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* Best combination of CO, flux and pressure difference between gas and liquid phases;

* Membrane structure is stable at transmembrane pressure up to 20 bar within contactor.
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In the present work, a membrane contactor with asymmetric flat-sheet poly(vinyltrimethylsilane) (PVTMS) membranes was proposed for the CO, desorption process from physical
solvents at elevated trans-membrane pressures. Different solvents were studied: water, a mixture of polyethylene glycol dimethyl ethers (Genosorb® tradename, Selexol process) and
a number of ionic liquids (ILs). The compatibility of PVTMS with physical solvents was evaluated. Thorough sorption and swelling degree tests, FTIR experiments, and solvent
permeation study provided insights into PVTMS-solvent interaction and allowed the selection of water, Genosorb® and 1-ethyl-3-methylimidazolium tetrafluoroborate ([Emim][BF,])
as demo solvents for proof-of-concept. CO, desorption experiments were successfully realized at elevated trans-membrane pressure (10 bar) and different temperatures (30 and 50°C).
Increasing the temperature from 30 to 50°C allowed obtaining higher CO, desorption flux for all studied solvents. The combination of such parameters as CO, flux (up to 4.5 m* (STP)/
(m?.h)) and the pressure difference between gas and liquid phases (up to 10 bar) is the best among the available literature data. The detailed investigation of [Emim][BF,] possessing
the highest CO, flux revealed that an increase of CO, content in [Emim][BF,] provided by increasing absorption pressure up to 20 bar resulted in a significant CO, desorption flux
growth up to 7.5 m* (STP)/(m?.h). Finally, the SEM and EDXS study of membranes after CO, desorption tests revealed the deposition of particles containing Na and F elements from

ionic liquid [Emim][BF,] on the membrane surface. Nevertheless, the same study proved the stability of the membrane morphology structure at elevated transmembrane pressures

even up to 20 bar.

1. Introduction

The integrated process for absorption removal of various components
from industrial gas mixtures employing gas-liquid membrane contactors is
a dynamically developing area of membrane technology [1, 2]. The principal
benefits of membrane contactors are the small size and modularity of the
system, since membranes provide high area per unit volume (up to 10000
m?/m?), thus allowing a decrease in the equipment dimensions to more than
60% [3]. Furthermore, a membrane provides independent control of gas and
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liquid flow rates, whereas the CO, absorption selectivity remains high as in
conventional absorption processes [4].

Most of the works in the field consider the absorption of carbon dioxide
(CO,) from gaseous streams aimed to decrease anthropogenic CO, emission
[1]. This technology employs porous hollow fiber membranes made of
polypropylene, polytetrafluoroethylene, and polyether ether ketone and has
already gained pilot implementation: CO, removal was tested for flue gases
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[5] and syngas from the pilot pre-combustion plant (Mulgrave, Victoria,
Australia) [6]. However, efficient employment of membrane contactors is
constrained by a range of pressures close to atmospheric since the operation at
elevated pressures might lead to penetration of liquid absorption into
membrane pores resulting in a dramatic decline of the mass-transport
characteristics [7]. This fact determines the selection of solvent: in most
cases, aqueous chemosorbents (agueous solutions of alkanolamines,
ammonia, potassium carbonate, etc.) are employed, since they possess
relatively high surface tension and low affinity to polymeric membrane
materials [2].

Employment of membrane contactors for CO, removal from gaseous
mixtures at elevated pressures (1-7 MPa) is feasible when transmembrane
pressure is thoroughly controlled [8] or when composite membranes are used:
dense highly permeable polymeric layer prevents pore wetting with the
solvent [9]. However, industrial purification of gases widely employs physical
solvents — liquids in which CO; solubility is governed by Henry’s law. The
sorption capacity of these liquids at elevated partial pressures of CO. is higher
than that of aqueous-based chemosorbents. Conventional physical solvents
are organic liquids with low surface tension: dimethyl ethers of polyethylene
glycol (Selexol® process), N-methyl-2-pyrrolidone (Purisol® process),
propylene carbonate (Fluor® process), cold methanol (Rectisol® process) [10].
Promising physical solvents are ionic liquids (ILs) — organic salts that are
liquids at operating temperature. These liquids provide high CO; solubility,
almost zero vapor pressure, high thermal stability, relatively low toxicity [11,
12] and even biodegradability [13].

Physical solvents are almost incompatible with modern porous polymeric
membranes, as they easily wet the membrane pores [14] and lead to
morphological changes of the membrane [15] or its destruction [16].
Theoretical estimations show [17] that it is appropriate to use dense or
composite membranes with a thin non-porous layer of highly permeable
polymers. Despite the fact that the most permeable disubstituted
polyacetylenes are also permeable for physical solvents at elevated pressures
[18], the problem can be solved by using a membrane with high CO,
permeance made of polymeric material having an average CO, permeability,
which possesses barrier properties towards the penetration of physical
solvents.

From this point of view, industrial asymmetric poly(vinyltrimethylsilane)
(PVTMS) membranes with a thin dense selective layer are particularly
promising. These membranes were originally designed for gas separation
processes (hydrogen removal from ammonia syngas, air separation, etc. [19]),
however, now they are used in the field of membrane distillation [20]. It
should be noted that studies focused on modification of this membrane
material to enhance the mechanical properties of fabricated membranes [21,
22] are still in progress.

Industrial asymmetric PVTMS membranes have been successfully
employed in membrane contactors for a number of applications: deep removal
of oxygen from water [23], air humidity control [24] and olefins removal
from mixtures with saturated hydrocarbons [25]. It is especially worth noting
that PVTMS membranes have been applied in membrane contactors for CO,
removal from biogas (biohydrogen, biomethane): they provided efficient
carbon dioxide absorption, sterile conditions, and prevention of gas product
contamination with liquid solvent [26-29]. As shown by recent studies [30],
regeneration of alkanolamine solvents (monoethanolamine — MEA, potassium
taurate — PT) at elevated temperatures up to 100°C using PVTMS membranes
is also feasible.

Therefore, the present work is focused on the implementation and study
of CO, removal from physical solvents (solvent regeneration) in membrane
contactors based on PVTMS membranes. The physical solvents used were
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both conventional absorption liquids (water, dimethyl ethers of polyethylene
glycol — conventional solvent in Selexol® process) and novel promising
solvents — ionic liquids based on imidazolium and phosphonium cations.

2. Experimental
2.1. PVTMS films and asymmetric membranes

The objects of study were industrial samples of asymmetric PVTMS
membrane PA-160-C-3.1 with total thickness ~145 um and dense selective
layer thickness 0.25-0.35 um. The chemical structure of PVTMS is shown in
Figure 1, and the cross-section image of the asymmetric membrane is shown
in Figure 2.
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Fig.1. Chemical structure of PVTMS.

For fabrication of dense films, the asymmetric PVTMS membrane
samples were dissolved in toluene at room temperature with the following
mixing for 24 h. The mixture then was filtered and diluted with toluene until 1
Wt% solution was obtained. Dense polymeric films were fabricated by casting
the solution onto cellulose film at room temperature. The solutions were
covered by Petri dishes to provide slow evaporation of solvent during several
days at room temperature. Further drying of the membranes was carried out in
a vacuum (residual pressure 0.1 bar) at 40°C to a constant weight. The
prepared films were visually transparent, having a thickness of 160+10 um.

2.2. Physical solvents

The following liquids were applied as physical solvents: distilled water,
dimethyl ethers of polyethylene glycols (Genosorb®, Clariant Produkte
GmbH), ionic liquids (ILs) purchased from Sigma Aldrich Chemie GmbH —
1-ethyl-3-methylimidazolium  dicyanamide  ([Emim][DCA],  Aldrich
#713384), 1-ethyl-3-methylimidazolium tetrafluoroborate ([Emim][BF,]),
trihexyltetradecylphosphonium bromide ([P66614][Br], Aldrich #96662),
trihexyltetradecylphosphonium bis(2,4,4-trimethylpentyl)phosphinate
([P66614][Phos], Aldrich # 28612). All the ILs were used without further
chemical purification. The only precaution taken was the dry storage under
vacuum and elevated temperature (80°C) conditions to avoid any water
uptake by the ionic liquid. The water content of used ILs, after drying, was
measured by Karl Fischer titration (Metrohm 756 KF Coulometer) and did not
exceed 1300 ppm. The chemical structures of used solvents are given in Table
1.
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Fig. 2. Cross-section micrographs of the asymmetric PVTMS membrane at different magnification.
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Table 1
The solvents used in the work.
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Name Structure MW, g/mole
Water H.0 18,0
Genosorb® H3CO ( CH,—CH,—0 } Chs 280,0
n
where n = 3-8
CHs
N* CN
[Emim][DCA] [N ) I\:J‘ 177,2
k CN
CHs
CHa
[';“ BF,
Emim][BF; 198,0
[Emim][BF4] N
I\CHg
(?H2)5CH3
[P66614][Br] H3C(H2C)s—P*—(CHy)13CH3 563,8
(CH2)sCHa g
O
(CH5)5CH3 0o
‘ =)
[P66614][Phos] H3C(HoC)s—P*—(CHy)13CH3 CHjs 7733
\ HaC CHs CHs
(CH2)sCH3 HaC CHg CHz CH3

2.3. Sorption and swelling degree experiments

The affinity of PVTMS and selected solvents was evaluated through
equilibrium values of the liquid sorption in the polymer and swelling degree
of the polymer in the liquid. To measure these parameters, the dry square-cut
samples of dense films with known size and weight were placed into the
studied liquid (3 samples per 1 liquid) and exposed for 6900 hours (9.5
months) at room temperature. After that, the samples were taken from the
liquid, and excess of liquid was removed from the film surface with blotting
paper prior to size and weight measurements. The sorption value was
measured as follows:

m — My
R 6

My

where mg and m (g)— measured values of the sample weight before and after
experiments, respectively. The swelling degree of the polymer in the liquid,
SD, was determined as follows:

dydyl — dypdaly

SD=———7-—"— 7))
dipdz0lo

where d; and d, — length and width of the film, | — the thickness of the film.

The subscript “0” means initial film dimensions measured before the
experiments.

2.4. Gas and liquid permeation tests

The individual gases (CO;, N, O,) permeability (P/I) through the
asymmetric PVTMS membranes was determined with the volumetric
technique at temperatures 30 u 50°C [9, 18] as follows:

P v

1~ StAp

©)]

where V — the volume of gas (m® (STP)) passed through the membrane with
active area S (m?) in time t (h) at transmembrane pressure 4p (bar).

The presence or absence of hydrodynamic permeability (permeation) of
solvents through asymmetric PVTMS membranes was studied according to
the procedure proposed earlier [18]: the membrane sample was placed into a
dome-shaped cell, and the upper compartment of the cell above the membrane
was partially filled with the studied liquid. Elevated pressure (40 bar) from
the solvent side was maintained using pure CO,. Both the cell and liquid
receiver were placed in the heat chamber. The experiments were carried out at
50°C for at least 390 h for each liquid.

2.5. Study of chemical stability of the membranes

The chemical stability of the membranes was studied as follows: the
asymmetric PVTMS membrane samples were immersed in the solvents at
50°C for a long time (300 h). Then, the samples were soaked in ethanol for
several days and consequently placed in a number of aqueous ethanol
solutions with gradually decreasing ethanol concentration. Then, the
membranes were placed in distilled water and dried at 40°C. The dried
samples were studied via the IR-spectroscopy technique. The spectra were
collected at vacuum IR-Fourier spectrometer IFS-Bruker 66/Vs in reflection
mode with ZnSe crystal (100 scans, resolution 4 cm*). Measurements were
carried out in the range of 4000-400 cm™ and further processed using OPUS
6.0 software (Bruker). The group of Prof. G.N. Bondarenko carried out iR-
analysis at the organometallic catalysis laboratory of TIPS RAS.

2.6. Study of membrane structure and morphology

The structure and morphology of membrane samples were studied with
high-resolution scanning electron microscopy (Hitachi Tabletop Microscope
TM3030 Plus with a proprietary highly sensitive low-vacuum detector of
secondary electrons Hitachi High Technologies America Inc., USA). To
obtain the cross-section micrographs, samples were immersed into
isopropanol to provide total pore filling and then into liquid nitrogen where
they were fractured by a thin razor. The samples were decorated with a thin
(~5 nm) layer of gold in a vacuum. In order to determine the elemental
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composition of the membrane surface before and after experiments with ionic
liquid [Emim][BF,], the energy dispersive X-Ray spectroscopy (EDXS)
analysis was used. The analysis was carried out with a Bruker Silicon Drift
Detector coupled with the scanning electron microscope.

2.7. CO, desorption from solvents in membrane contactor.

CO; desorption from physical solvents was carried out with laboratory
setup (see Figure 3) described earlier [9]. Prior to the experiment, absorber 3
was filled with the solvent from tank 1. Absorber 3 is a high-pressure vessel
equipped with a propeller stirrer and temperature controlling system, placed
into thermostatic chamber 4. Carbon dioxide (purity 99.5 vol%) from cylinder
2 was brought into absorber 3 and dissolved in the solvent at constant stirring
for at least 4 hours under the following conditions: pcoz = 5, 10 or 20 bar (the
pressure was controlled by Bronkhorst® precise controllers); T=30°C. After
that, the saturated solvent at the same pressure (5, 10 or 20 bar) was brought
into the slit (rectangular) channel of the flat-sheet membrane contactor 6,
which was placed into thermostatic chamber 5. The channel cross-section was
calculated as A;=Lh=0.04 cm? (channel length L=4 cm, channel height
h=0.01 cm,) and the effective membrane area was 16 cm? In the membrane
contactor, carbon dioxide was desorbed from the solvent and penetrated
through the membrane into the gas compartment of the membrane contactor
at atmospheric pressure (no sweep gas or vacuum was applied).

The desorption temperature was 30°C or 50 °C. Desorbed carbon dioxide
was removed from the setup and CO; flux was measured by an electronic soap
film flowmeter “Potok” (OOO “Monitoring”) 9. The flow velocity of
saturated solvent through the contactor was controlled by precise valve 11 at
the output of the contactor. The solvent flux through the contactor was
estimated by a weight method based on the weight of the degassed solvent
receiver (10), taking into account the solvent density. Liquid penetration into
the gas compartment of the membrane contactor was determined visually
using the cold trap 7.

3. Results and discussion
3.1. Gas permeance of the membranes

Gas permeance is a key characteristic of membranes with a dense
selective layer. This parameter has to have maximum value in order to
minimize the membrane contribution into overall mass transport resistance
within the process. Gas transport properties of the asymmetric PVTMS
membranes are given in Table 2.

The results show that the membranes have high gas permeance values for
all the gases studied (O,, N,, CO,). CO, permeance is varied within the range

of 520 — 610 GPU. This value is comparable to that for composite membranes
with a thin dense layer (~ 600 GPU [9]) as well as for porous membranes (~
1000 GPU [31]), which were used in gas-liquid membrane contactors for CO,
removal. The temperature increase leads to a moderate increase in gas
permeance of the membranes, which indicates the stability of their gas
transport properties within the range of temperatures specific to physical
solvent processes. It should be noted that the results are in good agreement
with the data published earlier (see, e.g., [32]). The evaluation of ideal gas
selectivity (o) for gas pairs O/N; and CO./N, indicates that gas transport in
the membrane selective layer is governed by a solution-diffusion mechanism
(o > 1). This, in turn, shows that the selective layer does not contain any
micro defects or cavities, which is critically important to prevent penetration
of physical solvents at elevated pressures within the membrane contactor.

3.2. Interaction between the polymer and physical solvents

The interaction between PVTMS and physical solvents was evaluated by
means of measuring equilibrium values of liquid sorption in the polymer and
the polymer swelling degree after long-term contact (6900 hours). A
comparison of results with the physical properties of the solvents studied (see
Table 3) revealed that there is no correlation between viscosity and S/SD
values — the results are comparable for both water and [P66614][Phos],
viscosities of which differ by three orders of magnitude. On the other hand,
the correlation with solvent surface tension is evident: in a row «water -
[Emim][DCA] - [Emim][BF,] - Genosorb®» the solvent having lower surface
tension better interacts with PVTMS which is indicated by higher S and SD
values. A similar correlation was observed for the highly permeable
disubstituted polyacetylene poly[1-(trimethylsilyl)-1-propyne] (PTMSP) after
interaction studies with binary water-ethanol mixtures, conventional physical
solvents [33] and ionic liquids [34]. In contrast to PTMSP [34],
phosphonium-based ILs do not obey this regularity: having the lowest surface
tension values, [P66614][Br] and [P66614][Phos], however, weakly interact
with PVTMS. Relatively low S and SD values (lower than those for
Genosorb® solvent) are supposed to be related to steric hindrance in
penetration of the ILs into the PVTMS matrix, polymeric chains of which are
relatively rigid. The size of the free volume element in PVTMS is approx. 67
A (120200 A% [19], while the simplest estimations of molar volume of
[P66614][Br] and [P66614][Phos] (considering the IL molecules to be
spherical) show that their molecular size is ~ 12 A and ~ 14 A, which is larger
than the PVTMS free volume elements.

Generally, the sorption and swelling degree data for PVTMS show that
all the solvents studied relatively weakly interact with the polymer. The only
exception is Genosorb®, but its sorption (0.09 g/g) and PVTMS swelling
degree (11.9%) values are also low, being 5-10 times lower than those for
PTMSP — 1.22 g/g and 59%, respectively [18].

o
';9

-

p=1 bar; 7=30; 50°C

membrane

o)

r; 7=30; 50°C

B

——— Liquid flow line
——— Gas flow line

Fig. 3. Membrane gas desorption setup: 1 — initial solvent tank; 2 — CO cylinder; 3 — absorber; 4, 5 — thermostatic chambers; 6 — flat-sheet gas-liquid membrane contactor;
7 — cold trap; 8 — buffer tank; 9 — electronic soap film flowmeter; 10 — degassed solvent receiver with electronic scales, 11 — precise regulation valve.
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Table 2
Gas transport properties of PVTMS.

Measurement temperature P/l (N2), GPU* P/l (O2), GPU P/l (CO,), GPU a(02/N2) a(CO2/N2)
30°C 48 174 520 3,6 10,8
50 °C 59 212 610 3,6 10,4

*1 GPU = 10° cm® (STP)/(cm?s-cm Hg)

Table 3

Interaction between physical solvents and PVTMS: sorption [g/g], swelling degree [%]) at 25 + 3 °C. The surface tensions, viscosities of liquids and Henry’s law

constants for CO; solubility are also presented.

Solvent surface tension

Solvent viscosity Henry’s law constant for

Physical solvent e (25°C, 1 bar), (25°C, 1 bar), CO; solubility (Hsz) at
99 mN/m mPa-s 40°C, MPa
Water <0.01 <01 71,96 0.9%1 230,941

Genosorb® 0.09 11.9 35.61%7 7.367 4,700
[Emim][DCA] 0.01 33 60,31 14,5 95940
[Emim][BF:] 0.01 36 54,011 36,911 3,050
[P66614][Br] 0.02 5.9 29,361 20881%! 6.5817
[P66614][Phos] <001 36 28,21 140219 0.7162

3.3. Determination of hydrodynamic permeability of the membranes and
selection of solvents for the CO,desorption process

The obtained S and SD data allowed us to suggest that the asymmetric
PVTMS membranes are impermeable barriers towards the physical solvents
studied. This is highly important because the key requirement in dense
membranes for gas-liquid membrane contactors is their ability to exhibit
barrier properties towards the solvent permeation. When the liquid penetrates
through the membrane into the gas compartment of the membrane contactor,
the separated phases mix with each other, and the overall efficiency of the
system drops drastically.

To determine the hydrodynamic permeability of the membranes, long-
term experiments were carried out at transmembrane pressure of 40 bar and
temperature of 50°C. The results showed that neither of the solvents,
including Genosorb®, penetrates through the asymmetric PVTMS membranes
at given conditions for at least 390 h. Therefore, all the solvents studied can
be employed in the CO, desorption process.

For further experiments, we have chosen water, Genosorb® and
[Emim][BF,] as representatives of three different classes of compounds. The
choice of [Emim][BF,] from the four ILs was based on CO, solubility values.
A comparison between Henry’s law constants (see Table 3) shows that CO; is
highly soluble in [Emim][BF,4] (Henry’s law constant is one of the lowest —
3.05 MPa). The [P66614][Phos] seems to be even a more promising solvent,
as it has Henry’s law constant of 0.71 MPa. However, preliminary
experiments showed that [P66614][Phos] cannot be employed in the real
process since its viscosity is too high (40 times higher than that of
[Emim][BF4] — see Table 3).

3.4. Chemical stability in the physical solvents

One of the key requirements to membranes is their chemical stability in
the chosen physical solvents, since they are aggressive chemical agents at
elevated temperatures during the long-term process.

The asymmetric PVTMS membrane samples were immersed in sealed
vessels containing water, Genosorb® and [Emim][BF,]. The vessels were
placed into a heat chamber and exposed for 300 h at 50°C. Then the
membranes were removed from the vessels and cleaned with blotting paper.
Visual inspection showed that no change occurred in the membrane color and
morphology. Also, no decline in size and mass of the specimens was
observed, which indicates that PVTMS does not dissolve in the solvents
chosen.

Chemical stability of the membranes was confirmed by IR spectroscopy
analysis. Stability of PVTMS in water and aqueous amine solutions at
elevated temperatures (up to 100°C) was proven in [30]. In the present work,
we studied IR spectra of the PVTMS membranes after exposing them to
[Emim][BF,] (2) and Genosorb® (3) (see Figure 4). For comparison, the initial
spectrum of the membrane before experiments (1) is also given. As seen, the
spectra are almost identical, which indicates that the chemical structure of

PVTMS did not change (detection limit — 0.5-1.2x1073 mol/I). In particular,
the spectra do not contain peaks specific to the oxygen-containing groups C—
O (1000-1280 cm?) and C=0 (1700-1750 cm) [43], which could indicate
oxidative degradation of the polymer. Therefore, the asymmetric PVTMS
membranes are robust in the used solvents at elevated temperatures. These
results combined with the absence of hydrodynamic permeability (paragraph
3.3) allow expecting successful long-term operation of PVTMS in the
membrane gas-liquid contactor.

3.5. CO, desorption from physical solvents at elevated pressures

The experiments were carried out at transmembrane pressure 10 bar for
each of the solvents in order to maintain the equal effect of hydraulic pressure
on the membrane. Therefore, the saturation pressure in the absorber (position
3, see Figure 3) did not change and was 10 bar in each experiment. The
temperature of solvent saturation with CO, was also constant — 30°C. The
solvent regeneration process within the membrane contactor was performed at
two temperatures — 30°C (as in saturation process) and 50°C. Applying the
first temperature value, it was important to confirm that CO, desorption from
physical solvents is feasible only by means of pressure swing on the other
side of the membrane (flash regeneration regime [10]), without increasing the
temperature. The second temperature value (50°C) was applied to intensify
the desorption process using the thermal regeneration regime which is widely
used in the industry [10]. This relatively mild value was chosen to minimize
its effect on the PVTMS membrane.

The key parameter of the solvent regeneration process is the volume of
desorbed CO,, penetrating through the active membrane area per time unit
(the flux of desorbed CO,). The relations between this parameter and the
linear solvent velocity in a liquid compartment of the membrane contactor
have a similar shape for all the solvents studied (see Figure 5) at both values
of operating temperature. At higher linear solvent velocity, the flux of
desorbed CO, increases due to an increase in the number of CO, molecules,
which were brought with the solvent in the membrane contactor. However,
the relation is nonlinear: the linear region extends up to velocities of ~0.01
m/s, while the relation tends to align and achieves a constant value at higher
solvent velocities. This behavior seems to be a combination of two effects.
The first is the additional diffusional resistance contributed by the membrane.
For example, as shown in [44, 45], the transition from porous membranes to
those with dense selective layer leads to a significant increase of membrane
resistance to CO, transport in the membrane contactor. Secondly, the presence
of plateau in Figure 5 may be accounted for by a decrease of the solvent
residence time in the liquid compartment of the contactor: the CO, molecules
have less time to diffuse from the bulk of the liquid phase to the surface of the
PVTMS membrane at higher solvent linear velocities, which results in
decreased overall desorbed CO, flux. Our group [9] discovered a similar
behavior for alkanolamine chemical solvents. The similar findings were
observable in experimental [46] and theoretical [47] works of the other
researchers as well.
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Fig. 4. IR spectra of the asymmetric PVTMS membranes after exposure in Genosorb® and [Emim][BF.] at 50°C for 300 h.
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The experimental results (see Figure 5) indicate that the process of CO,
desorption from the physical solvents can be realized with pressure-swing
mode (flash regeneration) exclusively: the flux of desorbed CO, reaches
significant values at identical temperatures in the absorber and the membrane
contactor-desorber (30°C). However, the desorption process can be enhanced
with an increase in temperature. We applied higher temperature value, and the
desorbed CO; flux increased for all the solvents studied (see Figure 5). The
result can be explained by a number of factors: 1) CO, solubility in the
solvents decreases with an increase in liquid temperature, as shown in Table
4, leading to higher driving force of the desorption process; 2) CO,
permeance of the PVTMS membranes increases at higher temperature, as
shown in Table 2.

Detailed analysis of CO, desorption from different solvents shows some
features. For example, at a temperature of 30°C, the flux of desorbed CO,
from water is comparable to that for [Emim][BF,], despite the fact that CO,
solubility in IL is almost two times higher (see Table 4). In contrast, at 50°C,
the fluxes differ, being 2-2.5 times higher for [Emim][BF4]. In this case,
liquid viscosity seems to have a significant effect, since a decrease in liquid
viscosity at higher temperature facilitates the diffusion of CO, molecules from
the bulk of the liquid phase to the membrane surface. At temperatures from
30 to 50°C, water viscosity decreases by 30% from 0.8 to 0.55 mPa-s [35],
while IL viscosity decreases by almost two-fold from 32.3 to 17.3 mPa-s [49].

The data obtained for the Genosorb® solvent are contradictory. CO,
solubility in Genosorb® is higher than that in water and [Emim][BF,] (see
Table 4), while the viscosity of this solvent is relatively low and changes by
39% from 6.35 to 3.89 mPa-s at temperature change (30 to 50°C). However,
the fluxes of desorbed CO, do not differ significantly (see Figure 5) for
different temperatures. This solvent is believed to have a stronger interaction
with the PVTMS matrix, which is confirmed by higher S and SD values (see
Table 3). In this case, free volume elements of the polymer are partially
occupied by bulky oligomeric molecules of Genosorb®, which leads to
reduced CO, transport efficiency. However, the selected membranes are
efficient for CO, desorption from Genosorb® at elevated pressures even in
such mode.

A very important experimental result is that the physical solvents do not
penetrate through the asymmetric PVTMS membranes at a relatively high-
pressure difference between gas and liquid phases within the contactor (10
bar). This is confirmed by the absence of any liquid drops in the cold trap 7 of
the setup (see Figure 3) during the entire period of research. This
phenomenon confirms the conclusions made in paragraph 3.3 and indicates
that gas and liquid phases in the membrane contactor do not mix with each
other. A wide range of transmembrane pressures (at least up to 10 bar) makes
the process very flexible. For example, porous membranes provide efficient
CO, capture/desorption from physical solvents when the pressure difference
between phases is less than 0.5 bar (see data presented in Table 5). Otherwise,
the solvent penetrates into the pores of the membrane and drops the process
efficiency. Therefore, the transmembrane pressure has to be thoroughly
controlled using additional equipment. From this point of view, our results
significantly exceed the literature data on CO, absorption-desorption by non-
aqueous physical solvents at elevated pressures. As shown in Table 5, the
PVTMS membranes are both thermally and chemically resistant. Moreover,
they provide similar or even higher CO, fluxes compared to porous
membranes, while the pressure difference between phases within the
PVTMS-based contactor is the largest among the known studies.

The results obtained for regeneration of physical solvents with a different
chemical nature showed that the highest fluxes of desorbed gas in the
membrane contactor are observed for IL [Emim][BF,]. This liquid was used
for further detailed research.

3.6. CO, desorption from [Emim][BF,].

In the present work, we studied the effect of CO, content in IL on the
process of CO, desorption in the gas-liquid PVTMS-based membrane
contactor. Different CO, concentration in IL was provided by variation of the
saturation pressure in absorber 3 (see Figure 3) at a constant stirring rate. The
saturation pressure was 5, 10 and 20 bar, respectively. The saturation
temperature was 30°C. Corresponding values of CO, solubility at presented
pressures and temperature were taken from [41] and are given in Table 6.

Figure 6 The effect of the linear velocity of IL [Emim][BF,] in the liquid
compartment of the membrane contactor on the flux of desorbed CO, at
different CO, content in IL (different saturation pressures). Desorption
temperatures are 30°C and 50°C. The pressure in the liquid compartment of
the contactor — 5, 10 and 20 bar. The lines through the data points are
polynomial fits to guide the eye.

The obtained relations between the desorbed CO, flux and the linear
solvent velocity (see Figure 6) allow concluding that an increase in initial CO,
content in the IL enhances CO- flux. This is a result of the increased driving

force of the membrane desorption process. Elevated temperature favors the
process: temperature increasing from 30°C to 50°C results in 3.5 times higher
flux of desorbed CO,— from 2 to 7 m® (STP)/(m?h) at a saturation pressure
of 20 bar. The same temperature change at a saturation pressure of 5 bar
increases the flux two-fold — from 1 to 2 (STP)/(m?h). These observations
are also in good agreement with the data for CO, solubility at an elevated
temperature of 50°C, which are given in Table 6.

An important point in the process realization is the fact that changes in
CO, content in [Emim][BFs] (see Figure 3) are achieved by changing
saturation pressure in the absorber, and then IL having the same hydraulic
pressure is brought into the liquid compartment of the membrane contactor;
i.e., the hydraulic pressure of the liquid phase also changes, being,
respectively, 5-20 bar. The experiments showed that an increase of IL
hydraulic pressure from 10 bar (studied in paragraph 3.5) to 20 bar (which is,
in our case, equal to an increase in transmembrane pressure) does not lead to
the appearance of IL in the cold trap 7 (see Figure 3). This indicates that
[Emim][BF4] does not penetrate through the PVTMS membranes at elevated
pressures up to 20 bar during the CO, desorption process. This finding is in
good agreement with the barrier properties of the PVTMS membranes studied
in paragraph 3.3.

Summarizing the results, one can conclude that ionic liquid [Emim][BF4]
seems to be the most promising CO, solvent for application in the gas-liquid
PVTMS-based membrane contactor since it provides the highest desorbed
CO, fluxes among the studied physical solvents. Nevertheless, to
commercialize the IL solvent for such an application, a number of restrictions
(a lack of physicochemical, thermodynamic, lifetime and recyclability data;
lack of scale-up, engineering safety, health and environmental studies; high
production costs [11]) should be resolved.

3.7. Analysis of the membranes after CO, desorption at elevated pressures

As shown earlier in [9], CO, desorption at elevated solvent pressures (up
to 10 bar) and temperatures (up to 100°C) may lead to morphological changes
of the composite membrane and collapse of porous structure of the support,
which, in turn, totally blocks the gas transport through the membrane. From
this viewpoint, the conditions applied in the present work (transmembrane
pressure up to 20 bar, elevated temperature 50°C) constituted a danger to the
PVTMS membranes having an asymmetric structure with the macroporous
support layer. In order to estimate this impact, the PVTMS membrane sample
after the experiments was taken from the contactor followed by removal of IL
drops from the membrane surface with blotting paper. Then, the sample was
analyzed via the scanning electron microscopy technique combined with
energy dispersive X-ray spectroscopy (EDXS).

When comparing the cross-section images of the PVTMS membranes
before and after the experiments (see Figure 7), one can conclude that
membrane morphology did not change significantly. Moreover, the
membrane thickness remained the same. The experiments at elevated liquid
pressures do not lead to the collapse of the membrane support structure, thus
transport porosity with low mass transfer resistance remains unchanged.
EDXS mapping of the images gives evidence that the key elements in both
cases are carbon C and silicon Si (as follows from the structure in Figure 1).
Nevertheless, as can be seen on the upper part of Figure 7 (d), the membrane
surface comprises some inclusions shown by the color blue, which include
fluorine F and sodium Na. It should be noted that these inclusions are not
presented in the membrane substructure (i.e., do not penetrate into the support
through the selective layer).

In order to study the inclusions, SEM images and EDXS mapping of the
membrane surface were provided before and after the experiments (see Figure
8). It is obvious that the membrane surface after the experiments comprises
individual and agglomerated particles with irregular shape (see Figure 8 (b)).
Elemental EDXS mapping (Figure 8 (d)) shows that the particles are mainly
constituted by Na and F. Furthermore, mapping of individual elements in
Figure 9 shows that the elements are localized in the same particles.

Table 4
The solubility of CO: in the solvents.

Equilibrium CO:; solubility, mole/kg

Solvent Reference
P=10 bar, T=30°C P=10 bar, T=50°C

Water 0.28 0.19 Calculated from [48]

Genosorb® 1.26 0.78 Calculated from [38]

[Emim][BF.] 0.43 0.28 [41]
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Table 5
Implementation of CO. absorption-desorption process employing non-aqueous physical solvents in gas-liquid membrane contactors at elevated pressures.
. Pressure Temperature CO: flux,
Process Physical solvent Membrane type I Y e Gas type m? (STP)/(m?h) Remarks Work
Porous membranes
Membranes are subjected to
morphological changes when used
P=1-20 bar. 0.16 —4.84 with PC resulted in the wetting of
co Accurel Q3/2  Pressure difference . ) the fiber. The pressure difference
2 Propylene carbonate  polypropylene between gas and T=20-25°C Pure CO; or CO2/N2 between gas and liquid and [14]
absorption . L (0.002 - 0.06 h
hollow fibers. liquid phase <0.3 mole/(m?-s)) pressure drops over the fiber
bar length is a critical design
parameter provides a non-wetted
mode.
Overall mass transfer coefficients
lonic liquid  Microfiltration P=1-20 bar. 0.008 — 0.02 (Kexp) and model predictions (Kov)
[Bmim][TCM] - 1-  tubular glass  Pressure difference R show good agreement at low
CO. ; _ano COz/He - 45/55 vol
. Butyl-3- membrane with  between gas and T =80°C 5 pressures. Membrane contactor [50]
absorption - . . o % ((10.4-24.9)x10 .
methylimidazolium hydrophobizated liquid phase <0.5 mole/(m?-s)) undergoes wetting problems at
tricyanomethanide surface bar high pressures (10-20 bar).
P=1-20 bar. 0.005 — 0.039 The [Bmim][TCM] can gradually
co Pressure difference CO,/He - 45/55 vol : : attack the membrane in high-
2 [Bmim][TCM] PTFE hollow fiber between gas and T=80°C 2 4, pressure conditions and partially [16]
absorption P % ((0.56-4.86)x10 . 5
liquid phase <0.5 mole/(m?-s)) dissolve the membrane material
bar after 14 days of experiments.
Non-porous membranes
. i P=1-20 bar. The CO; flux within membrane is
S type: Pressure difference Doy =0 reduced at 15% after 14 days of
Co. [Bmim][TCM] it AP2400 oy veen gas and T=80°C Cloyifty = A9 il experiments Composite  [16]
absorption layer on PP hollow [, 0 % ((0.86-4.75)x10™* B ’ I
fiber support iquid phase <0.5 mole/(m?-s)) membranes present good long-
bar. term stability.
co, Zi f?erzenbcaer. Egﬁ:erg Successful CO; desorption tests by
desorption DMEPEG PDMS self-standing gas and liquid phase nla Sweeping gas n/a deprgs_surlzatlon under unsteady [17]
1 bar. conditions.
Genosorh®, Non-porous P = 40 bar during Membranes are chemically stable
co. Propylene PTMSP, PTMGP, | o term  solvent ~ T=100°C  Pure CO; nia 0 R @ 0EE SUMEIE ey
desorption carbonate, N-  PMP films (30 um 5 (possible mixing of gas and liquid
. : permeation tests e
methylpyrrolidone thickness) phases within contactor).
P =10 bar. Pressure .
difference  between Successful CO. desorption tests at
as and liquid phase Up to 3 pressure- and' tgmperature—swmg )
CO. Water, Genosorb®, PVTMS asymmetric _910 bar. (P = 40 bar T =130-50°C Pure CO (Genosorb) modes; no liquid breakthrough This
desorption [Emim][BF.] 4 duri - B ? Up to 45  through the membrane. Membrane work
uring  long-term . . .
solvent permeation ([Emim][BF4]) is chemically and thermally stable
tests) P during long-term tests.

The presence of these elements is not surprising since the most widely used
scheme for the synthesis of IL [Emim][BF,] includes the following chemical
reactions (as reported in [51]):

CH, CH,
S CHag—CH,—Cl e 2 NaBF ‘
HaC-N" N EHe=CHm 6 o NG N-CH, — o4y G- N N-CH
o NG T NaCh T PTGy
cr BF;

In the second stage, the BF, anion is introduced into the IL structure
using sodium tetrafluoroborate (highlighted by red color). In our case,
residual unreacted NaBF, seems to form particles on the membrane surface.
This fact should be taken into account when applying the membrane contactor
with tetrafluoroborate-based ILs during long-term tests, since the deposits of
compounds, which were used in the IL synthesis, may deteriorate the process
efficiency. However, as stated above, no particles were found in the
membrane inner structure (see Figure 7 (d)). This confirms that the selective
layer of the asymmetric PVTMS membranes does possess barrier properties
towards [Emim][BF,] in the gas-liquid membrane contactor even at
transmembrane pressure of 20 bar.

4. Conclusions

1) For the first time, a study was performed focusing on the interaction
between PVTMS and physical solvents of different chemical nature: water,
dimethyl ethers of polyethylene glycol (Genosorb®) and ionic liquids based
on imidazolium ([Emim][DCA], [Emim][BF,]) and phosphonium
([P66614][Br], [P66614][Phos]) cations. The long-term (> 6000 h) study of
PVTMS sorption and swelling degree confirmed that the polymer has low
affinity for all the solvents studied. The asymmetric PVTMS membranes were
found to be impermeable for all the liquids at a transmembrane pressure up to
40 bar and temperature of 50°C.

2) The IR spectroscopy analysis proved the chemical stability of the
asymmetric PVTMS membranes in the selected physical solvents at elevated

temperature (50°C).

3) For the first time, the comparative experiments were performed
considering carbon dioxide desorption from the physical solvents of different
classes — water, Genosorb® and [Emim][BF,] — in the gas-liquid membrane
contactor with asymmetric PVTMS membranes at a transmembrane pressure
difference of 10 bar. The desorption process was shown to be implemented by
means of depressurization (pressure-swing mode), exclusively at a constant
temperature in the system “absorber — membrane desorber”. With a
temperature increase from 30°C to 50°C, the process intensifies and the flux
of desorbed CO, increases. The highest CO, fluxes (up to 45 m?
(STP)/(m?-h)) are observed for ionic liquid [Emim][BF,]. Moreover, this
work presents the best combination of pressure difference between phases (10
bar) and the desorbed CO, flux among the data available in the literature.

4) The detailed experiments with [Emim][BF,] showed that the increase
in CO; concentration in the liquid provided by variation of saturation pressure
in the absorber (from 5 to 20 bar) results in the proportional growth of the
desorbed CO, flux. At a saturation pressure of 20 bar, the switch of
desorption temperature to 50°C leads to a higher value of CO, flux (up to 7.5
m? (STP)/(m?-h)).

5) SEM and EDXS analysis of the PVTMS membrane after the
experiments with [Emim][BF,] showed deposits of irregular-shaped particles
and their agglomerates containing Na and F elements on the membrane
surface. Nevertheless, this study showed that the membrane inner structure
does not include these particles. Furthermore, it was proven that the increased
transmembrane pressure (up to 20 bar) in the contactor does not lead to
morphological changes of the membrane structure.

Table 6
Equilibrium CO: solubility in [Emim][BF4] (adapted from [41]).

CO; solubility in [Emim][BFa], mole CO2/ kg of [Emim][BF4]

Temperature
P=5 bar P=10 bar P=20 bar
T=30°C 0.21 0.43 0.86
T=50°C 0.12 0.28 0.59
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Fig. 7. Cross-section of the asymmetric PVTMS membrane (a) before and (b) after the CO. desorption experiments in the gas-liquid membrane contactor at pressures 5-20 bar.

Elemental EDXS mapping of the membrane cross-section (c) before and (d) after the desorption experiments.
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Fig. 7. Continued.
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Fig. 8. The surface of the selective layer of the asymmetric PVTMS membrane (a) before and (b) after CO. desorption experiments in gas-liquid membrane contactor at pressures 5-20
bar. Elemental EDXS mapping of the membrane surface (c) before and (d) after CO. desorption experiments.
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Fig. 9. Elemental EDXS mapping of the asymmetric PVTMS membrane surface after experiments in gas-liquid membrane contactor: a — C distribution; b — Si distribution; ¢ — F
distribution; d — Na distribution.
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