W.; Nordin, N. MgAl-CO3 layered double hydroxide as potential
filler in substrate layer of composite membrane for enhanced carbon dioxide separation. J. Environ. Chem. Eng. 2021, 9, 106164.
[CrossRef]

18. Huang, N.; Wang, C.; Chen, C. Ethylene vinyl acetate copolymer/Mg-Al-layered double hydroxide nanocomposite membranes
applied in CO2/N2 gas separation. Polym. Compos. 2021, 42, 4065–4072. [CrossRef]

19. Wiheeb, A.D.; Shakir, S.W.; Othman, M.R. Synthesis and Characterization of Mesoporous Hydrotalcite-Alumina Membrane for
Carbon Dioxide Enrichment. IOP Conf. Ser. Mater. Sci. Eng. 2018, 454, 12107. [CrossRef]

20. de Vos, R.M.; Verweij, H. High-selectivity, high-flux silica membranes for gas separation. Science 1998, 279, 1710–1711. [CrossRef]
21. Elshof, J.E.T. Hybrid Materials for Molecular Sieves. In Handbook of Sol-Gel Science and Technology, Living Reference Work; Klein,

L.C., Aparicio, M., Jitianu, A., Eds.; Springer International Publishing: Cham, Switzerland, 2016; pp. 1–27. [CrossRef]
22. Kanezashi, M.; Matsugasako, R.; Tawarayama, H.; Nagasawa, H.; Tsuru, T. Pore size tuning of sol-gel-derived triethoxysilane

(TRIES) membranes for gas separation. J. Membr. Sci. 2017, 524, 64–72. [CrossRef]
23. Van Gestel, T.; Velterop, F.; Meulenberg, W.A. Meulenberg, Zirconia-supported hybrid organosilica microporous membranes for

CO2 separation and pervaporation. Sep. Purif. Technol. 2021, 259, 118114. [CrossRef]
24. Castricum, H.L.; Kreiter, R.; van Veen, H.M.; Blank, D.H.; Vente, J.F.; Elshof, J.E.T. High-performance hybrid pervaporation

membranes with superior hydrothermal and acid stability. J. Membr. Sci. 2008, 324, 111–118. [CrossRef]
25. Yu, L.; Kanezashi, M.; Nagasawa, H.; Guo, M.; Moriyama, N.; Ito, K.; Tsuru, T. Tailoring Ultramicroporosity To Maximize CO2

Transport within Pyrimidine-Bridged Organosilica Membranes. ACS Appl. Mater. Interfaces 2019, 11, 7164–7173. [CrossRef]
26. Castricum, H.L.; Paradis, G.G.; Mittelmeijer-Hazeleger, M.C.; Kreiter, R.; Vente, J.F.; Elshof, J.E.T. Tailoring the separation behavior

of hybrid organosilica membranes by adjusting the structure of the organic bridging group. Adv. Funct. Mater. 2011, 21, 2319–2329.
[CrossRef]

27. Kanezashi, M.; Yada, K.; Yoshioka, T.; Tsuru, T. Design of silica networks for development of highly permeable hydrogen
separation membranes with hydrothermal stability. J. Am. Chem. Soc. 2009, 131, 414–415. [CrossRef]

28. Moriyama, N.; Nagasawa, H.; Kanezashi, M.; Ito, K.; Tsuru, T. Bis(triethoxysilyl)ethane (BTESE)-derived silica membranes: Pore
formation mechanism and gas permeation properties. J. Sol-Gel Sci. Technol. 2018, 86, 63–72. [CrossRef]

118



Membranes 2024, 14, 170

29. Agirre, I.; Arias, P.L.; Castricum, H.L.; Creatore, M.; Elshof, J.E.T.; Paradis, G.G.; Ngamou, P.H.; van Veen, H.M.; Vente, J.F. Hybrid
organosilica membranes and processes: Status and outlook. Sep. Purif. Technol. 2014, 121, 2–12. [CrossRef]

30. Leroux, F.; Adachi-Pagano, M.; Intissar, M.; Chauvière, S.; Forano, C.; Besse, J.-P. Delamination and restacking of layered double
hydroxides. J. Mater. Chem. 2001, 11, 105–112. [CrossRef]

31. Piccinni, M.; Bellani, S.; Bianca, G.; Bonaccorso, F. Nickel-Iron Layered Double Hydroxide Dispersions in Ethanol Stabilized by
Acetate Anions. Inorg. Chem. 2022, 61, 4598–4608. [CrossRef]

32. Othman, M.R.; Helwani, Z.; Martunus; Fernando, W.J.N. Synthetic hydrotalcites from different routes and their application as
catalysts and gas adsorbents: A review. Appl. Organometal. Chem. 2009, 23, 335–346. [CrossRef]

33. Gursky, J.A.; Blough, S.D.; Luna, C.; Gomez, C.; Luevano, A.N.; Gardner, E.A. Gardner, Particle-particle interactions between
layered double hydroxide nanoparticles. J. Am. Chem. Soc. 2006, 128, 8376–8377. [CrossRef]

34. Gardner, E.; Huntoon, K.M.; Pinnavaia, T.J. Direct Synthesis of Alkoxide-Intercalated Derivatives of Hydrocalcite-like Layered
Double Hydroxides: Precursors for the Formation of Colloidal Layered Double Hydroxide Suspensions and Transparent Thin
Films. Adv. Mater. 2001, 13, 1263. [CrossRef]

35. Merz, D.; Dregert, O.; Garbev, K.; Stemmermann, P. A reliable quantitative TA-FTIR method for cementitious material characteri-
zation. In Proceedings of the GEFTA-STK-Joint Meeting on Thermal Analysis and Calorimetry, Saarbrücken, Germany, 10–12
October 2012; Volume 53.

36. Kloprogge, J.T.; Wharton, D.; Hickey, L.; Frost, R.L. Infrared and Raman study of interlayer anions CO3
2−, NO3

−, SO4
2− and

ClO4
− in Mg/Al-hydrotalcite. Am. Mineral. 2002, 87, 623–629. [CrossRef]

37. Frost, R.L.; Spratt, H.J.; Palmer, S.J. Infrared and near-infrared spectroscopic study of synthetic hydrotalcites with variable
divalent/trivalent cationic ratios. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2009, 72, 984–988. [CrossRef]

38. Hernandez-Moreno, M.J.; Ulibarri, M.A.; Rendon, J.L.; Serna, C.J. IR characteristics of hydrotalcite-like compounds. Phys. Chem.
Miner. 1985, 12, 34–38. [CrossRef]
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Abstract: This study introduces an innovative approach to designing membranes capable of separat-
ing CO2 from industrial gas streams at higher temperatures. The novel membrane design seeks to
leverage a well-researched, high-temperature CO2 adsorbent, hydrotalcite, by transforming it into
a membrane. This was achieved by combining it with an amorphous organo-silica-based matrix,
extending the polymer-based mixed-matrix membrane concept to inorganic compounds. Following
the membrane material preparation and investigation of the individual membrane in Part 1 of this
study, we examine its permeation and selectivity here. The pure 200 nm thick hydrotalcite membrane
exhibits Knudsen behavior due to large intercrystalline pores. In contrast, the organo-silica membrane
demonstrates an ideal selectivity of 13.5 and permeance for CO2 of 1.3 × 10−7 mol m−2 s−1 Pa−1 at
25 ◦C, and at 150 ◦C, the selectivity is reduced to 4.3. Combining both components results in a hybrid
microstructure, featuring selective surface diffusion in the microporous regions and unselective
Knudsen diffusion in the mesoporous regions. Further attempts to bridge both components to form a
purely microporous microstructure are outlined.

Keywords: inorganic membrane; silica membrane; hydrotalcite membrane; CO2/N2 separation;
microporous mixed-matrix membrane

1. Introduction

Providing captured CO2 from industrial exhaust streams is a basic premise for circular
processing e.g., in methanization or reverse water–gas shift. A continuous and concentrated
CO2 stream at high temperatures is necessary for efficient process operation [1]. However,
no separation process currently operates continuously without experiencing a temperature
drop [2].

State-of-the-art separation processes for carbon capture, such as methanol scrubbing,
operate at low temperatures, while pressure-swing adsorption (PSA) yields CO2 pseudo-
continuously [3]. Current developments facilitate adsorption at higher temperatures by
employing appropriate high-temperature adsorbents and implementing intelligent process
interconnections. However, this approach requires relatively high operating costs and
capital investment. Membrane processes might offer a solution by utilizing separation
layers that incorporate adsorbents, allowing for the separation of CO2 at elevated tempera-
tures [4]. These processes can provide continuous volume flows by spatially separating
adsorption and desorption through diffusion across the membrane (see Figure 1). Therefore,
membrane processes can be viewed as spatially separated PSA applications.

Gas-separation membranes, both pure polymeric and mixed-matrix membranes with
inorganic fillers, show great CO2/N2 separation quality; however, they fail to maintain
that behavior at high temperatures [5,6]. This work tries to offer a new route in developing
high-temperature gas-separation membranes by combining high-temperature adsorbents
within well-known inorganic xerogel matrices. Therefore, the focus is on the design process
and the general feasibility of the preliminary membrane.
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Figure 1. Conceptual comparison of PSA and membrane processes for CO2/N2 separation. Panels
(a) show the CO2 mole fraction XCO2 in the gas phase as a function of the position z: (a-I) in the
adsorption column and (a-II) in the membrane at a point in time t. Panels (b) show the CO2 mole
fraction in the gas phase as a function of the time: (b-I) at the column head for the PSA and (b-II) at
the permeate side for the membrane. In the process I (PSA), adsorption and desorption take place
at the same location (a-I) but at different times (b-I). In process II (membrane), adsorption and
desorption are spatially separated (a-II) but occur simultaneously (b-II).

To design selective membranes, the mass transport mechanisms of the respective gas
components in the porous membrane comprised the critical design criteria. The mass
transport characteristics in porous materials are primarily influenced by the size of the
pore diameter, dp. In macro pores (dp > 50 nm), the primary mechanism is viscous
flow. Smaller pores within the mesopore range (2 nm < dp < 50 nm) experience an
increased prominence of Knudsen diffusion. Mass transport kinetics in these pores are
influenced by the molecular weight. In membranes containing micropores (dp < 2 nm),
the impact of the internal surface becomes relevant, facilitating the adsorption/desorption
behavior of gas components as an additional mass transport effect. In such cases, the
membrane material becomes the dominant factor influencing mass transport kinetics, given
the significance of mass transport over the surface. Within the ultramicroporous range
(dp << 1 nm), the selective exclusion of gaseous molecules begins, resulting in a decline
in permeation or molecules larger than the pore opening, eventually approximating zero.
Membranes featuring pores within the molecular sieving range can demonstrate significant
selectivities [7,8]. Nevertheless, such membranes often display very low fluxes for the
permeating component relative to membranes with larger pores [9]. The same low-flux
phenomena are observed for molten hydroxides and carbonate membranes operating at
high temperatures [10], only showing good permeances above 650 ◦C–850 ◦C [11]. For
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efficient membrane design, only membranes with pore sizes below 2 nm, made of a CO2
adsorption agent, are the most efficient solution for CO2 gas separation [7,8].

Several researched membrane materials exhibit microporosity. Various zeolites [12],
metal–organic frameworks (MOFs) [13], carbon-based membranes [14], and sol–gel-derived
silica gels [15,16] are suitable materials for this separation challenge. In this study, silica
membranes were chosen due to their relatively simple sol–gel coating production process
and their ability to achieve CO2 selectivity while maintaining adequate permeability.

Figure 2a portrays the inorganic xerogel organo–silica structure, wherein mass trans-
port occurs along the interior of the silica network through pores of different sizes (pores
with different sizes marked by (1), (2), and (3)). The selectivity of silica membranes is
primarily based on their adsorptive affinity for CO2. However, the utilization of silica
membranes is limited to lower temperature ranges (<200 ◦C) due to a strong decrease
in their adsorption capacity upon increasing temperatures [17,18]. For a membrane to
effectively separate CO2 at high temperatures, the active membrane material needs to have
adsorption sites with an exothermic heat of adsorption at the operating temperature [19].
Strong interaction of adsorption sites can hinder the mobility of the adsorbed gaseous
component, leading to reduced diffusion [20]. Therefore, it is crucial to find the right
adsorption agent.

The field of high-temperature adsorbents has received a lot of attention, leading to
the identification of layered double hydroxides (LDH) as a suitable precursor for CO2
adsorption applications at elevated temperatures [21–24]. The used LDH can differ in the
composition of cations (e.g., Mg, Al, Fe, Co, Mo, etc.), anions (e.g., sulfate, chlorides, and
nitrates), structural order (crystalline, partially disordered, or amorphous), as well as in
content and bonding of hydrogen (hydrous/anhydrous, partially dehydroxylated up to
hydrogen-free, or “mixed oxides”) [25]. While there is extensive research on the use of
calcined hydrotalcite-like components (HTlcs) as an adsorbent, there have been relatively
few investigations regarding its application as an active separation agent, particularly as the
sole membrane material for gas separation. Membranes solely made of LDHs yielded low
selectivity for CO2, as the fabricated membranes showed intercrystalline pore structures
with average diameters of permeation that favored Knudsen diffusion [26,27]. Figure 2b
shows the delaminated calcined HTlc membrane microstructure schematically as a result
of thermal treatment and delamination. The permeation of the gases is through the volume
that is opened by the effective average diameter between the HTlc sheets.

The approach to overcome the selectivity problem is demonstrated by mixing a crys-
talline inorganic compound with high selective surface diffusion properties into an amor-
phous matrix, as shown in Figure 2c. This approach has already been demonstrated for
polymeric matrices in a wide range of combinations with different fillers [28]. There are
several approaches for the use of LDH as a filler in polymeric matrices forming classic
mixed-matrix membranes (MMM). They all show good separation behavior but have lim-
ited temperature stability and low permeance [29]. However, MMMs with matrices made
of inorganic xerogels are not well investigated yet. Embedding a sorption-enhancing agent
into a silica membrane was studied by the group of Othman and Wiheeb with tetraethy-
lorthosilicate as a precursor for silica, which is very sensitive to moisture for applications
in flue gases with water content [30–35].

This work presents a possible way to combine the adsorptive effect of calcined HTlc
with an amorphous silica matrix to enhance the separation performance at high tempera-
tures. First, a description of the individual preparation methods for silica and hydrotalcite
membranes as well as for the combination of the two materials is given. Second, the exper-
imental setup for conducting mass transport experiments with the prepared membrane
is illustrated. Finally, the preparation techniques and the corresponding mass transport
performance are evaluated.
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Figure 2. Schematic visualization of the microstructures of (a) organo–silica (pores with different
sizes and resulting mass transport mechanism are marked by (1), (2) and (3), (b) the pure calcined
hydrotalcite, (c) and the hydrotalcite-modified organo–silica (HymOS) as the combination of both (c).

2. Materials and Methods

2.1. Membrane Fabrication

As a substrate for membrane deposition, a macroporous α-alumina disc with a thick-
ness of 2.2 mm and a diameter of 39 mm and an approximate pore size of 80 nm of its
top layer (Pervatech, The Netherlands) was used. On the top of the α-Al2O3 substrate,
a supportive intermediate mesoporous γ-Al2O3 layer was deposited, produced by sol–
gel synthesis, using a thermally treated boehmite (γ-AlO(OH)) sol after the method of
Yoldas [36]. To obtain reproducible layer thickness, 3.5 g of polyvinylalcohol (PVA) was
dissolved in 100 mL water and mixed with the boehmite sol in a ratio of 2:3.

A detailed description of the mass transport-enhancing compound synthesis, hydro-
talcite, and respective analysis of all steps are given in Part 1 of this work.
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The HTlc used in this work was synthesized by dissolving 6.1 g of magnesium chloride
hexahydrate and 2.41 g of aluminum chloride hexahydrate, with a molar ratio of Mg/Al = 3,
in 100 mL methanol. This mixture was heated to 65 ◦C and stirred under reflux. The pH
was set by a solution of 3.8 g of sodium hydroxide in 100 mL of methanol that was added
dropwise to the metal–salt solution [37,38]. For a small particle size distribution, the
synthesis time was reduced from 3 days to 1 h.

After cooling the reaction mixture to room temperature, it was centrifuged, and
the remaining pellet was dispersed in water. This process was repeated until the pH
became neutral. The remaining pellet was then dispersed in water and left overnight to
delaminate. As a result, a clear and stable dispersion of delaminated hydrotalcite-like
nanosheets was produced. This sol was used to fabricate the pure HTlc membrane. After
coating and drying, thermal treatment to activate the agent was carried out at 400 ◦C for
3 h in air [21].

The synthesis of the microporous organo–silica membrane (Org-Sil) for CO2 separation
was performed after the approach of van Gestel et al. and Castricum et al. [18,39]. It
involved mixing 16.655 mL of the membrane-forming precursor, 1,2-bis(triethoxysilyl)-
ethane (BTESE), with 28.14 mL of ethanol (both Thermo Fisher (Kandel) GmbH, Kandel,
Germany), 0.63 mL of nitric acid (65 wt%), and 4.57 mL of water. These amounts result
in a water-to-hydrolysable ethoxy group ratio of one. The resulting mixture was heated
to 60 ◦C and refluxed for 90 min, followed by cooling to room temperature. The sol was
stabilized for storage by the addition of 50 mL ethanol. The resulting mixture was stored in
the refrigerator (stock sol). For the coating process in terms of the formation of defect-free
films, the mixture was diluted in a ratio of 1 to 20 with ethanol. After coating and drying at
room temperature for 1 h, thermal treatment of the membrane was conducted under a N2
atmosphere at 300 ◦C for 3 h [39,40].

A detailed description of the process to transfer the water-based HTlc sol into a
mixable solution with silica is given in Part 1 of this study. The stable delaminated HTlc sol
was first dried and then calcined at 400 ◦C. Two grams of the resulting calcined and ground
hydrotalcite were redispersed in ethanol with the assistance of an ultrasonic device.

To ensure the removal of undispersed particles, the dispersion was subjected to cen-
trifugation for 20 min at 4000 rpm, resulting in a stable dispersion of calcined delaminated
hydrotalcite-like nanosheets.

Various mixing ratios of both sols were explored, but only the lower and higher ends
of the mixing range are presented here.

At the lower end of the mixing range, 100 mL of the same silica sol used for the pure
organo–silica (Org-Sil) membrane was combined with 5 mL of ethanol-based hydrotalcite
sol to form the HymOS1-sol. At the higher end of the mixing range, 100 mL of the
hydrotalcite dispersion was mixed with 5 mL of the silica stock sol, resulting in the HymOS2-
sol. After 30 min of mixing, the mixtures were ready for coating onto the substrate to form
the mixed-matrix membranes. The resulting as-deposited film was then allowed to air dry
for approximately 1 h. Subsequently, thermal treatment was carried out at 300 ◦C for 3 h
under a N2 atmosphere.

The coating process for all the aforementioned sols was performed uniformly. A
39 mm disc, used as the substrate, was attached to a vacuum suction cup located at the end
of a rotating pendulum. A petri dish containing 50 mL of the respective sol was positioned
at the lowest point of the pendulum. The coating process involved immersing the polished
surface of the substrate into the sol with a controlled and defined velocity.

Once the pendulum reached a perpendicular position, its movement was halted
for 15 s. After this pause, the substrate was rotated out of the sol with the same ve-
locity as before. To prevent cracking caused by thermally induced tension, both the
heating and cooling rates during thermal treatment were controlled to be 1 K/min.
To ensure the production of crack-free membranes, all coating and thermal treatment
processes were conducted twice. Afterward, the membranes were ready for structural
and permeation analysis.
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2.2. Structural Characterization

A high-resolution scanning electron microscope (SEM) was used for qualitative assess-
ment of the prepared membrane layers. Images were captured using the Zeiss Supra 55 VP
microscope with an acceleration voltage of 18 kV.

To prepare the membrane for SEM analysis, a crucial step involved freezing the silica
layer by placing the membrane disc in liquid N2. This step was essential for obtaining high-
quality images, as attempts to analyze the membrane without this freezing step resulted in
images with varying quality. After spending a few minutes in liquid N2, the membrane
was cut into small 1 mm2 pieces using a side cutter. In a further step, the pieces were then
sputtered with gold to ensure electrical conductivity.

Additional analyses by X-ray diffraction, IR, and Raman spectroscopy and thermal
analysis of the products after every step of preparation are extensively described in Part 1
of this study.

2.3. Gas Permeation and Separation Experiments

A custom-made cell designed to hold 39 mm membrane discs was used for single-gas
experiments. The top of the membrane was sealed via a 32 mm Viton O-ring to the cell,
resulting in an effective permeation area (Am) of 804 mm2. The thermal stability of the
Viton limited the use of this setup to temperatures up to 200 ◦C.

The gases used in this study were delivered from gas bottles with reducers, allowing
measurements at pressures up to 6 bar. They were fed into the cell via an inlet on the top
side. The setup also included a retentate outlet (top side) as well as a permeate outlet at the
bottom side of the cell. A Bronkhorst El Press pressure controller valve was installed in the
retentate line. Pressure measurements were performed in the feed (pf) and the permeate
(pp) line.

The mass flow of the permeating stream was quantified by three Bronkhorst EL-
Flow Prestige mass flow meters with different measurement ranges (0–1 g/h, 0–10 g/h,
and 200 g/h) to reduce the measurement error (error: ±0.5% of the measured value;
±0.1% of endpoint value). A membrane pump (KNF LABORPORT N938.50) installed
in the permeate line allowed vacuums as low as 70 mbar. To measure the membrane
performance at different temperatures, the module was placed in an oven. The temperature
was controlled with a thermocouple installed in the proximity of the membrane. Each
measurement was taken in steady-state for above an hour. For each membrane type,
multiple membranes were tested. However, only a representative single membrane was
used for the displayed results to reduce the impact of cracks and voids.

The permeance (Qi) for a gaseous component i is calculated from the measured mem-
brane area, transmembrane pressure difference, and mole flow Ji, according to Equation (1):

Qi =
Ji

Am ·
(

pi, f − pi,p

) =
Pi

dlayer
(1)

The ideal selectivity SCO2/N2 as the ratio of the single-gas permeances is calculated by
Equation (2):

SCO2/N2 =
QCO2

QN2

(2)

A resistance-in-series model was utilized to determine the successive mass transport
resistances in the composite membrane [26]. The resistance of each layer is inversely
proportional to the intrinsic mass transport kinetics of the respective layer, expressed
by its permeability Pi,layer. Sequential measurements of each membrane layer provide
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the permeance (Equation (1)), and using the corresponding membrane thickness (dlayer)
obtained from SEM images, the permeability is calculated according to Equation (3).

Qi,composite =

(
dα−Al2O3

Pi,α−Al2O3

+
dγ−Al2O3

Pi,γ−Al2O3

+
dorg−sil

Pi,org−sil

)−1

(3)

3. Results

3.1. HTlc Membrane

Figure 3 presents SEM images of a pure calcined delaminated hydrotalcite-like mem-
brane, showing the surface (a) and the cross-section (b). Panel a shows that all crystals are
preferentially oriented parallel to the substrate, which is a result of the membrane-coating
process. Figure 3b shows a defect-free calcined HTlc layer with a thickness of 200 nm on
top of a 2.2 μm thick γ-Al2O3 layer.

  
(a) (b) 

Figure 3. SEM secondary electron images of (a) the surface of calcined HTlc membrane (1) and
(b) a cross-section of the composite membrane with 200 nm calcined HTlc on top of the mesoporous
γ-Al2O3 mesolayer (2) and the pervatech macroporous support (3).

For a better comparison and understanding of the influence of the support layers of the
membrane, a consecutive investigation of the membrane layers was conducted. Figure 4
shows the permeance of the substrate and the substrate + γ-Al2O3 layer, respectively.
The supporting layers show Knudsen behavior; the pure support shows slightly higher
permeance than the combination of the support with the γ-Al2O3 layer. This is as expected
since the γ-Al2O3 layer introduces an additional resistance.

The permeance in the HTlc membrane is lower for both components (2.5 × 10−7 mol
m−2 s−1 Pa−1 for CO2 and 3.1 × 10−7 mol m−2 s−1 Pa−1 for N2) than in the supporting
layers, demonstrating a further resistance for the permeating gas molecules. Additionally,
N2 is the primary permeating component, displaying a similar behavior to γ-Al2O3 and the
substrate, albeit at a lower level. This suggests that the pure calcined HTlc layer possesses
a structure with fewer or smaller pores than the other layers. The selectivity for CO2 at
20 ◦C is 0.81, indicating that the diffusion through this layer is primarily governed by
Knudsen diffusion. Based on the selectivity, the size of the pores is in the same range as in
the support. However, the lower flux is a consequence of the orientation of the crystals.
They are arranged parallel to the substrate surface, thereby blocking a portion of the flow,
as there is no direct path for diffusion through the crystal.
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Figure 4. Single-gas permeation through the α-Al2O3 support (squares), the support + γ-Al2O3 (cir-
cle), and the pure hydrotalcite membrane on top of both (diamond) at 25 ◦C and 3.2 bar. Permeances
for both CO2 and N2 are in scientific and technical units.

To our knowledge, no pure hydrotalcite membrane with surface diffusion as the
predominant mass transport mechanism has been reported yet. However, its theoretical
feasibility is convincing. For a material to have surface diffusion that can impact the
overall mass transport its heat of adsorption is crucial. Calcined hydrotalcite exhibits a
heat of adsorption for CO2 in the range of 40–50 kJ mol−1 at temperatures between 573 K
and 623 K [41,42]. This enables surface diffusion according to the correlation presented
by Yang [20]. The resulting surface diffusion coefficient ranges in the range of 10−4 to
10−5 cm2s−1. This is in the same range as the diffusion of CO2 on silica at 300 K [43]. This
shows that calcined HTlcs are a suitable material for enhancing mass transport at elevated
temperatures.

However, the way the crystals are arranged always leads to inter-crystalline pores
in the range where Knudsen diffusion is dominating (see Figure 2b). Therefore, it is not
possible to take advantage of the CO2 affine surface. Several studies have observed the
similar diffusion through pure hydrotalcite layers with permeabilities in the same range
(see Table 1) but always with selectivities in the Knudsen range [26,27]. To shift the mass
transport from diffusion through the pore volume to surface diffusion, the pore volume
must be converted into a microporous structure. Approaches to achieve this include
stacking the hydrotalcite layers up to 300 μm thick packages that show selectivity for CO2
but lead to very low permeances due to the enhanced layer thickness [26]. More promising
is the effort to fill the pore volume with a permeable material to reduce the effective average
diameter of the permeation path that still allows for economically feasible flows. This leads
to mixed-matrix membranes that utilize polymers as the permeable matrix. Tsotsis et al.
tried silicone as a matrix material with success, creating membranes with high selectivities
that were, however, still on a low permeance level and with no application at higher
temperatures [27].

The novel approach in this work focuses on exchanging the polymer with a temperature-
stable inorganic material (see Figure 2c). The challenge lies in creating a microporous
microstructure where an inorganic organo–silica matrix fills up the free space between the
HTlc phase. This tries to transfer the idea of organic matrices with an inorganic filler to a
membrane where the matrix is made of an inorganic material, too.
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Table 1. Calculated single-gas, stand-alone, single-layer permeances; permeabilities; and respective
ideal selectivities at 25 ◦C. Measured layer thickness derived from SEM images are 2.2 mm for
α-Al2O3, 4 μm for γ-Al2O3, and 100 nm for Org-Sil, HymOS1, and HymOS2.

Single Layer
Permeance

(10−7 mol (m2 s Pa)−1)
Permeability

/10−14 mol (m s Pa)−1
Perm-Selectivity

CO2/N2

N2 CO2 N2 CO2
α-Al2O3 4.5 3.6 99,000 79,200 0.8
γ-Al2O3 36.0 61.2 1440 2448 1.7

HTlc 14.7 12.3 29.5 24.6 0.8
Organo–silica 0.1 2.1 0.1 2.1 20.5

HymOS1 0.7 3.8 0.7 3.8 5.2
HymOS2 3.3 19.7 3.3 19.7 6.0

3.2. Pure Organo–Silica Membrane (Org-Sil)

To understand the inorganic matrix material, its permeating properties as a single
layer were investigated. Figure 5 displays SEM images of an organo–silica membrane in a
cross-section with the surface visible in the upper part. Three distinct layers are visible. In
the insert, the organo–silica top layer 4 is shown, with a thickness of about 100 nm and a
defect-free, smooth surface.

 

Figure 5. SEM image of the microporous organo–silica top layer (4) on top of the γ-Al2O3 layer (2)
and the α-Al2O3 support (3). The insert shows the same membrane at a higher magnification for
better visualization of the organo–silica layer thickness.

Single-gas permeation experiments were conducted with CO2 and N2 to determine
the permeation kinetics (see Figure 6). The organo–silica layer deposited on the top
of the γ-Al2O3 layer shows different permeation behavior compared to the other mem-
branes. While both gases traverse micropores, surface diffusion emerges as the pre-
dominant mass transport mechanism. N2 can solely diffuse through the free pore vol-
ume because its adsorptive interactions are neglectable. The permeance decreases to
approximately ~0.1 × 10−7 mol m−2 s−1 Pa−1 at room temperature. CO2, having an addi-
tional diffusion path along the inner pore surface, undergoes a smaller decrease, resulting in
a permeance of around ~1.3 × 10−7 mol m−2 s−1 Pa−1. Consequently, the ideal selectivity
reaches 13.
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Figure 6. Single-gas permeation of CO2 and N2 through an Org-Sil membrane (red) at different
temperatures, in reference to the permeances shown in Figure 2 at 25 ◦C. The transmembrane pressure
was kept constant at 3.2 bar. Permeances for both CO2 and N2 are in scientific and technical units.

As temperature rises during organo–silica measurements, two distinct behaviors
become apparent. Firstly, the permeance for CO2 appears to remain unaffected. As
temperature increases, activated permeation rises, while surface diffusion, which relies
on active adsorption sites, decreases [18]. These two mass transport mechanisms seem to
counterbalance each other for this pore size in the case of CO2, resulting in a relatively
consistent permeance as temperature rises. Secondly, the permeance for N2 increases. With
increasing temperature, more of the required activation energy is provided for the activated
permeation in ultramicropores. Surface diffusion does not participate in the overall N2
transport; thus, no observable decrease, as in the case of CO2, counters the increase. A
comprehensive description of activated permeation can be found in the study conducted
by Lange et al. [19]. Overall, because of the increasing N2 permeance, the selectivity
diminishes to 4.3 at 150 ◦C.

While an efficient separation of N2 and CO2 is achievable at low temperatures, a
decrease in separation efficiency at elevated temperatures is observed. This could be
explained by the fact that whereas the CO2 permeance remains relatively constant at higher
temperatures, the N2 permeance increases. The combination of organo–silica and HTlcs is
expected to overcome the respective limitations in a novel MMM.

3.3. HTlc Modified Organo–Silica Membrane (HymOS)

Figure 7 displays two SEM images of the modified membrane with different HTlc
concentrations: lower concentration (a) and higher concentration (b). The preparation
of mixed membranes proved to be challenging in terms of HTlc/sol ratio. Too little
hydrotalcite in the silica sol would not notably alter the mass transport behavior, while an
excess would enlarge the pores, creating voids and thus enhancing Knudsen diffusion, as
seen in Figure 2c [32,44].
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(a) (b) 

Figure 7. SEM secondary electron images of the HymOS1 membrane (5) on top of the γ-Al2O3

layer (2) (a) with a low hydrotalcite concentration and (b) the HymOS2 membrane with a higher
concentration.

Both SEM images exhibit continuous and defect-free membranes with clearly seen dif-
ferences in the hydrotalcite content. To assess the functionality of the prepared membranes,
single-gas experiments were conducted. Figure 8 illustrates the permeance of HymOS1
and HymOS2. For a better comparison with other membranes. Table 1 lists the calculated
(Equation (3)) single-layer, stand-alone permeabilities for all manufactured membranes in
this work.

Figure 8. Single-gas permeation at 20 ◦C (other temperatures are indicated) through two modified
membranes (HymOS1, orange star; HymOS2, pink square) in relation to the permeances of the
single-component membranes described before. The transmembrane pressure was kept constant at
3.2 bar. Permeances for both CO2 and N2 are in scientific and technical units.

Both membranes exhibit higher permeance values for both components compared
to the pure organo–silica membrane. This outcome aligns with expectations, as the
presence of HTlcs disrupts the silica microstructure, increasing porosity and pore size.
For HyMOS1, with lower hydrotalcite content, the permeance increased from around
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1.4 × 10−7 mol m−2 s−1 Pa−1 to 1.9 × 10−7 mol m−2 s−1 Pa−1 for CO2 and from
0.1 × 10−7 mol m−2 s−1 Pa−1 to 0.6 × 10−7 mol m−2 s−1 Pa−1 for N2. Consequently, the
selectivity dropped from 13 to 3. The second membrane (HymOS2), with higher hydro-
talcite content, demonstrates similarly elevated permeance for both components, albeit
at a higher level. With more hydrotalcite crystals further disrupting the microstruc-
ture, the ratio favoring Knudsen diffusion is intensified, leading to a further reduced
selectivity of 1.6. The results indicate that the expected improvement in mass transfer
along the HTlc surface was not observed. The increased Knudsen diffusion, caused by
the disrupted microstructure, overrides the effect of additional surface diffusion. For
membranes with a Knudsen diffusion microstructure, temperature-dependent mass
transfer experiments were not conducted because Knudsen diffusion does not exhibit
temperature-dependent selectivity.

4. Discussion

Research efforts have yielded various materials that potentially facilitate the selective
separation of N2 from CO2. This study focused on utilizing a hydrotalcite-derived compo-
nent in a way that has not been investigated yet. Numerous studies prepared membranes
by use of some LDH-derived components [45]. Most are designed to facilitate selectivity
by molecular sieving through the interlayer gallery. Some have prepared LDHs with CO2
transport channels that have some sort of carrier mechanic that is highly selective for
CO2 [46]. Former membranes lack the applicability for flue gas cleaning, as the permeances
are low and expected to decrease further if mixed-gas permeances were investigated. The
transport channel membranes, however, show enormous permeances while having high
selectivities. To our knowledge, the transport mechanism is highly pressure-dependent
and reduces at technical operation points.

Therefore, this study attempted to introduce a membrane with a third option of
facilitating high flux and high selectivity at elevated temperatures by utilizing calcined hy-
drotalcite, which has proven its application in high-temperature CO2-adsorbent processes.
Creating selective CO2 diffusion paths by providing high-temperature adsorption sites
within a matrix is a membrane design concept with little research yet.

For the insertion of an active separation agent into a permeable matrix to form a
functioning membrane, an imagined resistance interconnection needs to be considered [47].
As proposed by Zimmermann et al., MMMs with polymeric matrices can be viewed
as parallel resistance of the respective permeating components [48]. This approach is
transferred to inorganic–inorganic hybrid microstructures. Equation (4) shows the effective
permeance Q for CO2 and Equation (5) for N2 through an imagined MMM with the volume
fraction Φ of the calcined HTlc. The permeance through the silica matrix is described
by (Qi,org−sil), exhibiting a decreasing portion of the overall permeance with increasing
volume fraction of the HTlc phase.

QCO2, MMM = (1 − φHTlc)QCO2, org−sil + φHTlc
(
QCO2,HTlc,S + QCO2,HTlc,Kn

)
(4)

QN2, MMM = (1 − φHTlc)QN2, org−sil + φHTlc
(
QN2,HTlc,S + QN2,HTlc,Kn

)
(5)

For the mixture to be a selective membrane, the mass transport of CO2 along the
surface of the HTlc (QCO2,HTlc,S) needs to reach higher values than for N2 (QN2,HTlc,S) at
operating temperatures. Increasing the volume fraction of HTlcs improves the overall
surface for CO2 diffusion. However, at the same time, the filler material causes the creation
of voids that favor Knudsen diffusion (Qi,HTlc,Kn), thus rendering the membrane less
selective. Therefore, the membrane design needs to focus on finding the right amount
of surface diffusion agent incorporated in the matrix to increase the selectivity. Figure 9
displays Equations (4) and (5) schematically to show the proposed design criteria. The
Knudsen diffusion dominates the overall mass transport for high filler contents; therefore,
Figure 9 only depicts low volume fractions and should be interpreted as an excerpt of the
range from 0 to 100%.
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Figure 9. Visualization of the total MMM permeance described in Equation (2) for CO2 (black) and
Equation (3) for N2 (blue) as a function of the added HTlc content (only the part for low volume
fractions is shown here). The total permeance and the permeances for different mass transport
mechanisms that comprise the total permeance are given in dark for CO2 and blue for N2. The
resulting selectivity is shown in red. The prepared membranes HymOS1 and 2 lie within in the
marked area.

For low HTlc content, CO2 surface diffusion increases more quickly than N2 Knudsen
diffusion due to the additional free volume. In small pores, the added surface favors surface
diffusion. This pattern reverses as the pores become larger because the volume of the pores
increases more rapidly than the surface, leading to a preference for Knudsen diffusion with
higher permeances. This results in an overall decrease in selectivity.

The prepared membranes in this work are located on the right side of Figure 9, indi-
cated by the marked area. Both membranes show lower selectivities than the pure matrix
(Φ = 0) and have higher permeances. Further investigations with lower adsorption agent
content or smaller particles that create less voluminous voids can shift the selectivity to its
optimum. Furthermore, for the design of a functioning membrane, the bridging between
matrix and HTlcs needs to be ensured. Part 1 of this study showed evidence of those bridges
forming; however, this process seems to be a challenge deserving optimization. This could
be achieved with further manipulation of the boundary surfaces for faster polymerization
via bridging oxygens between octahedral layers of the HTlc and silica. Combining this
research with the recent efforts in organo–silica membranes can improve the performance
of the matrix 10-fold, as the newest organo–silica membranes show better performance
than the one used here [49]. In addition, the allocation of third-party bridging agents to
help close the voids seems a possible approach [44].

5. Conclusions

This work offers a new design approach to fabricating membranes for high-temperature
gas separation. LDH of hydrotalcite type was synthesized, delaminated, and made into
a 200 nm thick membrane, which provides highly CO2-affinitive adsorption sites after
calcination. As expected, the resulting pore size distribution favors unselective Knudsen
diffusion. The microporous membrane, made of amorphous organo–silica, shows selective
permeation behavior up to 150 ◦C. Combining both materials into a novel mixed-matrix
membrane comprised of two inorganic materials proves to be possible. Although the func-
tionality of the mixed organo–silica–HTlc membrane seems still to be temperature-limited
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for gas separation, these materials provide a large field for optimization. A combination
of unselective Knudsen diffusion and selective surface diffusion explained the observed
permeation behavior of the MMM. Incorporating the crystalline adsorption agent into
the microporous structure is assumed to create voids at the interfaces that favor Knudsen
diffusion. As a main objective for further research, the optimization of both pore size
distribution of the gel matrix as well as the improvement of the connectivity between the
gel bridging sites and octahedral layers will be identified.

This work establishes the foundation for membranes of this kind and fosters research
for finding ways to overcome the bridging problems between both components.
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Abstract: The escalating emissions of CO2 into the atmosphere require the urgent development of
technologies aimed at mitigating environmental impacts. Among these, aqueous amine solutions and
polymeric membranes, such as cellulose acetate and polyimide are commercial technologies requiring
improvement or substitution to enhance the economic and energetic efficiency of CO2 separation
processes. Ionic liquids and poly(ionic liquids) (PILs) are candidates to replace conventional CO2

separation technologies. PILs are a class of materials capable of combining the favorable gas affinity
exhibited by ionic liquids (ILs) with the processability inherent in polymeric materials. In this
context, the synthesis of the IL GLYMIM[Cl] was performed, followed by ion exchange processes to
achieve GLYMIM variants with diverse counter anions (NTf2

−, PF6
−, and BF4). Subsequently, PIL

membranes were fabricated from these tailored ILs and subjected to characterization, employing
techniques such as SEC, FTIR, DSC, TGA, DMA, FEG-SEM, and CO2 sorption analysis using the
pressure decay method. Furthermore, permeability and ideal selectivity assessments of CO2/CH4

mixture were performed to derive the diffusion and solubility coefficients for both CO2 and CH4.
PIL membranes exhibited adequate thermal and mechanical properties. The PIL-BF4 demonstrated
CO2 sorption capacities of 33.5 mg CO2/g at 1 bar and 104.8 mg CO2/g at 10 bar. Furthermore,
the PIL-BF4 membrane exhibited permeability and ideal (CO2/CH4) selectivity values of 41 barrer
and 44, respectively, surpassing those of a commercial cellulose acetate membrane as reported in
the existing literature. This study underscores the potential of PIL-based membranes as promising
candidates for enhanced CO2 capture technologies.

Keywords: CO2 capture; poly(ionic liquids); ionic liquids; polyurethane; permeability

1. Introduction

In the context of contemporary technological progress, a noticeable increase in atmo-
spheric CO2 emissions originating from the utilization of fossil resources has emerged [1,2].
In response, the imperative to develop new technologies or refine existing ones to improve
environmental impacts has become increasingly evident. A particularly promising avenue
of investigation lies in CO2 capture. This technological approach garners attention due to its
applicability to major emission sources and its potential for the recovery and repurposing
of CO2 for other industrial processes [2,3]. Currently, diverse techniques for CO2 capture
exists, among which amine solutions and polymeric membranes stand out as exemplary ma-
terials employed for this purpose [4]. The amine-based capture method, which involves

Membranes 2024, 14, 151. https://doi.org/10.3390/membranes14070151 https://www.mdpi.com/journal/membranes137
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the chemical absorption of CO2, is widely used in emission plants for handling combustion
gases and in natural gas sweetening [5–9]. Despite its cost effectiveness, this approach
presents challenges such as the generation of undesirable by-products, the formation of
corrosive acids leading to the degradation of the internals of the reactor, volatility, and the
high energy costs associated with CO2 recovery, thus diminishing its attractiveness over
time [10]. On the other hand, the utilization of membranes in CO2 separation demonstrates
significant potential due to their adaptability to high CO2 concentrations and their more
compact structural requirements compared to amine solutions [11]. Ionic liquids (ILs)
constitute a class of organic salts composed of a cation and an anion, being an organic
cation and an organic or inorganic anion [4,12–14]. Characterized by a melting temperature
below 100 ◦C, ILs possess several properties expected of effective CO2 capture materials,
including low vapor pressure, non-flammability, thermal stability, low corrosiveness, mini-
mal decomposition rates, lower recovery costs, and environmental compatibility vis-à-vis
organic solvents [4,12,15,16]. ILs have attracted attention in the domain of combustion
gas capture due to their enhanced CO2 affinity relative to gas mixtures containing N2 and
CH4. However, ILs present specific attributes that impede their immediate adoption in
CO2 capture plants, such as high production costs and complexity compared to amine solu-
tions, as well as high viscosity resulting in suboptimal CO2 sorption/desorption rates [4].
Polymerized ionic liquids or poly(ionic liquids) (PILs) represent a distinct class of materials
with broad applicability across various scientific domains [17–21]. Typically composed
of a polymeric structure hosting an ionic liquid unit for each polymer repeat unit, PILs
offer superior CO2 sorption/desorption kinetics, thus conferring a significant advantage
over ILs [12,22–25]. Condensation polymerization stands out as a common method for PIL
synthesis. Researchers, including Bernard 2019, da Luz 2021, and Morozova 2020 [26–28]
have successfully synthesized PILs and assessed their properties. Materials such as PTMG
(polytetramethylene glycol), PCD (polycarbonate diol), and PCL (polycaprolactone) serve
as illustrative examples of polyols used as starting reagents along with diisocyanates for
PIL synthesis [26,27,29]. In the case of polyurethane (PU)-based cationic PILs, the respective
ILs in the form of diols are employed, thus incorporating the IL cation into the polymer
chain as documented in the literature [26,29,30]. This study endeavors to synthesize and
evaluate the CO2/CH4 separation potential of PU-based cationic PIL membranes. The IL
GLYMIM[Cl] was synthesized, followed by ion exchange processes to obtain GLYMIM
with different counter anions (NTf2

−, PF6
− and BF4

−). These ILs were used as diols in
the synthesis of PILs, aiming to tailor polymeric chains with high affinity for CO2, thereby
producing membranes with improved selectivity.

2. Materials and Methods

2.1. Materials

For the synthesis of hydroxyl-functionalized ionic liquids (ILs), N-methylimidazole
(Sigma-Aldrich, Burlington, MA, USA), 3-chloro-1,2-propanediol (Sigma-Aldrich), ethyl
acetate (Neon Química, São Paulo, Brazil), lithium bis(trifluoromethanesulfonyl)imide
(LiNT2F, Sigma-Aldrich, USA), lithium tetrafluoroborate (LiBF4, Sigma-Aldrich, USA), and
sodium hexafluorophosphate (NaPF6, Sigma-Aldrich, USA) were used. To obtain the PILs,
polycarbonate diol (PCD, Mn = 2000 g/mol, Bayer, Berlin, Germany), hexamethylene diiso-
cyanate (HDI, 99%, Merck, Darmstadt, Germany), dibutyltin dilaurate (DBTDL, Miracema
Nuodex, Campinas, Brazil), methyl ethylketone (MEK, 99%, Mallinckrodt, Hazelwood,
MO, USA) and the obtained ILs glyceryl-N-methylimidazolium chloride [GLYMIM][Cl],
and derivatives ([GLYMIM][Cl], [GLYMIM][NT2F], ([GLYMIM][BF4] and ([GLYMIM][PF6])
were used.

2.2. Synthesis of Hydroxyl-Functionalized Ionic Liquids

The synthesis of glyceryl-N-methylimidazolium chloride was conducted as described
in the literature [25,31,32]. The reaction was carried out continuously in a glycerin bath
with constant magnetic stirring at a temperature of 70 ◦C. During the first hour of the
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reaction, 10 mL (0.11 mol) of 3-chloro-1,2-propanediol was slowly added dropwise to a
solution containing 12 mL (0.15 mol) of N-methylimidazole. The reaction conditions were
maintained for 72 h.

Subsequently, the reaction mixture was removed from the heat and washed six times
with ethyl acetate. The resulting material was then placed in a glycerin bath to maintain a
constant temperature of 70 ◦C and dried under vacuum for 24 h.

The product was stored under a nitrogen atmosphere, resulting in a yellow oil [25,31,32].
Ion exchanges were performed in acetonitrile by reacting [GLYMIM]Cl with the respective
salts: LiNT2F to obtain [GLYMIM]NT2F, LiBF4 to form [GLYMIM]BF4, and NaPF6 to form
[GLYMIM]PF6. It should be noted that the reagents used in the ion exchange process
([GLYMIM]Cl, LiBF4, LiNT2F, and NaPF6) are soluble in acetonitrile, while the by-products,
LiCl and NaCl, are not soluble. This allowed for easy separation of the by-products through
simple filtration [25,32–34]. The obtained structures can be observed in Figure 1.

Figure 1. ILs structure.

AgNO3 tests were carried out until no significant amount of white precipitate was
observed, confirming satisfactory removal of the by-product. Vacuum drying was then
performed to remove any excess solvent and moisture.

2.3. Cationic Poly(Ionic Liquids)

Initially, under constant stirring, the polyol PCD (0.04 mol) was melted in a five-neck
reactor, the DBTDL catalyst (0.1% by weight) was added, and 50 mL of methyl ethyl
ketone was added. After reaching the reaction temperature (70 ◦C), the diisocyanate
(0.047 mol) was added to form the prepolymer. Then, dialcohol ([GLYMIM]Cl) (0.11 mol)
and diisocyanate (0.11 mol) were added to form the PIL. The completion of the reaction is
indicated by the disappearance of the free NCO band (around 2270 cm−1) in the infrared
spectrum. The synthesized PILs were labeled as PLIX, where X represents the counteranion
(Cl, NT2F, PF6, or BF4). Figure 2 shows the structural formula of a cationic PIL.
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Figure 2. Structures of the cationic PILs.

2.4. Syntheses of PU

The PU preparation process was the same as the method used for the synthesis of
cationic poly(ionic liquid); however, [GLYMIM]X, was not added, using an NCO/OH
molar ratio of 1.1.

2.5. Preparation of Dense Membranes

Membranes were prepared using the casting or solvent evaporation method with
thickness between 150 and 250 μm. Initially, a 20% w/w solution of PU or PIL was prepared
by dissolving 2 g of PIL in 10 mL of methyl ethylketone by magnetic stirring and heating
(50 ◦C) until the PIL was completely dissolved. The solution was then applied to a flat
surface, such as a glass plate or a Petri dish, followed by solvent evaporation at room
temperature for five days.

2.6. Characterization

Hydroxyl-functionalized ILs and synthesized PILs were characterized by Fourier trans-
form infrared spectroscopy (FTIR, PerkinElmer Spectrum 100 spectrometer, PerkinElmer,
Waltham, MA, USA) in transmission mode in the range of 4000–650 cm−1 to verify their
structures. The synthesized ILs were also characterized by nuclear magnetic resonance
(NMR) using a Bruker Ascend 400 model NMR spectrometer, Bruker, Billerica, MA, USA.

The molar masses of the PIL membranes and their distribution were determined by
gel permeation chromatography (GPC), with chromatograms obtained using the isocratic
HPLC pump-1515 chromatograph (LabMakelaar Benelux, Zevenhuizen, The Netherlands)
coupled with a Waters Instruments 2412 (Waters Corp, Milford, CT, USA) refractive index
detector and THF as eluent.

Scanning electron microscopy with field emission (FEI Inspect F50, FEI Company,
Hillsboro, OR, USA) analyses were performed in secondary electrons (SE) mode to evaluate
the surface of the composite membranes.

Differential scanning calorimetry (DSC, TA Instruments Q20, TA Instruments, New
Castle, DE, USA) was used to determine the glass transition temperature (Tg), melting
temperature (Tm), and crystallization temperature (Tc) of the PILs. Tests were performed
with two heating ramps and one cooling ramp in the range of −90 to 200 ◦C at 10 ◦C/min
under an inert nitrogen atmosphere.

The thermal stability of the PILs was assessed through thermogravimetric analysis
(TGA) using a TA Instruments Q600 model instrument, ranging from room temperature to
600 ◦C with a heating rate of 10 ◦C/min under a nitrogen atmosphere.
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Mechanical analyses were performed in triplicate according to ASTM D822 stan-
dard [35] on a TA Instruments Q800 (TA Instruments, New Castle, DE, USA) apparatus to
determine Young’s moduli and obtain stress–strain curves.

2.7. CO2 Sorption Capacity

The pressure decay technique was used to determine the CO2 sorption capacity. A
detailed description of the sorption apparatus and measurement procedure can be found
in our previous works [26,27]. Samples (1.0 g) were placed in the sorption chamber and
degassed under vacuum (10−3 mbar) for 1 h at room temperature before the test began.
CO2 sorption experiments were carried out at 30 ◦C at different equilibrium pressures
(1 bar and 10 bar).

2.8. CO2 Permeability and Ideal CO2/CH4 Selectivity

The permeation and selectivity for CO2 and CH4 of the PLI membranes were evaluated
in a system consisting of two plates joined in a 4 cm diameter hole (Figure S1), where the
membrane is inserted. Vacuum was applied to the membrane and the system before gas
feed. CO2 or CH4 was fed at a pressure of 4 bar. At the bottom, a pressure transducer
computed the amount of gas passing through the membrane over time (dp/dt). The
permeate gas was assumed to exhibit ideal behavior; therefore, normal temperature and
pressure conditions were used. Permeability was determined from the slope (dp/dt) of the
linear portion of pressure versus time using Equation (1):

P
l
=

dp
dt

(VSystem

A Δp

)(
TCNTP

T PCNTP

)
(1)

where l is the membrane thickness, P is permeability, Δp is the pressure difference across
the membrane, A corresponds to the membrane area, VSystem is the volume of the per-
meation cell, T is the ambient temperature, and TCNTP and PCNTP are, respectively, the
temperature and pressure at normal conditions [36]. The ideal selectivity was calculated
from Equation (2) by dividing the CO2 permeability by the CH4 permeability.

∝CO2/CH4=
PCO2

PCH4

(2)

The solution-diffusion mechanism is widely accepted as the primary transport mecha-
nism for gas permeation through a dense membrane [37,38]. In this mechanism, the gas
solubility coefficient (cm3(STP)/(cm3 cmHg)) is calculated using Equation (3):

S =
P
D

(3)

where P represents permeability and D represents the gas diffusion coefficient (cm2/s).
The gas diffusion coefficient was determined using the time-lag method described by
Equation (4) [37,39]:

D =
l2

6θ
(4)

where D is the diffusion coefficient (cm2/s), l is the membrane thickness (cm), and θ is
the diffusion time lag (s) determined by the linear portion of the curve intercepting the
time axis.

3. Results

3.1. Characterization of the ILs

Figure S2 shows the FTIR spectra of the ILs. The IL [GLYMIM]Cl exhibited the
expected bands confirming the desired product formation. The OH band between 3281 and
3239 cm−1 was visible, as well as bands related to the imidazolium ring near 1670 cm−1
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(C=C), 1604 cm−1 (N-H), and 1371 cm−1 (aromatic C-N) [25,40]. The substitution of the
Cl anion by NT2F resulted in the appearance of bands between 1200 cm−1 and 1400 cm−1,
characteristic for this ion, as well as others near 1060 cm−1 corresponding to S=O bonds,
846 cm−1 corresponding to N-S bonds, 789 cm−1 corresponding to C-S bonds, and 751 cm−1

corresponding to C-F bonds. Substitution of Cl by BF4 and PF6 anions also caused changes
in the spectra, resulting in the appearance of bands at 815 cm−1 for PF6 P-F bonds and at
1050 cm−1 for BF4 B-F bonds [41–43].

For illustrative purposes, the NMR spectra of the chloride-functionalized N-glyceryl-
N-methylimidazole [GLYMIM]Cl (Figure S3) and [GLYMIM]NT2F (Figure S4) ILs, obtained
after the exchange of the chloride anion (Cl−) for NT2F, are shown. The 1H NMR spectrum
(DMSO-d6) of [GLYMIM]Cl (Figure S2) exhibited characteristic peaks: 3.4 ppm (2H, CH2),
3.7 ppm (1H, CH), 3.9 ppm (3H, CH3), 4.4 ppm (2H, CH2), 5.3 ppm (1H, OH), 5.6 ppm
(1H, OH), 7.7 ppm (1H, CH), 7.8 ppm (1H, CH), and 9.2 ppm (1H, CH) [25,32,44]. The 13C
spectrum (DMSO-d6) of [GLYMIM]NT2F (Figure S3) showed characteristic peaks: δ 36.1
(CH3); 52.5 (-N+CH2); 63.1 (CH2OH); 70.07 (CHOH); 123.5 (CH); 123.6 (CH); 137.5 (CH);
and 117.4 (2C, NT2F) [25,32,44].

3.2. Characterization of Cationic Poly(Ionic Liquids)

The molecular weight distributions (PD, polydispersity) and the weighted molec-
ular weights (Mw) of the PILs are presented in Table S1. The Mw values ranged from
43,264 gmol−1 to 70,655 gmol−1, while the polydispersity (PD) ranged from 1.2 to 1.4. In
Figure 3, spectra obtained for the PILs are shown, and Figure 4 shows the enlargements of
the spectra in the regions of 3000–3700 cm−1; 1600–1800 cm−1; and 650–1350 cm−1. FTIR
spectra (Figure 3) showed characteristic bands found for polyurethanes: 2936–2871 cm−1

(CH2 and CH3 stretching), 1536 cm−1 (N–H bending groups), 1246 cm−1 (vibration of C-N
and C-O groups of urethane), 1041 cm−1 (stretching of C–O–C groups of urethane), and
955 cm−1 (stretching of C–O–C groups of polycarbonate diol) [45]. The bands character-
istic of H bonds present in polyurethanes were also evaluated: the region between 3200
and 3500 cm−1 corresponding to the stretching vibration of the N-H group of urethane
(Figure 4A) and the region between 1700 and 1730 cm−1 characteristic of bonded and
non-bonded carbonyl groups, respectively (Figure 4B). Shifts in characteristic bands (N-H
and C=O) evidence possible H bonds. Figure 4A shows the characteristic bands of the
stretching vibration of urethane N-H groups, where the region around 3400 cm−1 corre-
sponds to non-bonded N-H groups and the band in the region of 3300 cm−1 characterizes
the vibration of bonded N-H groups. All PILs showed an increase in intensity in the
regions of bonded and non-bonded N-H groups with the insertion of IL into the polymeric
chain. Also, concerning the structure of polyurethane, Figure 4B contains an enlargement
of this area between 1600 and 1800 cm−1. In this range, it is possible to observe bands
related to non-bonded carbonyl groups near 1730 cm−1 and bonded carbonyl groups near
1700 cm−1 [27]. In Figure 4B, changes in the spectrum were also noticed only when IL
insertion is performed, such as the displacement of the band ~1730 cm−1 to values close
to ~1710 cm−1. The appearance of characteristic bands of bonded carbonyl groups in the
regions of 1700 cm−1 for samples with Cl, PF6 and BF4, and 1650 cm−1 for samples with
NTf2, PF6, and BF4 counterions was observed, indicating the formation of H bonds [26,27].
The absence of the characteristic band for the stretching vibration of the N=C=O group in
the region of 2270 cm−1 confirms the absence of free NCO groups in the polymeric material,
indicating the formation of PU [27,29,46]. Bands related to the counter anions present in
the samples can also be visualized (Figure 3). The PIL-BF4 sample presents a broad band
near 1060 cm−1, indicating the presence of the B-F bond [41–43]. The PIL-PF6 presents a
band near 835 cm−1 related to P-F bonds. For PIL-NTf2, a band near 1346 cm−1 related to
SO2 bond vibrations was observed, as well as bands near 1136 cm−1 and 1189 cm−1 related
to C-F bond vibrations [41–43].
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Figure 3. Infrared spectra of PU and cationic PILs.

Figure 4. Infrared spectra of PU and cationic PILs. (A) 3000–3700 cm−1; (B) 1600–1800 cm−1.

3.2.1. DSC

The DSC curves obtained for the polymeric samples are presented in Figure 5. The
glass transition temperatures (Tg) values of −44.7, −47.9, −43.2, and −42.7 ◦C were found
for the samples PIL-Cl, PIL-NTf2, PIL-PF6, and PIL-BF4, respectively. By comparing the
values obtained for the PILs with the result obtained for pure PU (−42 ◦C), it is possible to
perceive a decreased tendency in the Tg values for all PILs in relation to the non-ionic PU,
which could mean that the addition of ILs in the polymeric chain increases the separation
of the polymer microphases. This separation of microphases facilitates the mobility of the
chains [26,27]. From the analysis of the thermograms, it is possible to identify the existence
of an endothermic peak which can be attributed to the melting of a crystalline microphase
(Tmf). This endothermic peak is characteristic for PU-based polymers that use polyol PCD
with a molecular weight of 2000 g/mol in the polymer chain [26,27]. The results found for
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the PU, PIL-Cl, PIL-NTf2, PIL-PF6, and PIL-BF4 samples were, respectively, 40.1 ◦C, 42.2 ◦C,
46.4 ◦C, 42.8 ◦C, and 43.5 ◦C. Finally, the crystallization temperature (Tc) was obtained for
the PIL-Cl sample (−12.7 ◦C).

Figure 5. DSC curves of the PILs.

3.2.2. TGA

Table 1 and Figure S5 present the results of the degradation temperature obtained
by TGA. PIL samples showed their first degradation temperature between 279 ◦C and
325 ◦C. This initial decomposition temperature corresponds to the rigid segments, where the
degradation of the polyurethane bonds occurs. The second stage occurs around 440–469 ◦C,
which refers to the breakdown of the flexible segments, leading to the degradation of the
polyol along with the imidazole molecules. The incorporation of ILs led to an increase in
the decomposition temperature, which may be related to the hydrogen bonds that may
occur between PU and IL. Thermal decomposition of ILs typically occurs between 200 and
350 ◦C, suggesting that the decomposition of ILs may be occurring in the first stage of PILs
degradation [47–49].

Table 1. Results of degradation temperatures obtained by TGA.

Sample Tonset1 (◦C) Tonset2 (◦C)

PU 276 428

PIL-Cl 279 469

PIL-NTf2 318 462

PIL-PF6 300 440

PIL-BF4 325 445

3.2.3. DMA

Figure 6 shows the stress–strain curves referring to the PILs samples. In terms of
Young’s modulus, the increasing order is PIL-NTf 2 < PIL-Cl < PIL-PF6 < PIL-BF4 < PU. The
Young’s modulus values obtained for the PILs samples were 7 MPa (PIL-NTf2), 16.4 MPa
(PIL-Cl), 29 MPa (PIL-PF6), 47 MPa (PIL-BF4), and 53 MPa (PU). The insertion of an IL into
the polymeric chain can act as a plasticizer, interfering with the flexibility and mobility of
the chains, affecting the Young’s modulus and resulting in its decrease [27,47]. Another
possibility for this material behavior is the increased separation of the polymer microphases,
which can also lead to a decrease in the Young’s modulus and elongation of the curve [50,51].
Except for PIL-NTf2, it can be observed that, besides the decrease in Young’s modulus,
which indicates greater elasticity of the material, the curve becomes more elongated when
comparing the PIL samples with the non-ionic PU sample.
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Figure 6. Stress–strain curves of PU and cationic PILs.

3.3. CO2 Sorption Capacity

The CO2 capture results can be observed in Figure 7. From the values found, it can be
noticed that increasing pressure also increases the amount of captured CO2. This behavior
is typical of samples that undergo CO2 sorption through physical interaction, as is the case
with the PILs obtained in this work. The results obtained for the non-ionic PU sample
were 24.7 mg CO2/g (1 bar) and 83.1 mg CO2/g (10 bar). These CO2 capture results before
the addition of the ionic liquid can be attributed to the interactions between CO2 and the
polar groups composed of nitrogen and oxygen present in the structure of the PU polymer
chain. Additionally, Figure 7 shows that the insertion of the IL leads to a slight increase
in CO2 capture values for all PIL samples. The results obtained for 1 bar were 27.5 mg
CO2/g for PIL-PF6, 26.3 mg CO2/g for PIL-Cl, 27.6 mg CO2/g for PIL-NTf2, and 33.5 mg
CO2/g for PIL-BF4. For the same samples at 10 bar, the results were 93.7 mg CO2/g for
PLI-PC-Cl, 95.4 mg CO2/g for PLI-PC-PF6, 98.1 mg CO2/g for PIL-NTf2, and 104.8 mg
CO2/g for PIL-BF4. The sorption capacity increases in the following order: [Cl]− < [PF6]− <
[NTf2]− < [BF4]− for 1 and 10 bar. As expected, fluorinated anions showed a higher affinity
for CO2. However, in this case, the size of the anion also appears to influence the CO2
sorption capacity. The structures of the NTF2

− and PF6
− anions are larger when compared

to the BF4
− [41,52]. This may block some important CO2 interaction sites in the PIL cation,

reducing the sorption capacity [53]. In the tests conducted, the CO2 sorption capacity of
PIL-BF4 was superior compared to PU-based PILs reported in the literature using the BF4
anion. For example, Morozova 2017 [29] and Morozova 2020 [28] obtained 24.7 mgCO2/g
for the PIL-8.1.BF4 and 24.8 mgCO2/g for PUR2.BF4 at 1 bar and 273 K.
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Figure 7. Sorption results for PU and cationic PILs at 1 and 10 bar with a temperature of 303.15 K.

3.4. Permeability and CO2 Selectivity

Table 2 presents the results of the CO2 permeability and ideal (CO2/CH4) selectivity
obtained for dense membranes of cationic PILs and pristine PU, compared to the results
of cellulose acetate and some PILs found in the literature. The incorporation of ILs into
the polymer chains produced membranes with superior performance when compared
to neat PU, as seen in Table 2. It is observed that PIL-CL and PIL-BF4 samples tested
exhibited higher CO2/CH4 selectivity than cellulose acetate [54,55]. Furthermore, it can be
highlighted that the PIL-BF4 sample showed the best permeability and selectivity results
among all samples presented in Table 2. The PIL-NTf2 sample presents poor mechanical
properties, breaking during the test. Better CO2 permeability is expected for PILs, as the
diffusion and solubility of CO2 molecules are generally high in ionic liquids [56]. The
influence of PIL anions on CO2 affinity is well documented in the literature [53] and
corroborated in our experiments. Permeability and selectivity increased when the Cl−
anion was replaced by BF4

−, indicating that the presence of fluorine in PILs can enhance
CO2 affinity. However, interestingly, the PF6

− anion showed lower permeability and
selectivity compared to the other anions. This behavior may be related to the size of the
anion. The sizes of the anions used in this work follow the general trend Cl− < BF4

− <
PF6

− <NTF2
− [41,52]. Therefore, although BF4

− and PF6
− have similar structures, PF6 has

a larger size. Bulky anion structures can reduce the free volume of the PIL, hindering CO2
penetration towards the cation, which is primarily responsible for sorption [53]. According
to Vollas et al. [41], the presence of smaller anions such as BF4− facilitates polymer packing
through chain interactions, leading to denser structures and consequently lower methane
permeabilities. Therefore, there appears to be an optimal size for fluorinated anions (BF4

−)
to achieve high permeability and selectivity.
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Table 2. Permeability and ideal selectivity results for cationic PILs (25 ◦C and 4 bar), compared with
results for cellulose acetate and PILs from the literature.

Membrane
Perm. CO2

(Barrer)
Perm. CH4

(Barrer)
Sel. Ideal
CO2/CH4

PU 2.0 ± 0.1 0.78 ± 0.02 2.5
PIL-Cl 17 ± 2.2 0.6 ± 0.1 30

PIL-NTf2 - - -
PIL-PF6 9 ± 1.7 0.6 ± 0.2 14
PIL-BF4 41 ± 3.2 0.9 ± 0.3 44
1—CTA (25 ◦C, 5 bar) 18 1.98 9
2—CA (25 ◦C, 3 bar) 15 1.45 10
3—CA (25 ◦C, 1 bar) 4 0.2 17
4—CA (35◦ C, 3 bar) 4.3 0.21 21
5—Styrene-Based Poly(RTILS) (2 atm; RT) 9.2 ± 0.5 0.24 ± 0.01 39
5—Acrylate-Based Poly(RTILS) (2 atm; RT) 7.0 ± 0.4 0.19 ± 0.02 37
6—PIL-TFSI (1 atm; RT) 4.1 ± 0.1 - 41
7—OEG1 (2 atm; 295 K) 16 ± 1 0.48 ± 0.01 33
7—OEG2 (2 atm; 295 K) 22 ± 1 0.74 ± 0.02 29
8—PIL-i-propyl (3 atm; 20 ◦C) 10.4 ± 0.2 0.35 ± 0.01 30
9—Poly[DPyDBzPBI-BuI][Tf2N] (20 atm; 35 ◦C) 36.2 1.25 29

1—Raza, A. et al., 2021 [54]; 2—Mubashir, M. et al., 2018 [55]; 3—Saijan, P. et al., 2020 [57]; 4—Akbarzadeh, E.
et al., 2021 [58]; 5—Bara, J. et al., 2007 [59]; 6—Vollas, A. et al., 2018 [41]; 7—Bara, J. et al., 2008 [60]; 8—Horne, W.
et al., 2015 [61]; 9—Shaligram, S. et al., 2016 [62].

To obtain more information about the gas transport mechanism through the mem-
branes, the diffusion and solubility coefficients for CO2 were determined. These coefficients
can provide a better understanding of the variations in permeability obtained for the
different PILs, as presented in Table 2. Furthermore, these coefficients can offer a better
understanding of the permeability variations of PIL membranes with different counter an-
ions, as presented in Table 3. The values of the diffusion and solubility coefficients showed
that the obtained PIL membranes exhibited higher diffusivity and solubility to CO2 than to
CH4, which contributed to the achieved CO2 permeabilities. Additionally, this behavior
may be related to the high affinity of ILs with the polar groups of CO2. It can be highlighted
that the PIL-BF4 sample showed higher diffusion and solubility coefficients, corroborating
with the sorption capacity results. It is known that CO2 solubility is influenced by various
factors, such as the size of the anions, which can lead to an increase in the free volume of
PIL, thus enhancing gas solubility since there is more space available for sorption [63].

Table 3. Diffusion and solubility coefficients for PIL membranes at 4 bar and 25 ◦C.

Membrane
D (10−8 cm²/s) S (10−2 cm³(STP)/(cm³ cmHg)) DCO2/CH4 SCO2/CH4

CO2 CH4 CO2 CH4

PIL-Cl 21.60 2.32 0.78 0.26 9.32 3.04
PIL-NTf2 - - - - - -
PIL-PF6 22.04 1.61 0.41 0.37 13.68 1.10
PIL-BF4 32.67 1.79 1.26 0.50 18.22 2.52

CA (35 ◦C, 3 bar) [57] 2.05 0.55 2.11 0.38 3.72 5.55

3.5. Comparison with Robeson Upper Bound

The separation performance of dense cationic PIL membranes in this study was
compared with Robeson’s curves for CO2/CH4 [64,65], as shown in Figure 8. It can be
observed that the membranes achieved performance below the Robeson limit; however,
the PIL-BF4 sample is better positioned when compared to samples with Cl− and PF6

−
anions, being very close to the upper limit of 1991. A likely explanation lies in the relatively
low CO2 permeability of the PILs with Cl− and PF6

− anions, although they show superior
results compared to commercial polymer cellulose acetate. The highlight of the PIL-BF4
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sample is the ideal selectivity for CO2/CH4, which is higher than in other studies reported
in the literature [66].

Figure 8. Performance of cationic PIL membranes at the Robeson upper bound for CO2/CH4

separation.

In this context, the obtained permeability and ideal selectivity results demonstrate
that the synthesized PIL membranes are extremely promising for CO2/CH4 separation,
especially because there is an intention to explore structural modification of the polymer
chain to enhance the permeability and selectivity of these membranes [41]. It can be
observed that the samples of cationic PILs prepared with different counter anions exhibited
good permeability and high selectivity for CO2. From the SEM images shown in Figure 9, it
can be seen that the PIL membranes produced for the permeability tests exhibited a surface
without pores and defects.

Figure 9. Surface and cross-sectional micrographs (cryogenic fracture) of PIL membranes, magnifica-
tion, 3000×.
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4. Conclusions

In this study, we successfully developed PIL membranes that exhibited adequate
thermal and mechanical properties, high CO2 permeability, and ideal CO2/CH4 selectivity.
The IL GLYMIM [Cl] was synthesized and thoroughly characterized, and different counter
anions’ chemical structures (NTf2, PF6, and BF4) were evaluated to identify the optimal
combination for physicochemical properties, sorption, and permeability. FTIR analysis
confirmed the presence of the characteristic bands for both ILs and PILs. The incorporation
of IL into the polymer chain resulted in a decrease in the Tg values, indicating improved
membrane flexibility. Among the samples tested, PIL-BF4 demonstrated the best perfor-
mance in terms of sorption, permeability, and ideal CO2/CH4 selectivity. This suggests
that appropriately sized fluorinated anions significantly enhance CO2 permeability and
ideal CO2/CH4 selectivity, outperforming the commercial cellulose acetate membrane.
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Nomenclature

PILs poly(ionic liquids) or polymerized ionic liquids
ILs ionic liquids
GLYMIM glyceryl-N-methylimidazolium
Cl− chloride anion
NTf2

− bis(trifluoromethanesulfonyl)imide anion
PF6

− hexafluorophosphate
BF4

− tetrafluoroborate
PU polyurethane
PTMG polytetramethylene glycol
PCD polycarbonate diol
PCL polycaprolactone
HDI hexamethylene diisocyanate
DBTDL dibutyltin dilaurate
MEK methyl ethylketone
PD polydispersity
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Mw molecular weights
Tg glass transition temperatures
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Abstract: Membrane technology is considered an innovative and promising approach due to its
flexibility and low energy consumption. In this work, a comprehensive 3D-CFD model of the Hollow-
Fiber Membrane Contactor (HFMC) system for CO2 capture into aqueous MEA solution, considering
a counter-current fluid flow, was developed and validated with experimental data. Two different flow
arrangements were considered for the gas mixture and liquid solution inside the HFMC module. The
simulation results showed that the CO2 absorption efficiency was considerably higher when the gas
mixture was channeled through the membranes and the liquid phase flowed externally between the
membranes, across a wide range of gas and liquid flow rates. Sensitivity studies were performed in
order to determine the optimal CO2 capture process parameters under different operating conditions
(flow rates/flow velocities and concentrations) and HFMC geometrical characteristics (e.g., porosity,
diameter, and thickness of membranes). It was found that increasing the membrane radius, while
maintaining a constant thickness, positively influenced the efficiency of CO2 absorption due to the
higher mass transfer area and residence time. Conversely, higher membrane thickness resulted in
higher mass transfer resistance. The optimal membrane thickness was also investigated for various
inner fiber diameters, resulting in a thickness of 0.2 mm as optimal for a fiber inner radius of 0.225 mm.
Additionally, a significant improvement in CO2 capture efficiency was observed when increasing
membrane porosity to values below 0.2, at which point the increase dampened considerably. The best
HFMC configuration involved a combination of low porosity, moderate thickness, and large fiber
inner diameter, with gas flow occurring within the fiber membranes.

Keywords: CO2 capture process; HFMC; absorption; 3D-CFD modeling

1. Introduction

Global warming has become a major issue in recent years due to the steady rise in
greenhouse gas emissions. Carbon dioxide (CO2) accounts for about 76% of total green-
house gas emissions [1]. The rapid rate of growth of atmospheric CO2 concentrations,
from 280 ppm in 1850 to 418 ppm in 2022 [2], has driven a substantial increase in research
concerning mitigation of CO2 emissions. Carbon capture, utilization, and storage (CCUS)
is a technology used to reduce CO2 emissions and diminish the global warming phe-
nomenon [3,4]. Among CCUS technologies, post-combustion technologies are the most
convenient to implement on an industrial scale. The CO2 separation process takes place
after the combustion of fossil fuels in power plants or after the generation of products for
other industrial processes (i.e., steel and iron production). As such, a complete overhaul of
the existing industrial plant is not necessary and only the installation of an additional unit
for CO2 capture is required. There are various techniques applied in CO2 capture, such as
absorption, adsorption, and membrane-based and cryogenic separation [5–7]. Considering
the advantages and disadvantages of these CO2 capture methods, the post-combustion
gas–liquid absorption process demonstrates enhanced viability due to its high absorption
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capacity and low energy consumption [8,9], as well its ability to be integrated into existing
power plants by introducing the CO2 capture stage.

In the gas–liquid absorption process, the absorption solution represents a crucial
component as the nature of the absorbent dictates the speed of absorption and also plays
an important role in the dimensions of the absorber, with a faster reaction leading to a
reduction in unit size. The most commonly used chemical solvents in the absorption of CO2
are monoethanolamine (MEA), diethanolamine (DEA), methyldiethanolamine (MDEA),
ammonia, and sodium hydroxide [2]. Among all alkanolamines, MEA is the most widely
used in industrial processes, primarily due to its very fast reaction with CO2 and high
CO2 absorption capacity. These properties enable the minimization of the absorption
column dimensions and reduction of the liquid flow rate, inherently lowering the energy
consumption associated with transportation, heating, and cooling. In addition, MEA has a
low price and high water solubility. The disadvantages of MEA include high viscosity at
high concentrations, high corrosion, and high regeneration energy [2,10].

Compared to conventional packed-bed columns, the use of hollow-fiber membrane
contactors (HFMC) for CO2 capture provides a considerable number of advantages, such as:
(i) a significantly larger mass transfer area per unit volume, resulting in a smaller absorber;
(ii) membrane systems are highly modular, so scale-up is simpler; (iii) the mass transfer
area is constant and independent of hydrodynamic conditions; (iv) membrane systems
are easier to replace or repair; (v) more environmental friendly; (vi) due to the physical
separation between the two phases, the operating problems related to foaming, flooding,
channeling, entrainment, and formation of emulsions are avoided; (vii) reduced loss of
solvent; (viii) lower operating and investment costs; (ix) fluid flow rates are not limited
to each other [10–14]. Given these advantages, the use of HFMC shows great potential
for intensification of the gas–liquid absorption CO2 capture process. However, there are
also drawbacks to using HFMC for carbon capture, such as: (i) membranes introduce an
additional mass transfer resistance for CO2; (ii) transfer resistance increases significantly
over time due to membrane watering; (iii) due to the short lifetime, the membranes need to
be replaced periodically [2,10–12].

A schematic representation of the HFMC is presented in Figure 1, along with a rep-
resentation of the CO2 transfer from the gas phase into the liquid phase through the
membrane pores.

Figure 1. Schematic representation of the HFMC for CO2 absorption.

The HFMC module consists of a large number of hollow cylindrical membranes inside
the shell compartment. There are three distinct regions in the HFMC: the space inside the
membranes—the tube side, the hollow-fiber porous membranes, and the space between the
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membranes—the shell compartment. As the gas mixture flows inside the membrane tubes
and the liquid absorbent solution flows between them in a counter-current arrangement,
the membranes physically separate the two phases. The CO2 diffuses from the gas phase
through the membrane pores and is absorbed into the liquid solution, where it reacts with
the MEA to form a stable compound. The resulting product will then be transported to the
desorption column in order to obtain a high purity stream of CO2 and regenerate the MEA
solution (which is subsequently recycled to the absorption stage).

Several models for the capture of CO2 using HFMC are presented in the literature,
divided into one-dimensional (1D), two-dimensional (2D), and three-dimensional (3D)
spatial models, based on the process-simplifying assumptions that have been made [15].
For the 1D models, the angular and axial variations of the process parameters are not
accounted for, and only the variation over one dimension is considered. For these models,
the radial direction is the one of interest, considering a series resistance for CO2 mass
transfer (i.e., resistance of gas, porous membrane, and liquid solution). Based on the
two-film theory, the CO2 will diffuse through the gas film, through the membrane pores
and into the liquid solution. The mass transfer for each diffusion step can be represented
with partial mass transfer coefficients, which can then be used to determine a global
mass transfer coefficient [16]. In addition, the chemical reaction can also be integrated
by using the enhancement factor brought by the reaction [17]. The 1D models available
in the literature also consider different solvents for the absorption process and whether
the membranes are wetted or not [18–23]. The 2D models suppose a single fiber inside
the HFMC, considering the variation of parameters over the axial and radial directions
occurring within the diffusive and convective transport mechanisms. The CFD modeling
consists of a 2D axisymmetric spatial component, thus allowing the representation of a 3D
geometry for one hollow-fiber membrane by revolving the 2D results around the axis of
symmetry [24–32]. The 2D models provide a better understanding of the CO2 absorption
process using HFMC compared to the 1D models. However, the 2D models are limited
to obtaining results for only a single fiber. The development of a 3D model is necessary
to achieve higher accuracy and consider phenomena that are not captured in the 1D and
2D models, such as: non-uniform distribution of the fluids, non-uniform properties of
the fluids and membranes, interaction between the fibers, etc. The main limitation of 2D
models, compared to the 3D model developed in this work, is that they are axisymmetric
and use the Happel’s approximation model to determine the effective radius of the shell
around one membrane. Additionally, the 3D model also considers the fluid distribution
around the shell wall, an effect that is also overlooked in the available 2D models. A
drawback to the increased complexity enabled by the 3D models is the requirement to use
more computational resources in order to solve the governing equations. There is a limited
number of 3D models currently available in the literature [33–35], indicating substantial
potential for the development of 3D models for membrane-based CO2 capture [15].

In this work, a comprehensive computational fluid dynamics (CFD) 3D model of the
HFMC system for CO2 capture considering an aqueous MEA solution and counter-current
fluid flow is developed and validated with experimental data. The novelty of this work
lies in the modeling and simulation of the full 3D HFMC geometry for CO2 capture. The
effect of different operating conditions (flow rates/flow velocities and concentrations) and
HFMC geometrical characteristics (porosity, number, inner diameter, thickness, and length
of fiber membranes) on CO2 capture process parameters is investigated. In addition, the
impact of how the fluids flow inside the fiber membrane module is evaluated.

2. Mathematical Model Approach

The CFD model for CO2 absorption was developed using COMSOL Multiphysics,
implementing the HFMC geometry represented in Figure 2. In Figure 2a, the entire HFMC
geometry is represented, containing 510 membranes arranged symmetrically under a
hexagonal distribution inside the shell. In order to reduce the simulation time and the com-
putational resources needed, the complete HFMC module is sliced into four symmetrical
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parts (Figure 2b), resulting in only a quarter of the HFMC module being simulated. A 2D
horizontal section of the simulated geometry is represented in Figure 2c, where the hexag-
onal symmetrical distribution can be better observed, as well as the distinct sections of
the geometry (i.e., tubes—inside the membranes, membranes, and the shell compartment).
A section through one of the membranes is represented in Figure 2d. The gas mixture
flows inside the membranes (i.e., tubes) and the liquid MEA solution flows between the
membranes (i.e., shell) in a counter-current arrangement.

Figure 2. (a) 3D HFMC geometry representation, (b) quarter of the HFMC 3D representation, (c) 2D
horizontal section representation of the distribution of membranes in the shell of the HFMC, (d) 2D
vertical section representation of a membrane.

The mesh used to spatially discretize the HFMC in the CFD model is represented in
Figure 3.

Figure 3. Mesh of the HFMC and quality of the mesh.

156



Membranes 2024, 14, 86

The geometry was sliced in 100 equal pieces. The mesh for each slice (presented in
the right corner of Figure 3) consists of a triangular mesh, with an increase in element
density in the regions of interest: inside and around the membranes, as this is where CO2
from the gas phase diffuses through the membrane, is absorbed in the liquid, and reacts
with the MEA. In addition, the mesh quality is presented in terms of element skewness,
with green representing the highest quality. The mesh was sufficiently refined until mesh
convergence was reached and the model predicted mesh-independent results. The number
of mesh elements for a single fiber membrane was 130,800 (the elements for all membranes
in the implemented geometry was 16,731,100), 166,000 for discretization of a tube (all tubes
required 20,979,300 elements), and 34,107,600 for the shell, with a total average quality of
about 0.85.

The HFMC characteristics are presented in Table 1, along with the process operating
conditions, which are represented in Table 2.

Table 1. HFMC Polypropylene (PP) module characteristics [31].

Parameters Value Unit

Membrane inner radius (r1) 0.175 mm
Membrane outer radius (r2) 0.2 mm
Number of membranes (n) 510 -
Module inner radius (rmod) 1.75 cm

Membrane length (L) 27 cm
Membrane porosity (εmem) 0.17 -

Membrane tortuosity (τmem) 19.7 -
Average pores radius (rp) 0.05 μm

Table 2. Process operating conditions [31].

Parameters Value Unit

Gas flow rate (QG) 1–3 L/min
Liquid flow rate (QL) 10–30 L/h

CO2 gas concentration (CCO2 ) 10 vol%
MEA liquid concentration (CMEA) 5 wt%

Temperature (T) 298 K
Pressure (P) 1 bar

In order to develop the CFD model for CO2 absorption using HFMC, the following
assumptions have been made:

• Isothermal conditions for the fluids;
• The membranes are operating in non-wet condition;
• The CO2 solubility in aqueous MEA solution is calculated with Henry’s law;
• Fully developed laminar flow for both fluid phases (i.e., gas and liquid).

The 3D CFD model of the HFMC was implemented in COMSOL Multiphysics 6.1,
using a 64-bit operating system, with two Intel(R) Xeon(R) Platinum 8168 CPU @ 2.70 GHz
and 512 GB of RAM.

2.1. Continuity Equation

The equations are solved in dynamic conditions, therefore the continuity equations
(i.e., conservation of mass) for both phases are:

∂

∂t
(ρi) +∇ · (ρiui) = 0 (1)
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2.2. Navier–Stokes Equations—Tubes and Shell

The flow regimes for the gas mixture inside the tubes and the liquid solution inside
the shell are determined by calculating the Reynolds numbers with values of 18.4 and
44, respectively, indicating laminar flow types for both phases. In order to solve the
laminar flows inside the membranes and surrounding them, the model used the continuity
equations (Equation (1)) and the Navier–Stokes equations (i.e., conservation of momentum)
(Equation (2)):

ρi
∂ui
∂t

+ ρi(ui · ∇)ui = ∇ · (−pi I + τi) (2)

where τi is the viscous stress tensor, calculated using (Equation (3)):

τi = μi

(
∇ui + (∇ui)

T
)
− 2

3
μi(∇ · ui)I (3)

2.3. Species Transport—Tubes

In the gas phase, there is no chemical reaction, therefore the mass transfer of species
inside the membranes is described only by convection and diffusion, considering an
isotropic diffusion (Equation (4)):

∂cj

∂t
+∇ · (−Dj,G∇cj

)
+ u · ∇cj = 0 (4)

Equation (5), known as the Graetz–Lévêque solution [10], is used to predict the partial
mass transfer coefficient of CO2 inside the membranes (i.e., tube side):

Shtube =
kCO2,gd1

DCO2,g
= 1.62

(
d1

L
Re

)0.33
(5)

2.4. Species Transport—Membranes

The mass transfer in the hydrophobic microporous membranes is represented by
the convection and diffusion of gas components through the membrane pores, which
are considered to be filled only with gas as the membrane functions in a non-wet state
(Equation (6)):

εmem
∂cj

∂t
+∇ · (−Dj,mem∇cj

)
+ u · ∇cj = 0 (6)

The effective diffusion coefficient of component j through the membrane pores Dj,mem
is calculated considering the membrane porosity εmem and tortuosity τmem (Equation (7)),
assuming an isotropic diffusion:

Dj,mem =
εmem

τmem
Dj,G (7)

The partial mass transfer coefficient of CO2 through the membrane is determined
using Equation (8) [26]:

kCO2,mem =
DCO2,mem

δmem
(8)

2.5. Species Transport—Shell

Inside the shell compartment, the CO2 absorbed from the gas phase into the liquid
solution reacts with MEA. Therefore, the equation that describes mass transfer inside the
shell (Equation (9)) also contains the chemical reaction rate Rj, together with terms for
diffusion and convection:

∂cj

∂t
+∇ · (−Dj,L∇cj

)
+ u · ∇cj = Rj (9)
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According to Yang and Cussler in their work on gas absorption and stripping, the
partial mass transfer coefficient of CO2 inside the shell side, where fluid flow is parallel to
the fibers, can be calculated with Equation (10) (0.5 < Re < 500) [36]:

Shshell =
kCO2,ldh

DCO2,l
= 1.25

(
Re

dh
L

)0.93
Sc0.33 (10)

According to the double-film theory, the overall resistance of mass transfer is the sum
of the resistances of all layers through which the CO2 diffuses. The resistance of each layer
can be measured by calculating the inverse of the partial mass transfer coefficient of CO2,
indicating the difficulty for the CO2 molecules to diffuse through that particular layer (fluid
or material). Therefore, the overall mass transfer coefficient of CO2 based on the liquid
phase can be calculated using the sum of the three mass transfer resistances inside of the
HFMC: liquid (1/kCO2,l), membrane (1/kCO2,m), and gas (1/kCO2,g), while also accounting
for the dimensions of the system and the CO2 solubility in the absorbent solution, as shown
in Equation (11) [37]:

1
KLd2

=
1

kCO2,ld2
+

1
kCO2,mHCO2 dlm

+
1

kCO2,gHCO2 d1
(11)

The CO2 mass transfer flux from the gas phase to the liquid phase is calculated based
on the overall mass transfer coefficient of CO2, the concentration gradient at the gas–
liquid interface, and the absorption enhancement factor E given by the chemical reaction
(Equation (12)) [23]:

JCO2 = E · KL ·
(

Cg
CO2

HCO2

− CL
CO2

)
(12)

The reaction of CO2 and MEA, which takes place within the liquid phase located in the
shell compartment of the HFMC, is described by the following reaction rate expression [26]:

RCO2−MEA =
10(10.99−2152/TL)

1000
CL

CO2
CL

MEA (13)

The efficiency of the absorption process of CO2 using HFMC in an MEA solution is
calculated using Equation (14), considering the variation in CO2 concentration in the flue
gas and the clean gas:

CO2 capture rate =

(
1 − CCO2,outlet

CCO2,inlet

)
·100 (14)

3. Results and Discussion

The CFD model for the CO2 absorption process in an MEA solution using HFMC was
implemented with the membrane module characteristics presented in Table 1 at different
operating conditions (Table 2).

3.1. Model Validation

The CFD model of the HFMC for CO2 absorption was validated with experimental data
published in the literature [31]. The validation was performed by comparing the experimental
data with the simulation results in terms of CO2 capture rate (Equation (14)), at various liquid
flow rates (Figure 4), gas flow rates (Figure 5), and CO2 gas inflow concentrations (Figure 6).
Overall, the simulation results showed excellent agreement with the experimental data, with
R2 > 0.922, demonstrating that the developed CFD model represented the process of CO2
absorption in an MEA solution using HFMC with high accuracy.
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Figure 4. CO2 capture rate profile at different liquid flow rates, at a constant gas flow rate of 2 L/min.

Figure 5. CO2 capture rate profile at different gas flow rates, at a constant liquid flow rate of 25 L/h.

Figure 6. CO2 capture rate profile at different inflow CO2 concentration in gas phase, at constant gas
(2 L/min) and liquid flow rates (25 L/h).
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By increasing the liquid flow rate and maintaining a constant gas flow rate, the
absorption efficiency of CO2 showed an increase (Figure 4) due to the rise in the amount of
MEA that flowed inside the HFMC and reacted with the absorbed CO2. Comparing the
experimental data with the simulation results, a very good correlation was observed, with
an R2 = 0.963. The CO2 removal efficiency was increased from about 66.5% to nearly 79%
for values of the liquid flow rate ranging from 10 L/h to 30 L/h, respectively.

While maintaining the liquid flow rate constant at 25 L/h, the increase in the gas
flow rate determined a decrease in CO2 capture rate (Figure 5) due to the reduction in the
CO2 residence time inside the HFMC. The experimental data and the simulation results
exhibited a very good correlation, with an R2 value of nearly 0.99. By increasing the gas
flow rate from 1 L/min to 2.75 L/min, the CO2 absorption efficiency decreased from 94.5%
to nearly 65%, respectively.

The increase in the concentration of CO2 in the inflow gas led to a decrease in the
absorption efficiency of CO2 (Figure 6), while maintaining constant gas and liquid flow
rates, due to the increase in the amount of CO2 in the gas phase. The simulation results
were in good agreement with the experimental data, with an R2 = 0.922. Changing the CO2
concentration in the inflow gas from 0.1 to 0.16 vol. fraction, the CO2 removal efficiency
was decreased from nearly 76% to 61.5%, respectively.

3.2. Velocity Profiles

The gas velocity inside the membranes, within the tubes, is represented in Figure 7a.
The velocity profile predicted by the model showed a typical laminar shape for fluid flow
inside a tube.

Figure 7. (a) Gas mixture velocity profile inside the tubes, (b) average gas velocity profile along the
HFMC length. Gas flow rate of 2 L/min.

The maximum velocity was observed in the center of the tubes, at around 1.37 m/s
(Re = 14), while a decreasing velocity was seen closer to the inside membrane wall, with
values of zero at the contact with the membrane, due to the friction with the membrane
wall and the no-slip boundary conditions assumed at the wall. The average gas velocity
profile along the HFMC module is presented in Figure 7b. A reduction in the gas velocity
from around 0.68 m/s at the inlet to 0.542 m/s at the outlet of the HFMC module.

The solution for the liquid phase velocity profile surrounding the membrane tubes
is represented in Figure 8, with the maximum velocity of the liquid seen between the
membranes, at around 0.0132 m/s (Re = 37). The liquid velocity was decreasing closer to
the membranes and module walls, with a velocity near zero where the friction between the
fluid and the walls was highest at the edges.
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Figure 8. Liquid velocity profile in the shell compartment, QL = 25 L/h.

3.3. Concentration Profiles

The CO2 concentration in the gas phase inside the membranes (tubes) decreased
over the length of the membranes, from about 4.06 mol/m3 at the tube inlet to nearly
0.62 mol/m3 at the outlet, resulting in a CO2 absorption efficiency of about 84.7% due
to the absorption in the liquid phase (Figure 9). The concentration was maximum in the
middle of the tubes and was decreasing in the radial direction of the tubes and along the
membrane thickness due to diffusion.

Figure 9. CO2 gas concentration in the tubes. CMEA,0 = 818 mol/m3 (5 wt%), CCO2,0 = 4.06 mol/m3

(10 vol%), Qg = 2 L/min, QL = 25 L/h.

For the absorbent solution, which flows between the membranes in the shell, the MEA
concentration was also decreasing along the membrane length and around the membranes
due to the reaction with the absorbed CO2 (Figure 10). The MEA concentration decreased
along the length of the membranes from 818 mol/m3 at the inlet to about 720 mol/m3

at the exit of the HFMC. The concentration decreased around the membranes and was
lower closer to the membrane walls due to the reaction with the absorbed CO2 from the
gas phase, while a higher concentration was seen further in the liquid phase, far from
the membranes. The absorbed CO2 reacted first with the MEA close to the membrane
walls, then the CO2 diffused inside the liquid phase further into the liquid solution, which
resulted in the concentration gradient around the membranes.
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Figure 10. MEA liquid concentration in the shell compartment. CMEA,0 = 818 mol/m3 (5 wt%),
CCO2,0 = 4.06 mol/m3 (10 vol%), Qg = 2 L/min, QL = 25 L/h.

3.4. Tubes vs. Shell

Two different ways for the flow of the gas mixture and liquid solution were considered
inside the HFMC module.

In the first case, the gas mixture flowed inside the membranes and the liquid MEA
solution between them (Figure 11a), while in the second case, the liquid flow was considered
inside the membrane and the gas between them (Figure 11b). In both cases, counter-current
flow was assumed, with constant flow rates and compositions.

Figure 11. (a) Gas mixture inside the membranes (Tubes) and Liquid solution between membranes
(Shell), (b) Gas mixture between membranes (Shell) and Liquid solution inside the membranes (Tubes).

Regardless of flow configuration (Figure 11), increasing the gas flow rate showed
a decrease in the absorption rate of CO2 (Figure 12) due to the decrease in the overall
residence time for the gas phase. When the gas mixture flowed inside the membranes and
the liquid aqueous MEA solution between them (Figure 11a), the absorption efficiency
decreased from about 94.5% at a gas flow rate of 1 L/min to 62.8% at a gas flow rate of
3 L/min. In the other case, when the gas mixture passed between the membranes and the
liquid absorption solution ran inside them (Figure 11b), the CO2 capture rate decreased
from 81% at a gas flow rate of 1 L/min to 43.3% at a gas flow rate of 3 L/min. Over
the entire range of gas flow variation, the absorption efficiency was considerably higher
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for the case when the gas mixture flow inside the membranes and the liquid solution
between them (Figure 11a). At a gas flow rate of 1 L/min, the difference in absorption
efficiency between the two configurations was 13.5%, while at a gas flow rate of 3 L/min,
the difference increased to 19.5%.

Figure 12. CO2 capture rate at different gas flow rates. CMEA,0 = 818 mol/m3 (5 wt%),
CCO2,0 = 4.06 mol/m3 (10 vol%), QL = 25 L/h.

The effect of the liquid flow rate considering the two different flow configurations
inside the HFMC is represented in Figure 13. The increase in the liquid flow rate resulted
in an increase in the CO2 capture rate. When the gas mixture flowed inside the membranes
and the liquid aqueous MEA solution between them, the absorption efficiency increased
from about 66.5% at a liquid flow rate of 10 L/h to nearly 78.5% at a liquid flow rate of
30 L/h. In the other case, when the gas mixture passed between the membranes and the
liquid absorption solution inside them, the CO2 capture rate increased from 46.5% at a
liquid flow rate of 10 L/h to 58.8% at a liquid flow rate of 30 L/h. Along the entire range
of investigated liquid flow rates, the absorption efficiency was considerably higher in the
case when the gas mixture ran inside the membranes and the liquid solution between them,
with a near constant difference between the two cases of around 12.2%.

Figure 13. CO2 capture rate at different liquid flow rates. CMEA,0 = 818 mol/m3 (5 wt%),
CCO2,0 = 4.06 mol/m3 (10 vol%), Qg = 2 L/min.

3.5. Membrane Dimensions

An important factor in the absorption process of CO2 using HFMC is the dimensions
of the membranes, as the mass transfer area between gas and liquid is primarily dictated
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by the radius of the membrane and the mass transfer resistance through the pores is
determined by the thickness of the membrane.

3.5.1. Constant Membrane Thickness

The CO2 mass transfer resistance through the membrane pores was kept consistent by
maintaining a constant membrane thickness. By increasing the membrane radius, the mass
transfer area between the gas mixture and liquid solution increased and the gas velocity
decreased, resulting in a higher residence time for the gas phase and an increase in the
CO2 removal efficiency (Figure 14), from around 58.5% for the membrane inner radius of
0.1 mm to nearly 99.5% for a membrane radius of 0.5 mm.

Figure 14. CO2 removal efficiency and liquid MEA shell exit concentration profiles at different
membrane inner radii and a constant membranes thickness of 0.025 mm. CMEA,0 = 818 mol/m3

(5 wt%), CCO2,0 = 4.06 mol/m3 (10 vol%), Qg = 2 L/min, QL = 25 L/h.

The liquid MEA concentration decreased from about 720 mol/m3 for a membrane
inner radius of 0.1 mm to 615 mol/m3 for a membrane inner radius of 0.5 mm.

The MEA concentration decreased along the membrane length and around them due
to the reaction with the absorbed CO2. The liquid MEA concentration 3D profiles in the
liquid phase surrounding the membranes, for different membrane inner radius values but
constant thickness, are represented in Figure 15. The increase in the membrane radius led
to an increase in the liquid velocity inside the shell compartment of the HFMC.

Figure 15. Liquid MEA concentration profiles in the shell compartment, constant membrane thickness
0.025 mm and variable inner radius: (a) 0.1 mm, (b) 0.3 mm, (c) 0.5 mm. CMEA,0 = 818 mol/m3

(5 wt%), CCO2,0 = 4.06 mol/m3 (10 vol%), Qg = 2 L/min, QL = 25 L/h.

165



Membranes 2024, 14, 86

3.5.2. Variable Membrane Thickness—r2 Constant

By increasing the membrane thickness, the inner radius decreased, meaning that the
velocity for the fluid that ran in the tubes (i.e., the gas mixture) increased, leading to a
decrease in the overall residence time of CO2 inside the HFMC. In addition, increasing
the membrane thickness determined a rise in the mass transfer resistance of CO2 through
membranes pores. Accounting for both effects, when keeping the membrane outer radius
constant, the increase in the membrane thickness led to a decrease in the absorption efficiency
of CO2 (Figure 16). For the outer membrane radius of 0.3 mm, the CO2 removal efficiency
was reduced from about 91% at a membrane thickness of 0.025 mm to nearly 76.5% when
the membrane thickness was increased to 0.2 mm. By increasing the outer radius of the
membranes from 0.3 mm to 0.4 mm, at a constant membrane thickness of 0.1 mm, the
absorption efficiency of CO2 increased from 86% to about 94.2%, respectively. The change
was primarily due to the increase in the mass transfer area between the gas and liquid, but
also because of a reduction in gas velocity, thus increasing the residence time of the gas.

Figure 16. CO2 removal efficiency at different membrane thicknesses, outside membrane radius
constant, variable inner radius. CMEA,0 = 818 mol/m3 (5 wt%), CCO2,0 = 4.06 mol/m3 (10 vol%),
Qg = 2 L/min, QL = 25 L/h.

The CO2 gas concentration profiles in tubes and membranes at constant outer radius values
are presented in Figure 17. The concentration decreased along the length of the membrane due
to the absorption in the liquid phase. By increasing the membrane thickness, the mass transfer
resistance of CO2 through the membranes was increased, thus resulting in an increase in the
CO2 gradient concentration in the membranes. In addition, by reducing the inner radius of
the membranes, the residence time of the gas mixture inside the tubes decreased, resulting in a
higher CO2 concentration in the exit gas and a lower absorption efficiency.

3.5.3. Variable Membrane Thickness—r1 Constant

Maintaining the inner radius of the membrane constant, the mass transfer resistance of
CO2 through the gas phase was also kept constant. The increase in the membrane thickness
led to a higher mass transfer resistance of CO2 through the pores of the membrane, as
well as an increase in the outer radius of the membranes, which determined an increase
in the mass transfer area between the gas mixture and liquid solution. Considering the
sum outcome of these two opposite effects on the absorption efficiency of CO2, at lower
values for the membrane thickness, the effect related to the membrane CO2 mass transfer
resistance was lower than the effect of the increase in the mass transfer area, resulting in
an overall positive effect on the efficiency of absorption. By continuing to increase the
membrane thickness, a maximum in CO2 removal efficiency was observed at different
values of thickness based on the inner radius of the membranes. By further increasing the
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thickness, the mass transfer resistance of the membranes also increased, leading to a higher
overall negative effect on the absorption efficiency.

Figure 17. CO2 gas concentration profiles in tubes and membranes at a constant outside radius of
r2 = 0.3 mm and different membrane thicknesses: (a) δ = 0.025 mm, (b) δ = 0.05 mm, (c) δ = 0.075 mm,
(d) δ = 0.1 mm, (e) δ = 0.15 mm, (f) δ = 0.2 mm. CMEA,0 = 818 mol/m3 (5 wt%), CCO2,0 = 4.06 mol/m3

(10 vol%), Qg = 2 L/min, QL = 25 L/h.

The effect of the membrane thickness for a constant inner radius on the CO2 removal
efficiency is represented in Figure 18. At a membrane inner radius of 0.2 mm, by increasing
the membrane thickness from 0.025 mm to 0.4 mm, the CO2 removal efficiency was in-
creased from around 81% to a maximum of about 88% at a thickness of 0.22 mm, after which
the removal efficiency decreased to nearly 87%. At different values for the membrane’s
inner radius, the maximum values of absorption efficiency were seen at various values
for membrane thickness. With increasing inner radius values, the absorption efficiency
peaked at lower values for the membrane thickness. For an inner radius of 0.225 mm, the
maximum value for the removal efficiency (i.e., nearly 90%) was observed at a thickness of
0.2 mm, while for the lowest inner radius of 0.15 mm, the maximum (i.e., about 83.5%) was
noticed at a membrane thickness of around 0.26 mm.

Figure 18. CO2 removal efficiency at different membrane thicknesses, for different constant inside
radii, and variable outer radii. CMEA,0 = 818 mol/m3 (5 wt%), CCO2,0 = 4.06 mol/m3 (10 vol%),
Qg = 2 L/min, QL = 25 L/h.

The CO2 gas concentration profiles in tubes and membranes, for constant inner radius
values and different membrane thickness values, are represented in Figure 19. The CO2
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concentration in the gas phase decreased along the length and radius of the membranes due
to the absorption process. By increasing the membrane thickness, the CO2 mass transfer
resistance was increased together with the concentration gradient inside the membrane.

Figure 19. CO2 gas concentration profile in tubes and membranes over the membranes’ length
and radius, at a constant membrane inside radius r1 = 0.2 mm. (a) r2 = 0.225 mm, (b) r2 = 0.3 mm,
(c) r2 = 0.4 mm, (d) r2 = 0.5 mm, (e) r2 = 0.6 mm. CMEA,0 = 818 mol/m3 (5 wt%), CCO2,0 = 4.06 mol/m3

(10 vol%), Qg = 2 L/min, QL = 25 L/h.

3.6. Membrane Porosity

The membrane porosity is an important parameter in the absorption process of CO2,
with a direct impact on the efficiency of the process. The effect of the membrane porosity
on the CO2 capture rate is represented in Figure 20.

Figure 20. CO2 removal efficiency at different membrane porosities. r1 = 0.225 mm, δ = 0.2 mm,
CMEA,0 = 818 mol/m3 (5 wt%), CCO2,0 = 4.06 mol/m3 (10 vol%), Qg = 2 L/min, QL = 25 L/h.

By increasing the porosity while maintaining constant membrane dimensions, the
absorption efficiency increased from about 24.5% at a porosity of 0.01 to around 97.3% at a
porosity of 0.95. However, at porosity values lower than 0.2, the increase in the absorption
efficiency was considerably higher. The increase from a porosity of 0.01 to 0.2 led to an
increase in absorption efficiency of around 67%, while a porosity increase from 0.2 to
1 determined an increase in absorption efficiency of only around 6%.

The CO2 concentration profiles inside the membrane tube compartments and inside
the membranes, at different porosities, are represented in Figure 21, considering the same

168



Membranes 2024, 14, 86

membrane dimensions in all cases. In all cases, the CO2 concentration in the gas phase
decreased along the tubes and length and radius of the membranes due to the absorption in
the aqueous MEA solution. Because of the diffusion phenomena, a concentration gradient
was observed, with the gradient being more pronounced in the membranes compared to the
tubes. At a lower porosity, the final concentration of CO2 in the purified gases was higher
than at a higher porosity, resulting in an improvement in the absorption efficiency with the
increase in the membranes’ porosity. At a porosity of 0.01, the CO2 concentration in the gas
phase at the exit reached nearly 3.07 mol/m3 (Figure 21a), but increasing the porosity to
0.1 resulted in a decrease of the exit concentration to around 0.69 mol/m3 (Figure 21f),
and further increasing the porosity to 0.8 led to a decrease in CO2 concentration to around
0.12 mol/m3 (Figure 21j).

Figure 21. CO2 gas concentration profiles in tubes and membranes wall, at a constant membrane
radius (r1 = 0.225 mm) and thickness (δ = 0.2 mm) and different porosities: (a) ε = 0.01, (b) ε = 0.02,
(c) ε = 0.035, (d) ε = 0.05, (e) ε = 0.075, (f) ε = 0.1, (g) ε = 0.2, (h) ε = 0.4, (i) ε = 0.6, (j) ε = 0.8, (k) ε = 0.95.
CMEA,0 = 818 mol/m3 (5 wt%), CCO2,0 = 4.06 mol/m3 (10 vol%), Qg = 2 L/min, QL = 25 L/h.

4. Conclusions

A 3D-CFD model of a hollow-fiber membrane contactor for the CO2 capture process us-
ing an aqueous MEA solution was developed and implemented in COMSOL Multiphysics,
considering the entire HFMC geometry. The model described the absorption process of
CO2 from the gas phase, through the pores of the membrane and into the liquid solution,
followed by the chemical reaction with MEA, accounting for both convection and diffusion
mechanisms. The model was validated by comparing experimental data published in
literature with model predictions on CO2 capture rates at different gas and liquid flow
rates, as well as different initial concentrations of the flue gases. The simulation results
demonstrated excellent correlation with the experimental data, with an R2 coefficient value
exceeding 0.922. The highest CO2 absorption efficiency was achieved at a high liquid flow
rate, low gas flow rate, and low CO2 concentration in the inflow gas.
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Additionally, the optimal mode for fluid flow inside the HFMC was studied, consid-
ering identical operating conditions and a counter-current arrangement. The simulation
results indicated that superior CO2 capture rates were achieved when the gas mixture
flowed inside the membranes and the liquid absorption solution ran between them. Fur-
thermore, the effect of the membrane dimensions (i.e., radius and thickness) on the capture
process of CO2 using HFMC was investigated. Increasing the membrane radius, while
maintaining a constant thickness, positively influenced the efficiency of the process due
to the higher mass transfer area and longer residence time of the gas phase. On the other
hand, higher membrane thickness resulted in higher CO2 mass transfer resistance. In order
to maximize the absorption efficiency, the findings indicate a low membrane thickness,
with optimal dimensions being an inner radius of 0.225 mm and a membrane thickness of
0.2 mm. Additionally, the effect of porosity on the absorption process was investigated,
revealing that increasing the porosity led to an improved CO2 capture efficiency, but with
significant impact only for porosity values below 0.2 and a lesser influence for porosities
above that threshold.
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Nomenclature

c concentration of species (mol/m3)
d1 membrane inside diameter (m)
dh hydraulic diameter (m)
dlm logarithmic diameter (m)
Dj,i, Dj,mem diffusion coefficient of species j in phase i and membrane (m2/s)
E enhancement factor (-)
HCO2 Henry’s coefficient of CO2 in the liquid MEA solution (-)
JCO2 CO2 mass transfer flux from gas to liquid (mol/m2 s)
kCO2,i, kCO2,mem partial CO2 mass transfer coefficient in the i phase and

through membrane pores (m/s)
KL global CO2 mass transfer coefficient (m/s)
L membranes length (m)
n number of membranes (-)
P pressure (bar)
Q volumetric flow rate (m3/s)
r1 membrane inside radius (m)
r2 membrane outside radius (m)
rmod module inner radius (m)
rp average membranes pores radius (m)
RCO2 reaction rate (mol/m3 s)
Re Reynolds number (-)
Sc Schmidt number (-)
Sh Sherwood number (-)
T temperature (K)
u superficial fluid velocity (m/s)
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Superscripts/subscripts
i gas (g) and liquid (L) phase
j system components
Greek letters
δmem membrane thickness (m)
εmem membrane porosity (-)
μ dynamic viscosity (Pa s)
ρ fluid density (kg/m3)
τmem membrane tortuosity (-)
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Abstract: The gas transport properties of thin film composite membranes (TFCMs) with selective
layers of PolyActive™, polydimethylsiloxane (PDMS), and polyoctylmethylsiloxane (POMS) were
investigated over a range of temperatures (10–34 ◦C; temperature increments of 2 ◦C) and pressures
(1–65 bar abs; 38 pressure increments). The variation in the feed pressure of condensable gases
CO2 and C2H6 enabled the observation of peaks of permeance in dependence on the feed pressure
and temperature. For PDMS and POMS, the permeance peak was reproduced at the same feed gas
activity as when the feed temperature was changed. PolyActive™ TFCM showed a more complex
behaviour, most probably due to a higher CO2 affinity towards the poly(ethylene glycol) domains
of this block copolymer. A significant decrease in the permeate temperature associated with the
Joule–Thomson effect was observed for all TFCMs. The stepwise permeance drop was observed at a
feed gas activity of p/po ≥ 1, clearly indicating that a penetrant transfer through the selective layer
occurs only according to the conditions on the feed side of the membrane. The permeate side gas
temperature has no influence on the state of the selective layer or penetrant diffusing through it. The
most likely cause of the observed TFCM behaviour is capillary condensation of the penetrant in the
swollen selective layer material, which can be provoked by the clustering of penetrant molecules.

Keywords: thin film composite membrane; condensable gases; gas transport properties; high pressure;
CO2 permeance

1. Introduction

Thin film composite polymeric membranes (TFCMs) have been established as versatile
and flexible tools to be used in gas and vapor separation processes [1–3]. This type of
membrane benefits from a multi-layer structure, which allows the designer to achieve
mechanical stability by choosing the appropriate support structure and optimizing mem-
brane performance by applying a thin layer of the selective material that is most suitable
for the separation in question. Carbon dioxide separation is among the most important
applications, especially in natural and bio-gas purification and in the emerging carbon
dioxide separation from combustion flue gas streams and industrial off-gases [4–9]. In
recent years, a significant amount of membrane material has been developed aimed at
the separation of CO2/CH4, CO2/N2, and CO2/H2 gas pairs. Detailed studies on CO2
separation by polymer-based membranes at a wide range of temperatures and pressures
have been published over the last four decades [10–13].

Some glassy polymers as materials with selective layers are very promising for CO2
separation, but aging phenomena and plasticization affect their permeation properties in a
negative way. For TFCMs with glassy separation layers, a loss in permeance of more than
25% was observed [14,15].

While the transport of gases through rubbery polymeric membranes at low pressures
is well studied, only a few publications have addressed the subject of transport behavior at
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high pressures [16–21]. At low pressures with limited swelling, the transport behavior is
well described by the Free Volume model (FVM) [22].

It was found that at an average pressure p(feed)-p(permeate) not exceeding 20 bar, the
permeation of a complex gas mixture is adequately described by the FVM using model
parameters derived from results of simple, single gas experiments [22–26]. However, above
a certain pressure difference, the transport of CO2 did not follow the expected tendency. This has
initiated experimental work concerning the investigation of single and mixed gas permeation
using, as it is considered to be well studied, PolyActiveTM 1500 TFCMs [2,27–29]. The results
showed that a clear pressure threshold exists below which the FVM can describe the
transport of multicomponent gas mixtures with an accuracy that is sufficient for practical
separation process designs. Above the threshold, the CO2 permeance was significantly
higher than the values predicted by the FVM.

An investigation of condensable gas transport through thick polymer films or integral
asymmetric membranes in the full range of pressures has only been conducted a few times,
for example, in the work of Favre et al. [30]. This study shows no unexpected changes in the
permeation curve for highly soluble penetrants such as chloroform, 2-butanol, 1-butanol,
etc., in the full range of gas activity, defined as the ratio of partial and saturated vapor
pressures at a given temperature. In the case of microporous materials, where condensation
of penetrants is possible and capillary or selective surface flow can occur, the shape of the
permeation curve is very complex [31,32].

This paper describes the experimental results of permeation behavior investigations
of two single condensable gases, CO2 and C2H6, in three different rubbery polymers
serving as the selective layer for TFCMs in the full range of pressures up to the point of
gas condensation on the feed side of the membrane. For the systematic investigation of the
permeation behavior of gas separation membranes, a special laboratory-scale test facility
for high pressures was developed.

The main emphasis was put on the investigation of CO2 behavior in PolyActiveTM

1500 TFCM due to the envisaged membrane applications for CO2 separation from various
gas streams [2,24,33,34]. In order to find out whether the observed facts are specific to
only the CO2/PolyActiveTM pair or if a similar behavior of condensable gas and rubbery
polymer can be observed for other combinations, ethane as an alternative condensable
gas and two siloxane-based polymers, polydimethylsiloxane and polyoctylmethylsiloxane,
were used in the experiments. Helium was used to prove the absence of porosity in the
prepared TFCM samples and to prove that the designed experimental facility delivers
adequate results. The experiments were performed in a pressure range of 1–65 bar at
temperatures of 10–34 ◦C.

2. Materials and Methods

The TFCM selective layers were made from the rubbery polymers PolyActive™ 1500
(PolyVation BV, Groningen, The Netherlands), composed of 77 wt% poly(ethylene glycol)
soft segments and 23 wt% poly(butylene terephthalate) hard segments [35] (PA), polyoctyl-
methylsiloxane (POMS) (abcr GmbH, Karlsruhe, Germany), and polydimethylsiloxane
(PDMS) (the supplier cannot be disclosed due to licensing limitations).

The gases had a purity of at least 99.95% for C2H6, 99.996% for He (both Air Liquide
Deutschland GmbH, Stelle, Germany), and 99.995% for CO2 (Linde GmbH, Leuna, Germany).

2.1. Preparation of Samples for Gas Sorption Experiments

The samples for gas sorption experiments were prepared as follows: The 3 wt% solu-
tion of PA was prepared in tetrahydrofuran (for analysis grade, Merck KGaA, Darmstadt,
Germany) and stirred under reflux for at least 2 h until full polymer dissolution. To prepare
a thick isotropic film, an Al cylinder with a polished bottom surface was placed on a leveled
Teflon™-coated glass plate. The polymer solution was poured into the formed vessel; and
the solvent was evaporated under a slow N2 flow for 48 h at 25 ◦C, as described in [36].
The 6 wt% PDMS solution in iso-octane was stirred for 2 h under ambient conditions and
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poured into a Teflon™ beaker with a leveled bottom. The solvent was left to evaporate
for 72 h at ambient conditions under a constant N2 flow. All samples were treated in a
vacuum oven at 70 ◦C for at least 3 h in order to remove the residual solvent. To complete
the crosslinking reaction in the PDMS sample, it was additionally exposed to 100 ◦C for 2 h
in a vacuum oven.

2.2. TFCM Samples for Gas Transport Experiments

The TFCMs used in the current study contained a selective layer consisting of PA,
PDMS, or POMS. The PA selective layer was deposited on a gutter layer of crosslinked
PDMS, which in turn was formed on a porous ultrafiltration (UF) polyacrylonitrile (PAN)
membrane supported by a polyester nonwoven, which provided the mechanical strength.
A protective layer of PDMS was deposited over the PA selective layer to cover possible
defects (pin holes) and ensure membrane protection [37]. This membrane is known for its
high CO2 permeance, with the selectivity of the TFCM close to that of the selective layer
material [2]. To compare the gas transport properties determined at various pressures and
temperatures, TFCMs with PDMS and POMS selective layers on the PAN UF membrane
were studied as well. The list of membranes is presented in Table 1.

Table 1. Specification of membrane samples investigated in the current study.

Sample Nomenclature Sample Composition Note

UF-PAN 1 Microporous PAN membrane on
polyester non-woven.

Standard support for TFCMs, as
described elsewhere [38].

PDMS1280 2 -PAN
PDMS 1280 nm on UF-PAN
support (Figure S2a) 3.

Separation layer of PDMS
prepared from high-
concentration solution.

GL PDMS 600 nm on
UF-PAN support.

Standard PDMS gutter layer
membrane 4, as described
elsewhere [39].

POMS6250-GL POMS on GL membrane
(Figure S2b).

POMS layer deposited using
8 wt% casting solution.

PA77-GL
PDMS as top layer on PA selective
layer-coated GL membrane
(Figure S2c,d).

Standard TFCM, as described
elsewhere [40].

PA186-GL PDMS as top layer on PA selective
layer-coated GL membrane.

PA layer deposited using 1 wt%
casting solution.

PA film PA 388 μm, 173 μm, and 19 μm
thick films.

Isotropic films with
uniform thickness.

PDMS film PDMS 285 μm and 261 μm
thick films.

Isotropic films with
uniform thickness.

1 UF-PAN support is an ultrafiltration membrane composed of a porous polyacrylonitrile layer deposited by the
phase inversion method on top of a polyester non-woven. 2 The sample name is composed of the abbreviation
for the selective layer material and the effective selective layer thickness, which is calculated as the ratio of
the membrane permeance and the permeability coefficient of the selective material. 3 Selective layer of the
PDMS1280-PAN was formed without the addition of adhesion-providing components. 4 The GL membrane is
formed with PDMS layer containing adhesion-providing components (composition cannot be disclosed due to
license infringement) with a thickness of ca. 150 nm deposited on a PAN UF support.

2.3. Gas Permeance Measurements up to and beyond the Saturated Vapor Pressure of a Penetrant

The single gas permeances of TFCM samples were determined using a “constant
pressure/variable volume” (PI) facility developed at Helmholtz-Zentrum Hereon and
described elsewhere [24,39,41]. PI measurements conducted at a constant temperature and
low pressure were also used for the estimation of Knudsen-type dependence for the porous
UF-PAN membranes.

For high-pressure experiments, a special experimental setup was developed that
allows automatic measurements in wide pressure and temperature ranges. The setup
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utilizes the “single gas experiments at high pressures” method of gas transport experiments
and is described elsewhere [24]. This setup was designed for experiments with high-
performance flat sheet gas separation membranes. The immersion of the membrane test
cell into the water tank of a cooling thermostat Huber MPC-K20 (HUBERLAB AG, Aesch,
Switzerland) made it possible to carry out experiments at temperatures in the range of 5 to
60 ◦C. The whole setup can be used for experiments at feed pressures ranging from 1.5 to
100 bar abs with the pressure on the permeate side of the membrane close to ambient.

The conduction of automated measurements is realized using an electrically adjustable
pressure reducer (B.E.S.T. Fluid Systems GmbH/Swagelok Hamburg, Brackel, Germany)
that controls the feed pressure. After the pressure reducer, the gas line becomes a 20 mm
in diameter test cell, which is placed in the water tank of a thermostat. The thermostat
ensures that the test cell has a defined and constant temperature. Before and after the test
cell, the pressure sensors LEO 3 (Keller Druckmesstechnik GmbH, Jestetten, Germany) are
installed to control the feed and permeate pressures during the dead-end experiment. For
the recording of the permeate flow, the experimental setup was equipped with four mass
flow sensors SLA5800 Series (Brooks Instrument GmbH, Dresden, Germany) with gas flow
ranges of 0–5, 0–50, 0–500, and 0–5000 cm3 (STP) min−1. Since the sensors are calibrated
with N2, the results for each gas were adjusted using a gas factor provided by Brooks
Instrument GmbH. The flow sensors were combined “in series” with the “smallest” flow
sensor first, and such an arrangement enabled the experiments to be conducted in the full
range of pressures for every gas under study. To take into account the effect of the flow
resistance of the smallest flow sensor, a pressure sensor with a pressure range of 0–4 bars
was installed immediately at the permeate exit of the measurement cell, and 6 mm stainless
steel tubes were used for connections on the permeate side. The chosen design allows
one to work with permeate flows up to 2500 cm3 (STP)/min, which is in the range of a
laminar-type flow in the permeate side tubing. The schematic design of the test cell is given
in Figure S1.

In order to control changes in membrane performance that could be caused by pen-
etrants, highly soluble in the material of the selective layer, each measurement sequence
was started and ended with the inert gas He. Before the measurement was taken, the
experimental setup was flushed with the gas to be measured. The measuring program was
applied in such a way that the system was first brought to and stabilized at the desired
temperature for at least 10 min. Afterwards, the specified pressure curve was run through.
For each measuring point, the pressure and temperature on the feed and permeate sides, as
well as the permeate flow rate, were recorded automatically.

The temperature sensor Pt100 with a 500 μm diameter was installed into the porous
sintered metal disc in direct contact with the permeate side of the membrane. It enabled
monitoring the temperature of the gas permeating through the membrane at a location that
was as close as possible to the permeate side of the selective layer. Long, 300 s pressure
equilibration times and high permeate flow rates through the membrane were sufficient for
temperature equilibration on the permeate side of the membrane. Since Pt100 was installed
in the center of the sintered metal support, it was assumed that the measured temperature
would be dominated by the temperature of the gas flowing through the membrane and
that there would be a negligible influence of the heat coming from the thermostat bath
through the bulky stainless steel body of the measurement cell and finally through the
highly porous sintered metal disc.

Gas transport experiments were carried out for membrane samples with an effective
membrane area of 1.72 cm2. Samples of 20 mm in diameter were placed into the mea-
surement cell on a sintered metal support with an embedded temperature sensor. The
membrane was sealed with an EPDM O-ring. The measurement cell was temperature-
equilibrated for 1200 s after the thermostat reached the desired temperature. The initial
temperature of the experiment was always chosen to be 10 ◦C. After the temperature equi-
libration step, feed pressure was applied to the sample, starting from the lowest pressure
point possible for the pressure regulator. The pressure was equilibrated for 300 s at the
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achieved pressure, and after this, the flow rate data were acquired from the mass flow
sensors, and the next pressure value was set. In total, 38 pressure points were acquired,
covering the full possible range of gas pressures. The highest possible pressure for both
CO2 and C2H6 was in accordance with the gas bottle temperature, which was kept in a
temperature-stabilized lab. Such an arrangement allowed, in some cases, to overcome the
condensation pressure of the gas under study at the measurement cell temperature of 10 ◦C,
as will be shown later. After reaching the highest pressure setting, the experiment was
continued with a stepwise decrease in the feed pressure down to the initial feed pressure
setting. This allowed us to investigate possible hysteresis in the gas permeance for feed
pressure, increasing and decreasing parts of the experiment. After the minimum pressure
was reached, the temperature of the measurement cell increased by 2 ◦C and the experiment
was repeated. In the current publication, experimental data mainly at 10, 20, and 30 ◦C are
demonstrated, as well as a series of measurements at temperatures between 10 and 34 ◦C
in 2 ◦C steps.

The permeate pressure was changing insignificantly during the experiment. The
highest observed permeate pressure was 1.2 bar abs for the case of the highest observed
permeance of 14 m3(STP) m−2 h−1 bar−1. The change in the permeate pressure is related
to the resistance to the gas flow caused by the “smallest” mass flow sensor installed on the
permeate side of the experimental facility. The increase in the permeate pressure by 0.2 bar
when the applied feed pressure was above 50 bar was considered insignificant to cause
changes in the gas flow through the membrane.

2.4. Gas Sorption over a Wide Pressure Range

Gas sorption measurements of pure gases were performed in an experimental system
equipped with a magnetic suspension balance (MSB) (TA Instruments, Eschborn, Germany).
The system includes a thermostat (Julabo GmbH, Seelbach, Germany), a gas supply, and a
vacuum pump (Pfeiffer Vacuum GmbH, Aßlar, Germany). The MSB allows the continuous
determination of the mass of sorbent materials from 10 mg to 10 g. Auxiliary equipment
such as a titanium sinker permits an estimation of the density of the fluid in situ. The
adsorption isotherms of pure CO2 in thick films were acquired in a temperature range from
10 ◦C to 30 ◦C, with recordings of the sample masses, temperatures, and pressures every
5 s. The density of the fluid was estimated every 5 min. Samples were degassed at ambient
temperature under a vacuum for 24 h to remove residual solvents and pre-adsorbed gases.

Densities of thick isotropic films required for the evaluation of gas sorption experiment
results were estimated by Archimedes’ principle using the analytical balance Excellence
Plus XP105DR (Mettler-Toledo GmbH, Gießen, Germany), density determination kit, and
auxiliary liquid FC-770 (3M, Saint Paul, MN, USA). For each material, five pieces of a
sample were weighed for an accurate determination of the density and experimental error.
A description of the density estimation is given in Appendix A.

2.5. Experimental Uncertainties

The uncertainties of the equipment used in the current study are presented in Table 2.

Table 2. Experimental uncertainties.

Parameter Value, 95% Confidence

Membrane area ±0.5%
Volumetric flowrate ±0.9% of S.P. 1

Feed and permeate pressure determined with LEO3 sensors 0.2% F.S. 1

Measuring load 1 ±0.01 mg 1

Pressure determined with sensor (0–50) bar 0.5% F.S. 1

Huber thermostat temperature stability ±0.05 ◦C 1

Temperature determined with sensor Pt100 ±0.05 K at temperature below 370 K 1

1 Data provided by producer in calibration certificate.
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3. Results and Discussion

3.1. Experimental Results
3.1.1. Quality Validation of the Experimental Setup and TFCM Stability in the Available
Pressure Range

Before the experiments for the determination of membrane permeance subjected to
the high activities of condensable gases, it was necessary to test the functioning of the
experimental facility in a wide pressure range. To investigate the effect of pressure on gas
transport through TFCMs with a rubbery polymer-based selective layer without taking into
account the interaction between the penetrant and membrane material, experiments with
He as a permanent, noble gas that showed allowable solubility were conducted. Figure 1a
shows the results of helium transport measurements for PDMS1280-PAN TFCM in the
pressure range up to 55 bar for 10 ◦C, 20 ◦C, and 30 ◦C. For each temperature, no significant
change in the permeance with increasing pressure was observed. The same was observed
for membranes with other selective layer materials. Hence, there is no link between the
mechanical pressure applied to the membrane and the transport behavior of the tested
rubbery membranes. No significant compaction could be detected if the experiments
were carried out with a permanent gas under the chosen measurement conditions. In
Figure 1b, two curves are compared, which show He permeance before and after the full
set of experiments carried out for this membrane sample with condensable gases. The
similarity of the two measurement curves proves that the membrane did not significantly
change its properties when exposed to high activities of condensable penetrants. The
experimental facility was proven to deliver reliable experimental results at the chosen
pressures and temperatures.
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Figure 1. He permeance of PDMS1280-PAN TFCM plotted against feed pressure: (a) permeance in the
pressure range 5–50 bar at 10, 20, and 30 ◦C; (b) comparison of membrane permeance at 10 ◦C before
and after measurement session using condensable gases. Experimental uncertainty was calculated
using linear error propagation.

3.1.2. Sorption of CO2 in PDMS and PA Isotropic Films

Sorption of CO2 in PDMS and PA was carried out at temperatures from 10 ◦C to
30 ◦C and at pressures up to p/po = 0.9 (Figure 2). Higher pressure was not applied to the
samples due to the danger of gas condensation within the measurement equipment.

Experiments with C2H6 were not carried out due to technical issues. Nevertheless,
both PDMS and PA were numerously investigated for gas sorption in a wide range of
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pressures, and all published isotherms were adequately described by mathematical models
applicable to these materials [42–45].
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Figure 2. Sorption of CO2 in isotropic films of (a) PDMS films 261 μm (at 10 ◦C, 20 ◦C, and 27 ◦C);
283 μm (at 30 ◦C); (b) PA films 388 μm (at 10 ◦C, 20 ◦C, and 33 ◦C), and 173 μm (at 25 ◦C). The
experimental uncertainty is less than 0.05%, and the standard deviation in each measurement point
represents a set of more than 100 data points. Some error bars are smaller than the symbols.

The density levels of PDMS and PA, necessary for evaluating the data acquired during
the gas sorption experiment, were determined using two methods utilizing the Archimedes
principle. In one case, the density was determined using perfluorinated FC770 as the
fluid with a large molecule size, thus reducing the probability of molecule diffusion in
the polymer sample (Appendix A); in the second case, the density was determined in He
within the magnetically suspended microbalance. He is an inert gas with a density that
allows for good resolution of the sample weight difference between values measured in a
vacuum and in the He atmosphere. The density values of isotropic films of PDMS and PA
are listed in Table 3.

Table 3. Density of isotropic films of PDMS and PA.

Material
Density in FC770 1

g cm−3
Uncertainty

g cm−3
Density in He 2

g cm−3
Uncertainty

g cm−3

PDMS 1.100 ±0.012 1.164 ±7 × 10−6

PA 1.176 ±0.005 1.188 3 ±8 × 10−6

1 Density measurements performed at room temperature; 2 density measurements performed at 30 ◦C. 3 As
reported as well by Car et al. [27].

In the pressure range up to p/po = 0.6, isotherms can be adequately described using
Henry’s law for both PDMS and PA. The influence of PDMS swelling in this pressure range
is not significant. A swelling degree of more than 10% will be expected at pressures higher
than 50 bar for a non-crosslinked polymer [46–48].

For the PA thick film, a linear increase in CO2 uptake was observed for temperatures
from 25 ◦C to 33 ◦C (Figure 2b). The non-linearity behavior was observed for the tem-
perature of 10 ◦C, which is below the crystallization temperature of poly(ethylene glycol)
domains of PA reported as 25–28 ◦C [49,50].

Numerous publications on gas sorption in rubbery polymers have always demon-
strated a continuous dependence of the quantity of gas dissolved in the polymer on the
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applied pressure, which can be described by the Henry-type isotherm in cases of insignifi-
cant interaction of the solute with the polymer matrix or by Flory–Huggins-type isotherms
in cases where the solute/polymer interaction is significant and an increased concentration
of the solute in the polymer causes swelling of the polymer [30,51]. In this case, swelling can
lead to changes in the diffusion coefficient, as was clearly shown by, e.g., Lin and Freeman.
They studied the sorption of various condensable gases in semi-crystalline poly(ethylene
oxide) [44,52].

3.1.3. Gas Flow Rate through TFCMs and Isotropic Films of PDMS and PA

The measurements of condensable gas permeances of TFCMs in the full activity range
showed that the shape of the flow rate/feed pressure (activity) curve was very far from
expectations based on observations reported in the literature. As shown in Figure 3a, the
shape of the permeate flow curve is not monotonous, in contrast to the same parameter
determined for thick films (Figure 3b).
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Figure 3. CO2 permeate flow rate at 20 ◦C for (a) PA77-GL and PDMS1280-PAN; (b) PA 19 μm and
PDMS 285 μm isotropic films.

Experiments with thick isotropic films of PA and PDMS on the experimental setup used
in the current study presented certain difficulties because the setup was designed for exper-
iments with mechanically robust TFCMs with extremely small selective layer thicknesses.
Isotropic films of PA and PDMS with thicknesses of 19 μm and 285 μm, respectively, were
not sufficiently mechanically stable to be compressed with the standard O-ring used for
membrane sealing in high-pressure experiments. The ethylene-propylene-diene(monomer)
rubber (EPDM) O-ring with the Shore 70 hardness was used for experiments with polymer
films, and the measurement cell was closed with the lowest possible pressure applied to
the membrane to reduce O-ring intrusion into the polymer film and thus prevent changes
in the film shape within the cell due to compression. The experiments were carried out at
20 ◦C only and with CO2 only. C2H6 caused film damage already at low feed pressures.
The PDMS film withstands CO2 in the full range of CO2 activity when the feed pressure
is gradually increased and breaks when the feed pressure begins to be reduced. PA film
withstands CO2 only up to an activity level of 0.75. Both films showed the presence of
significant swelling when removed from the measurement cell, and vertically oriented
wrinkles broken on the top were observed for both polymers.

It is interesting to note that for PA77-GL and PDMS films, multiple experimental
points were collected at the highest pressure. The positioning of these points on top of one
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another indicates that the sample under investigation is in equilibrium and that it does not
change permeance in time, only under changing pressures.

3.1.4. Investigation of TFCM Permeance in Relation to the Feed Pressure of
Condensable Penetrants

The experiments with various TFCMs listed in Table 1 were carried out in the full
possible range of pressures. At the experimental temperature of 10 ◦C, it was possible
to overcome the saturation pressure since the gas bottle was kept in the lab with the
temperature stabilized at 20 ◦C. This allowed for the investigation of membrane behavior
under the influence of a liquid penetrant applied to the feed surface of the TFCM. Since the
experiment contained pressure increasing and decreasing parts, it was possible to observe
whether irreversible changes to the membrane could be introduced by the application of a
high-pressure gaseous or even liquid penetrant. No significant deviation between the two
curves corresponding to the pressure increasing and decreasing parts of the experiment
was found, indicating that the chosen experimental conditions allowed for membrane
property stabilization after the pressure was changed. Only the pressure increasing parts
of the experiments are depicted in Figures 4 and 5.

 
(a1) (a2) 

 
(b1) (b2) 

0 10 20 30 40 50 60
0

2

4

6

8

10

12

14

 10 °C   20 °C    30 °C  

Pe
rm

ea
nc

e 
(m

3 ST
P m

-2
 h

-1
 b

ar
-1

)

Feed pressure (bar)
0.0 0.2 0.4 0.6 0.8 1.0 1.2

0

2

4

6

8

10

12

14

 10 °C    20 °C   30 °C 

Pe
rm

ea
nc

e 
(m

3 ST
P m

-2
 h

-1
 b

ar
-1

)

p/p0

0 10 20 30 40 50 60
0

1

2

3

4

 10 °C   20 °C   30 °C

Pe
rm

ea
nc

e 
(m

3 ST
P m

-2
 h

-1
 b

ar
-1

)

Feed pressure (bar)
0.0 0.2 0.4 0.6 0.8 1.0 1.2

0

1

2

3

4

 10 °C   20 °C   30 °C

Pe
rm

ea
nc

e 
(m

3 ST
P m

-2
 h

-1
 b

ar
-1

)

p/p0

Figure 4. Cont.
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Figure 4. CO2 permeance of various TFCMs measured at 10 ◦C, 20 ◦C, and 30 ◦C: (a1) PA77-GL vs.
feed pressure; (a2) vs. activity; (b1) PA186-GL vs. feed pressure; (b2) vs. activity; (c1) POMS6250-GL
vs. feed pressure; (c2) vs. activity; (d1) PDMS1280-PAN vs. feed pressure; (d2) vs. activity. The feed
pressure increasing part of the experiment is shown for better figure clarity.

3.1.5. Gas Transport Properties of GL and UF-PAN Membranes Used as Supports
for TFCMs

Membranes used as supports for the formation of selective TFCMs were tested for
gas transport properties in order to investigate a possible influence of the support on the
resulting gas transport properties of TFCMs. Both GL (Figure 6) and UF-PAN (Figure 7)
membranes demonstrate permeances that are significantly higher than that determined for
selective TFCMs.

According to the resistance model introduced by Henis and Tripodi [53] for the analysis
of gas separation membrane performance, the selective layer of TFCM governs the gas
transport properties of TFCM.

The measurement of UF-PAN was carried out only at as small a feed pressure as
possible due to the very high membrane permeance. The gas transport properties of the
UF-PAN membrane can be described by the Knudsen-type gas flow through porous media
(Figure 1) [54].
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The GL membrane demonstrates the presence of the peak in the CO2 permeance curve
already at ca. 0.5 feed CO2 activity with a significant permeance decrease in the activity
range 0.5–1.0.

 
(a) (b) 

0 10 20 30 40 50 60
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

 CO2   C2H6

Pe
rm

ea
nc

e 
(m

3 ST
P m

-2
 h

-1
 b

ar
-1

)

Feed pressure (bar)
0.0 0.2 0.4 0.6 0.8 1.0 1.2

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

 CO2   C2H6
Pe

rm
ea

nc
e 

(m
3 ST

P m
-2

 h
-1

 b
ar

-1
)

p/p0

Figure 5. CO2 and C2H6 permeance in PA186-GL TFCM plotted: (a) vs. feed pressure measured at
20 ◦C; (b) vs. penetrant activity at 20 ◦C. Feed pressure increasing part of the experiment is shown
for better figure clarity.
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Figure 6. CO2 Transport parameters at 20 ◦C plotted against feed CO2 activity for GL used as a
standard gutter layer support: (a) permeate flowrate; (b) permeance. Data points related to the feed
pressure pfeed increasing and decreasing parts of the experiment are demonstrated.
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Figure 7. Knudsen-type dependence of gas permeance determined for the UF-PAN membrane at
25 ◦C for H2, CH4, N2, O2, CO2, and C2H6 at a feed pressure of 170 mbar abs.

3.1.6. Changes in Permeate Temperature during Experiments in the Full Range of
CO2 Activity

Permeate temperature was controlled using temperature sensor placed immediately
at the permeate surface of the membrane under study. Figures 8 and 9 demonstrate clear
relation between peak in permeance and change of the permeating gas temperature.
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Figure 8. (a) Permeance (blue line) and permeate temperature (red line) vs. CO2 feed activity for
PA77-GL TFCM acquired for feed temperature 10 ◦C, and filled and open symbols show feed pressure
increasing and decreasing parts of the experiment, respectively. (b) Permeate temperature at feed
pressure increased in part of the experiment carried out at feed temperatures of 10 ◦C, 20 ◦C, and
30 ◦C.
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Figure 9. CO2 permeate flowrate and permeate temperature obtained at 20 ◦C feed temperature for
PDMS film.

3.2. Analysis of the Experimental Results
3.2.1. Experiments with Thick Isotropic Films

The experimental results obtained for thick isotropic PDMS and PA films are presented
in Figures 2, 3 and 9.

CO2 sorption data obtained in the CO2 activity range 0–0.95 show no unusual behavior
of the polymer/gas pair. Isotherms for different temperatures are very similar for one
polymer. While CO2 isotherms for PDMS follow the Flory–Huggins behavior typical
for rubbery polymers [45], PA isotherms can be described as simple Henry isotherms at
temperatures over the melting point of poly(ethylene glycol) at 25 ◦C. The beginning of
the crystallization process can be seen at 20 ◦C. At 10 ◦C, poly(ethylene glycol) blocks
of the PA block copolymer are in a highly crystalline state, and CO2 starts to act as a
plasticizer, reducing the melting temperature and promoting crystallites melting at activity
levels of 0.7 and above [50]. At the highest activity, CO2 solubility in PA is the highest,
as presented in Figure 2b, and this is in clear accordance with the theory of gas transport,
though polymers were introduced first by Barrer and Rideal in 1939 [55,56]. Only small
differences in the isotherms acquired at different temperatures are in agreement with the
low values of CO2/polymer partial enthalpies of sorption that have been numerously
reported elsewhere [57–59].

Gas transport experiments carried out in the full possible range of condensable gas
pressures did not show deviations from the permeance/pressure relationship expected for
rubbery polymers. The slightly non-linear shape of the CO2 flow curve can be explained by
the limited swelling of the polymer by the penetrant, leading to an increase in permeance
at higher pressures. Unfortunately, the PDMS film did not withstand the decrease in the
permeate pressure, and the permeance data were not collected for the pressure decreasing
part of the experiment. The PA film, as stated above, did not withstand an increase in the
CO2 pressure above an activity of p/po = 0.75. After the experiment, the measurement cell
was opened and the states of both the PDMS and the PA films were investigated. It was
found that vertical wrinkles were formed with cracks on the highest point of the wrinkle.
Such a change in the film’s geometry can only be attributed to the swelling of the polymer
by the penetrant, as no other influence capable of causing a change in the film’s geometry
can be identified.
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3.2.2. TFCM Permeance Peak at High Pressures

As mentioned above, during the work on membrane gas separation of complex gas
mixtures using PA TFCM [24], it was found that the FVM cannot adequately predict CO2
transport at elevated partial pressures. The model gave a CO2 permeance lower than the
experimental value, and the deviation increased with a partial pressure increase.

To investigate this phenomenon in the full range of partial pressures up to and over
the saturation pressure of a penetrant, the transport of condensable gases through rubbery
polymer-based TFCMs was studied for membranes with selective layers made of different
materials, as presented in Table 1. The PA TFCM was developed for the separation of CO2
containing gas mixtures, with the main emphasis on the separation of CO2 from flue gas of
various origins. This consideration led us to the decision to conduct extensive experimental
work with CO2, while C2H6 was used for comparison purposes. The results of the experiments
with different membranes for pressures up to 65 bar are shown in Figures 3–6 and 9. All
the tested rubbery TFCMs show a strong increase in permeance with increasing feed
pressure. Up to about 20 bar, the observed increase is as expected for membrane material
swollen by the penetrant, but above this pressure, the curve shape becomes more complex,
as with an exponential increase. The curve shows a peak followed by a small plateau,
followed by a steady permeance decrease up to the point of gas condensation. The peak
position, plateau width, and overall curve shape depend on the selective layer material
and membrane morphology.

Basically, the transport of small molecules through rubbery membranes is driven by
the fugacity difference in accordance with the solution/diffusion mechanism [60]. Hence,
the gas flow rate through the membrane is determined by several factors: the adsorption of
gas on the feed membrane surface; the diffusion of dissolved gas molecules through the
bulk of the selective layer; and finally, the desorption on the permeate side of the selective
layer. The transfer of the penetrant from the selective layer into supporting layers depends
on the resistance of these supporting layers to the penetrant flow; it can either be the porous
surface of PAN with surface porosity not more than 13% or a gutter layer formed of highly
permeable and low selective PDMS, which provides a smooth surface for the selective layer
deposition and effective drainage of the penetrant from the whole permeate surface of the
selective layer into the porous structure of the UF-PAN membrane.

The quantity of diffusing gas molecules Is determined by the solubility coefficient of
the gas under study in the selective layer material. This parameter can be directly acquired
from the results of the gas sorption experiment. The corresponding isotherms are presented
in Figure 2.

While the respective membrane material directly influences the dissolution and des-
orption of gas molecules during the gas transport process, the diffusion within the selective
layer can be affected by the degree of swelling caused by the penetrant interaction with
the selective material. The sharp increase in permeance beyond that described by the FVM
indicates that as the concentration of the dissolved molecules in the selective layer increases,
either the solubility or the diffusivity of the penetrant in the polymer increases significantly.
One can speculate that in addition to polymer swelling as a possible cause of the permeance
increase, the effect of the penetrant–penetrant molecules’ interaction confined in the free
volume voids of the polymer matrix starts to be significant, even overcoming the effects
of the penetrant–polymer interactions [61,62]. The penetrant–penetrant interaction can
also lead to a negative, flow-reducing effect since penetrant molecule clustering becomes
more probable, resulting in an increase in the effective diameter of the penetrant and a
consequent mobility decrease in the sorbed molecules [63]. The cluster formation leads to a
decrease in the diffusion coefficient, and it has already been detected for carbon dioxide [64].
The effects of swelling and clustering have opposite effects regarding the permeate flow
rate. Due to the different interactions of CO2 with the selective membrane materials under
study, the shape of the curves presented in Figure 4 varies for each material.

Figure 4 presents the data collected for CO2 permeance in TFCMs with selective
layers made of different polymers (PA, PDMS, and POMS) and different selective layer
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thicknesses. For each gas/TFCM pair, the following two plots are presented: one for
permeance plotted against feed pressure, and another for penetrant activity. As one can see,
plots with penetrant activity give more generalized information. For two polymers with
no specific interaction between the polymer and CO2, the peak value of permeance for all
three temperatures is reached at the same penetrant activity, ca. 0.83 for POMS6250-GL and
ca. 0.66 for PDMS1280-GL. PA77-GL and PA186-GL give a different picture: the position of
the permeance peak shifts to a lower CO2 activity value with increasing temperature. It is
important to mention that the maximum permeance value at 10 ◦C in the case of PA77-GL
is very similar to that at 20 ◦C, indicating the melting of poly(ethylene glycol) crystallites
under the influence of high CO2 pressure.

The difference in the peak position between two PA-based membranes indicates that
the thickness of the selective layer is important for the observed effect. At smaller selective
layer thicknesses, peak permeance is reached at lower penetrant activity.

After the peak, the permeance of PA77-GL started to decrease in terms of the gas
flowrate through the membrane (as in Figure 3a), which became mostly independent
of pressure. One can presume that at this state of the polymer/penetrant system, the
maximum possible amount of penetrant is dissolved in the polymer matrix, further swelling
is not possible anymore, and increases in the pressure (activity) are not followed by a
proportional increase in the penetrant flowrate. Another possibility is changes in the
penetrant state in the polymer matrix, e.g., clustering, as discussed above.

The curve corresponding to the PA77-GL permeance at 10 ◦C shows a decreasing
trend of CO2 activity above 0.8 (Figure 4(a2)) and follows it to the point of feed gas
condensation. At a CO2 feed activity of 1, the trend changes to a mostly horizontal line.
At this moment, the experiment on gas transport turns to the experiment of liquid CO2
pervaporation through the polymeric membrane. The flowrate of the penetrant is not
dependent anymore on the pressure. As will be discussed later, the presence of liquid CO2
on the feed membrane surface does not influence membrane integrity, and experiments
involving gas condensation were repeated numerous times and clearly demonstrated that
the investigated polymeric membranes are not altered by the liquid penetrant.

In order to find out whether the observed effect is only related to CO2 or if it is common
for condensable gases, experiments with C2H6 were carried out with PA186-GL. As follows
from Figure 5, the system PA/C2H6 demonstrates the same behavior as PA/CO2 in the
full range of C2H6 activity. The C2H6 permeance reached its peak value at 0.85 activity of
C2H6. The peak permeance of C2H6 was significantly lower than that of CO2. After C2H6
condensation on the feed membrane surface, the permeance did not show dependence on
pressure. As in the case of CO2, the membrane successfully survived exposure to the liquid
penetrant on its surface.

As mentioned above, the experiment was carried out with small steps in pressure at
the same temperature and 2 ◦C steps in temperature between the collection of permeance
data at stable feed temperature conditions. So far, only data collected at 10 ◦C, 20 ◦C, and
30 ◦C are presented in the Figures and analyzed. For a detailed analysis of the position of
the permeance peak at different temperatures, Figure 10 demonstrates the data for all of the
available temperature points for the PA77-GL TFCM membrane. For each feed temperature,
the maximum values of permeance at the peak, the corresponding feed pressure, and
thus, the CO2 feed activity were collected and presented as a function on the temperature
(Figure 10). In the temperature range 10–14 ◦C, when poly(ethylene glycol) domains are in
a semicrystalline state, the position of the permeance peak is at ca. 0.8 feed CO2 activity,
and the permeance decreases as the temperature increases. At temperatures above 14 ◦C,
the permeance peak was reached at a significantly lower CO2 feed activity, finally lowering
down to a value of 0.55 at 34 ◦C, and the permeance gradually increased in an asymptotic
manner. For the membranes under investigation, the highest achieved CO2 permeance was
13.8 m3 (STP) m−2 h−1 bar −1 at the highest experimental temperature of 34 ◦C. The melt
peak temperature for this membrane material, as reported above, is around 28 ◦C. Figure 10
indicates the stabilization of the maximum value for the permeance at this temperature.
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Figure 10. Analysis of PA77-GL TFCM peak permeance and corresponding CO2 feed activity in
dependence on experimental feed temperature.

For both activity and permeance curves, the change in behavior occurs in the range
14–16 ◦C, which is in good agreement with the observations reported earlier, where during
the gas transport of the PA, TFCM was investigated at low feed pressures, and change in
the Arrhenius permeance/temperature dependence associated with semicrystalline parts
of the polymer was observed at temperatures of 18–20 ◦C [49,58]. Earlier, it was reported
that the melting temperature of the poly(ethylene glycol) in the PA is 27 ◦C in the case of
isotropic films with a ca. 100 nm thickness [27]. The difference in the melting temperatures
of the bulk polymer and the polymer in the selective layer of TFCM is associated with the
state of the thin layer of the polymer in the selective layer, leading to significant changes
in thermal properties. Differences between the melting point observation of the current
study (14–16 ◦C) and previous work (18–20 ◦C) conducted for the PA TFCM arise from the
fact that, in the current study, gas transport properties were determined at much higher
pressures and thus feed activities of the CO2, which is a plasticizing agent for the PA, can
induce a decrease in the melting temperature.

3.2.3. Influence of Support on TFCM Properties

The TFCMs under study have complex morphologies and consist of multiple layers.
An ultrafiltration PAN layer is deposited on top of the polyester non-woven; a gutter
layer of adhesive PDMS is deposited on top of the UF-PAN, followed by the selective
and sometimes protective layers. The drainage of the penetrant transported through the
selective layer occurs through the gutter and UF layers. It is important to investigate the
possible resistance of these layers to the penetrant flow.

Figures 6 and 7 show that the gas transport in UF-PAN and GL membranes is faster
than in the selective membranes discussed above. The UF-PAN membrane shows a clear
Knudsen-type gas flow mechanism with a CO2 permeance above 100 m3(STP) m−2 h−1 bar−1.

The gas transport of CO2 through the GL membrane shows the same behavior as
for PA77-GL, with a permeance peak at ca. 0.5 CO2 activity. The peak permeance of
60 m3(STP) m−2 h−1 bar−1 was observed at 20 ◦C for the GL membrane, followed by
a sharp decrease in both the flowrate and permeance. It is interesting that in the CO2
activity range of 0.75–0.95, the penetrant flowrate through the membrane is independent of
pressure, and above this range, it drops significantly to the point of penetrant condensation.
Both pressure increase and decrease curves are shown in Figure 6. A very good agreement
between these curves clearly indicates that at chosen experimental conditions (pressure
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step and equilibration time between experimental points), the polymer of the gutter layer
reaches an equilibrium state. The exact positioning of the two curves in the activity range of
0.5–1.1 gives one proof that the observed effect of polymer/penetrant interaction in TFCMs
under study is not an artefact but a real physical fact.

3.2.4. Permeate Temperature Drop during Gas Transport Experiments

A gas separation membrane can be thought of as an orifice with a very small opening
used for gas throttling. The gas is expanded from the high pressure side to the low-pressure
side, and there is a significant drop in temperature, known as the Joule–Thomson effect [65].
The expansion of condensable gases through high-performance gas separation membranes
under study should result in a significant temperature drop on the permeate side of the
membrane. This drop can theoretically influence the temperature of the feed side of the
selective layer.

The experimental setup enables the investigation of the temperature change in the
permeate flow. The temperature sensor was immediately placed on the permeate surface
of the membrane within the sintered metal support and as far away from measurement cell
walls as possible to minimize the influence of the temperature outside of the cell, as shown
in Figure S1 of the Supporting Information. Figure 8a shows that in the case of the PA77-GL,
simultaneously with the strong variation in permeance, the temperature of the permeate
stream changes. With the increase in CO2 permeance in the range of CO2 feed activity of
0–0.7, the permeate temperature drops, reaching a local minimum at the peak of permeance.
In the activity range of 0.75–0.9, both the permeance and temperature change insignificantly,
and in the activity range up to 1.0, both the permeance and temperature decrease. This
simultaneous drop is unexpected since a reduction in the penetrant flowrate through the
membrane should be accompanied by an increase in the permeate pressure in the system,
where heat flow from external space is not prohibited. At an activity of one, another
strong drop occurs, and afterwards, the temperature remains stable. This relationship
results from the desorption process, or more precisely, the desorption enthalpy. As the
amount of substance permeating through the membrane increases, the desorption of gas
molecules on the permeate side of the membrane also rises. The change in temperature on
the permeate side of the membrane is therefore related to the desorption rate of molecules
passing through the membrane. Figure 8b shows the permeate temperature in dependence
of the activity for the measurement series obtained at 10 ◦C, 20 ◦C, and 30 ◦C. For all
measurement series, the course of the curves is similar. For higher temperatures, no such
high activity was achieved in the measurement series as that at 10 ◦C, since the vapor
pressure increases with the temperature while the maximum operating pressure is the
same for all measurement series. Nevertheless, the data show that the higher the feed
temperature, the more pronounced the decrease in the permeate temperature during the
strong rise of the permeance. This is due to the higher permeance at higher temperatures
and, therefore, the increased desorption rate.

To verify whether the observed change in the permeate temperature is a real behavior,
a measurement was carried out using a PDMS thick film under the same experimental
conditions as the measurements performed with TFCMs. Figure 9 shows that in this inves-
tigation, at a feed temperature of 20 ◦C, the permeate temperature fluctuates from the feed
temperature of 0.57 ◦C with a linearly increasing permeate flow rate. Therefore, a techni-
cally induced temperature fluctuation can be excluded for the applied measuring range.
The results show that for the measurement of the thick film membrane, no effect like the
one observed for thin film membranes is observed for the measurement conditions applied.

Furthermore, Figure 8a shows the results for measurements with an increasing and
decreasing feed pressure in one series of measurements. There is just a small vertical shift;
it is almost negligible. The course of the curve is almost identical regardless of whether
the pressure is increased or reduced during the measurement. The absence of hysteresis
confirms the observation of a real relationship between the polymer and the penetrant,
so measurement-based effects can be excluded. The fact that the value for permeance
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after pressure reduction corresponds again to the initial value at low feed pressure proves
the reversible behavior and shows the stability of the membrane even at high pressures,
extreme swelling, and a change in the temperature around the membrane.

Figure 8b indicates that at a feed activity of 1.0, the state of the penetrant on the feed
side of the membrane changes from gaseous to liquid. The line corresponding to the feed
temperature of 10 ◦C shows that the temperature on the permeate side of the membrane
drops by 17 ◦C, but the gas condensation on the feed side occurs at conditions on the feed
side, meaning that information on the gas state on the permeate side of the membrane
is not transferred to the feed side through the selective layer. The expansion of the gas
accompanied by the drop in temperature occurs on the permeate side interface of the
selective layer, or, in the case of the presence of the gutter layer, on the interface between
the gutter layer and porous PAN, and the penetrant flow through the selective layer is
sufficiently high to keep the selective layer at feed temperature conditions. This fact can, of
course, be related to the arrangement of the experimental setup used in the current study,
which is similar to dead-end filtration, where there is no lateral transfer of a penetrant
stream along the membrane surface on both the feed and permeate sides of the membrane.
Earlier works have reported significant retentate temperature drops in comparison to
the feed temperature during gas and vapor separation experiments involving full-scale
membrane modules [66,67].

4. Conclusions

In light of the earlier reported inability of the FVM to predict gas permeances of highly
efficient TFCMs at elevated partial pressures of condensable penetrants, experiments in the
full range of penetrants, CO2, and C2H6 activities were conducted. The following TFCMs
with various selective layer materials as well as support used for membrane fabrication
were investigated: PA, two types of PDMS, POMS, and microporous PAN. In order to find
whether permeance deviations from values predicted by FVM originate from materials or
whether they are related to the TFCM morphology of thick isotropic films of PA and PDMS,
they were studied under the same conditions as TFCMs.

The results obtained during sorption and gas transport experiments with isotropic
films of PA and PDMS showed no deviation from behavior, which has been numerously
reported in the literature.

PAN microporous support showed, at the chosen experimental conditions, a gas flow
mechanism that can be characterized as a Knudsen-type flow.

The investigation of all membranes with continuous defect-free layers of rubbery
polymers, namely GL, PDMS, POMS, and PA, shows the presence of a permeance peak
occurring at different condensable gas activities. The highest permeance at this peak was
observed for the adhesive PDMS-based GL membrane, reaching 60 m3(STP) m−2 h−1 bar−1

for CO2 determined at 20 ◦C. The feed CO2 activity at the peak permeance was the lowest
among all the membranes under investigation.

The same peak behavior of the permeance curve in dependence of feed activity was
observed for all other TFCMs, the peak position varying dependent on selective layer
material, its thickness, and the temperature of the experiment.

It was found that for PA-based membranes, it is possible to observe significant changes
in the permeance peak position in relation to the presence of the crystalline state of the
poly(ethylene glycol) domains that are responsible for gas transport properties of the PA
block copolymer.

The thermal effects on the permeate side of the membrane were investigated. It
was found that an expansion of the penetrant causes a significant drop in the permeate
temperature. Additionally, the temperature curve in dependence on feed gas activity is
very complex and does not follow the dependence for the permeance, especially at high
penetrant feed activity. A significant decrease in the permeate temperature was observed
at a feed gas activity of p/po ≥ 1, i.e., the penetrant on the feed side condensed to the
liquid state. The following two conclusions should be drawn from this fact: (a) multiple
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experiments with various membranes showed that PDMS, POMS, and PA selective layers
are stable under exposure to liquid CO2 and C2H6; (b) sudden and significant temperature
drops on the permeate side occur when the feed side pressure is equal to or exceeds the
condensation pressure at the temperature of the feed side, meaning that the selective layer
temperature is controlled by feed side conditions and information on temperature drops
on the permeate interface of the selective layer is not transferred into the layer itself. This
consideration can be valid only for the experimental conditions chosen for this study, where
gas transport properties are studied as dead-end filtration and no penetrant movement
occurs in the lateral direction to the membrane as in large-area membrane modules.

The reason for the permeance peak can be attributed to processes occurring within
the rubbery selective layer of a TFCM during condensable penetrant transport through it:
limited swelling accompanied by an increase in the free volume in accordance with the
FVM; clustering of penetrant molecules, resulting in an increase in the effective kinetic
diameter of a penetrant and simultaneously increased polymer swelling; free volume
morphology, reaching the state when transporting through the rubbery swollen polymer
matrix, according to the capillary condensation mechanism.

Further experimental and modeling efforts are necessary in order to investigate per-
meance peak phenomena for TFCMs with rubbery selective layers of varying thickness,
glassy polymers, and polymers of high free volume. A comparison of properties should be
conducted for TFCMs and integral asymmetric membranes. All this work is in progress
and will be reported on shortly.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/membranes14030066/s1. Figure S1: The scheme of the test cell build in the
setup used for single gas experiments at high pressures. Figure S2: Scanning electron microscope
(SEM) images of cross sections on TFCM membranes: (a) PDMS1280-PAN; (b) POMS6250-GL;
(c,d) standard TFCM.

Author Contributions: The single gas experiments, the data analysis and curation, K.S., J.L. and S.S.;
methodology, S.S. and J.P.; facility building and software, J.P.; writing—original draft preparation, K.S.,
S.S. and J.L.; writing—review and editing, S.S., J.L. and T.B.; supervision and project administration,
T.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would like to thank Jan Wind and Juliana Clodt for purchasing
the sample material and their valuable discussions. The authors also thank the Department of
Instrumental Structure Analysis for the SEM-supported investigations.

Conflicts of Interest: The authors declare no conflicts of interest. K.S. is an employee of Camfil
GmbH. The paper reflects the views of the scientists, not the company.

Appendix A

The density of solid thick films was determined at room temperature as follow:

ρS =
A

A − B
(ρ0 − ρair) + ρair, (A1)

where ρS is the density of sample (g cm−3), A and B are the mass of the sample in air and
in the auxiliary liquid, ρ0 is the density of the auxiliary liquid (g cm−3), and ρair is the air
density at room conditions (0.0012 g cm−3).

The density of the auxiliary liquid (FC-770) was determined using a sinker of known volume:

ρ0 = α
A − B

V
+ ρair, (A2)
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where V is the volume of the sinker (cm3).
The overall uncertainty of sorption measurements was estimated using the Gaussian

law of propagation.
The combined standard uncertainty is the square root of the combined variance for

the sorption experimental results is given by the following:

σ2( f (x)) = ∑N
i=1

(
∂ f (x)

∂xi

)2
σ2(xi), (A3)

Here are the parameters involved in the uncertainty calculations of adsorption gas
measurements: mass of polymer sample mS obtained by weighting in vacuum (g), VSC
is the volume of the balance component holding the sample (cm3), VS is the volume of
sample, and ρf is the sorptive gas density. Each measurement point was characterized by
experimental standard deviation for minimum 100 series in observation in equilibrium [68].
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