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ABSTRACT

Advances in membrane technologies that combine greatly improved CO; separation efficacy
with low cost, facile fabrication, feasible upscaling, and mechanical robustness are needed to help
mitigate global climate change. We introduce a hybrid integrated membrane strategy wherein a
high-permeability thin film is chemically functionalized with a patchy CO:-philic grafted-chain
surface layer. A high-solubility mechanism enriches the concentration of CO> in the surface layer
hydrated by water vapor naturally present in target gas streams, followed by fast CO, transport
through a highly permeable (but low-selectivity) polymer substrate. Analytical methods confirm
the existence of an amine surface layer. Integrated multilayer membranes prepared here are not
diffusion-limited and retain much of their high CO2 permeability while their CO; selectivity is

concurrently increased in some cases by over ~150X.
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An alternative to chemical absorption for the capture of CO> derives from polymer gas-
separation membranes®®® that can be chemically tailored to achieve different levels of CO:
selectivity and permeability. Crosslinked elastomeric membranes produced from polyethers are
reverse-selective, which means that their selectivity is based on solubility rather than size (i.e.,
diffusion) considerations, and display a strong chemical affinity for CO,.!%!3 Glassy polymers
such as polyimides and polysulfones, alternatively operate on molecular size-sieving and can be
modified in various ways to alter the free-volume pathways through which penetrant molecules
migrate.'*1¢ In addition to these mature membrane technologies, recent studies have demonstrated
that humidified block ionomers promote high CO» permeabilities at moderate selectivities!”!®
whereas membranes containing mobile COz-philic carriers can yield high CO: selectivities at
relatively low permeabilities.!” While these advances, as well as those regarding other classes of
polymer membranes are encouraging, they confirm the trade-off between permeability and
selectivity, which is manifested as the empirical Robeson upper bound.?’

In efforts to improve the gas flux through a membrane, polymer membranes have evolved from
self-standing films measuring ca. 50-100 pum thick to supported thin films typically 1-2 orders of

magnitude thinner,"*?

as illustrated in Figure 1A. The motivation for doing so is that thin films
retain the polymer characteristics responsible for selectivity and reduce the diffusive path length
(since macroporous supports afford negligible barrier to diffusion). A special case of CO»
permeation is based on chemically-augmented facilitated transport, wherein CO, molecules react
with specific chemical groups in a hydrated membrane and consequently permeate more quickly.?*
27 Details of these transport mechanisms are provided in the Supplementary Material. A polymer

that is technologically promising is hydrated polyvinylamine (PVAm),?>2® which has been

reported”® to exhibit CO2/N» selectivities up to 500, depending on test conditions and specimen
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preparation. Unfortunately, CO» permeability is diffusion-hindered even through hydrated PVAm
membranes that are sub-micrometer thick. An important design paradigm drawn from this
observation is that the ultrahigh CO, selectivity afforded by facilitated transport should be
preserved, whereas the extent to which diffusive limitations negatively impact CO> permeability
should be lessened.

One route to fabricate a polymer membrane possessing both characteristics is included in
Figure 1A. Here, a high-solubility/fast-diffusion membrane is generated by growing an ultrathin
amine-containing surface layer on a supported high-permeability polymer thin film. These hybrid
integrated (HI) membranes exploit the tunable surface functionalization introduced via surface

2930 50 that their surface is covered by a highly CO,-philic/hydrophilic nanoscale

polymerization
polymer layer, which is equivalent to polymer membranes for liquid separation.>! Within this
nanofabricated design (achieved using the setup pictured in Figure S1 of the Supplementary
Material), a mixture of CO2, N2 and H2O gases initially encounters a molecularly-thin amine-rich
layer (Region I in Figure 1B), and the CO> permeates through this hydrated layer due to facilitated
transport without appreciable diffusive resistance. In essence, this layer serves to concentrate CO2
before it enters the underlying substrate. An elevated population of CO, molecules then enters and
quickly permeates through a dense polymer support (Region II) and then a macroporous support
(Region III), yielding both high CO2/N; selectivity and high CO> permeability. This scenario,
depicted in Figure 1B, represents a combinatorial separation mechanism that marries fast
facilitated transport (high CO; selectivity) at the membrane surface in Region | with solution-
diffusion transport (high CO2 permeability) through Region II.

Two amorphous commercialized gas-separation membranes possessing relatively high CO»

permeability — elastomeric polydimethylsiloxane (PDMS) and glassy polytetrafluoroethylene
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(PTFE AF) — have been selected here for surface modification. The PDMS membranes were
procured as commercial membrane systems (DeltaMem AG, Allschwil, Switzerland) composed
of PDMS thin films measuring 6 pum thick and supported on porous polyacrylonitrile mounts. The
PTFE AF membranes were produced in-house by casting Teflon™ AF (amorphous
fluoropolymer) 2400 (Chemours, Geneva, Switzerland) from 3M Fluorinert™ Electronic Liquid
FC-72 (Nordmann Nordic AB, Stockholm, Sweden) into Teflon™ Petri dishes initially measuring
10 cm in diameter. The resultant films were first dried at 25 °C for 24 h and then vacuum-dried at
200 °C for at least 24 h to yield films measuring 25-50 um thick. To avoid edge effects, they were
cut into circles (8 cm diameter) and mechanically supported on porous poly(vinylidene fluoride)
mounts (MFP2 with a pore size of 0.2 um) manufactured by Alfa Laval (Soborg, Denmark).

The series of reactions used to chemically alter the polymer surfaces is portrayed in Figure 1C
and begins with the introduction of initiator sites by proton extraction under UV conditions. For
this purpose, benzophenone is chemically attached to each membrane surface to introduce reactive
hydroxyl moieties.>? The surface density of initiator sites was controlled by removing unbound
initiator with methanol/acetonitrile and varying the initiator concentration (from 1-15% in
acetonitrile), with the best CO, permeation results achieved at 10% benzophenone. These sites are
then reacted with glycidyl methacrylate (GMA) monomer (3-15% in methanol/acetonitrile, with
10% yielding the most promising results) and polymerized under UV radiation to yield
poly(glycidyl methacrylate) (PGMA) chains on the surface of each membrane. Epoxy ring-
opening the PGMA chains with 20-50% ethylene diamine (EDA) in aqueous solution yielded the
desired amine functionality. Additional details regarding the surface modification are provided in
the Supplementary Material. According to X-ray photoelectron spectroscopy (XPS) spectra

collected on a Kratos Ultra spectrometer (Figure 1D), both surface-modified polymers exhibit
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evidence of surface nitrogen, confirming the presence of surface amine groups after the final
reaction step. Complementary spectroscopic results are presented in Figures S2-S4.

Incorporation of a patchy ultrathin amine layer on the surface of PDMS, an elastomer, and
PTFE AF, a glassy polymer, results in profound changes in CO> permeation and selectivity, as
evidenced by the pressure- and temperature-dependent measurements compiled in Figure 2. Gas
permeability tests were performed with a real-time automated data collection setup (Figure S5)
wherein feed pressure/humidity, temperature and He sweep are precisely regulated. All the results
reported here, measured from a mixed 10/90 CO2/Nz gas feed (at 100% relative humidity) that is
representative of a broad spectrum of CO»-related separations and a standard feed pressure (1.2
bar) and temperature (25 £ 1 °C) unless otherwise indicated, reflect the most common conditions
encountered for gases containing CO». The dependence of CO; permeability on pressure displayed
in Figure 2A confirms that the parent PDMS and PTFE AF polymer thin films possess comparable
permeabilities and remain largely unaffected by increasing pressure over the range examined, as
expected for solution-diffusion permeation. In contrast, the CO, permeabilities of the amine-
functionalized membranes (am-PDMS and am-PTFE AF) are lower than their parent membranes,
assuming negligible resistance from the membrane supports, and decrease with increasing
pressure, which is indicative of facilitated transport,>*2>2¢

Similarly, the mixed-gas CO2/N> selectivities of the unmodified and modified polymers
decrease slightly with increasing pressure in Figure 2C, whereas the am-PDMS and am-PTFE AF
polymers exhibit highly elevated selectivity levels. The temperature-dependent permeabilities
provided in Figure 2B reveal that the parent polymers are either insensitive to or increase slightly
with increasing temperature. While analogous behavior is observed for am-PTFE AF, the am-

PDMS membrane appears to be more highly temperature-dependent. This response difference is
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attributed to the elastomeric (flexible) nature of PDMS versus the more rigid nature of glassy PTFE
AF, since the materials are expected to expand differently upon heating in accord with their
coefficients of thermal expansion: 9.6 x 10~% °C~! (PDMS?*) and 3.0 x 10~* °C~! (PTFE AF>*). The
corresponding CO2/Ny selectivities included in Figure 2D indicate that those of the parent
polymers are comparably low and decrease slightly further with increasing temperature. In
contrast, the selectivities of the surface-functionalized polymers are much higher but, in similar
fashion as their CO> permeabilities, exhibit different thermal behavior. Additional measurement
conditions are considered in Figures S6-S8.

The improvements in CO2/N; selectivity apparent in Figure 2 in the presence of moisture are
a consequence of the hydrated, short-chain patchy amine layers on the surfaces of PDMS and
PTFE AF. Low-voltage scanning electron microscopy (SEM) images of membranes acquired on
an ultrahigh-resolution FEI Verios 460L Schottkey emitter electron microscope at an accelerating
voltage of 1.0 kV before and after surface functionalization are displayed in Figure 3. In Figure
3A, the surface of the unmodified PTFE AF thin film reveals the presence of surface pits (~80-
450 nm in diameter), which, upon functionalization in Figure 3B, become completely obscured.
Since the surface of neat PDMS is featureless, Figures 3C-D focus on surface characteristics that
develop during surface polymerization. These features resemble dewetting patterns, implying that
one of the steps in the reaction sequence did not occur uniformly on the PDMS surface. Closer
examination of the membranes before and after surface functionalization, however, reveals a more
complex picture. Height and amplitude atomic force microscopy (AFM) images collected on an
Asylum MFP-3D probe microscope are displayed for membranes based on am-PTFE AF in
Figures 3E-F and on am-PDMS in Figures 3G-H. The insets correspond to the unmodified

polymer films, and the height images yield root-mean-square (rms) roughness values of 6.85 and
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0.99 nm for virgin PTFE AF and PDMS, respectively.

The modified surfaces consist of discrete nanodroplets confirming the likelihood of surface
dewetting during functionalization. The diameters of these features measure 42-264 nm (127 nm
average) on PTFE AF and 41-179 nm (95.9 nm average) on PDMS, and their mean heights vary
from 97.9 nm on PTFE AF to 12.3 nm on PDMS. These nanodroplets amplify the rms surface
roughness by ~10x (68.6 nm on am-PTFE AF and 8.93 nm on am-PDMS). Increases in the
membrane surface area due to the presence of topological features (relative to a flat surface) are
13.2% and 3.6% for am-PTFE AF and am-PDMS, respectively, thereby providing greater
opportunity for CO2 molecules to interact with and transport through the amine-rich layer. A
geometric interpretation of this increase in surface area is provided in Figures S9 and S10. By
changing the intensity and exposure area of the surface polymerization (as described in the
Supplementary Material), macroscopic dewetting can be eliminated on PDMS, yielding a
second-generation HI membrane designated as am-PDMS-2. According to SEM images of am-
PDMS-2 membranes, no large features are evident (Figure S11A), whereas a nanoscale topology
is discernible (Figure S11B). Corresponding height and phase AFM images are presented in
Figures 31 and 3J, respectively, (as well as 3D topographical images in Figure S12) and confirm
the existence of a patchy nanoscale topology with a significantly reduced rms surface roughness
(1.68 nm) on the am-PDMS-2 membranes. The circled features in Figures 3I-J identify
protrusions measuring up to ~12 nm in height that are soft relative to the surrounding matrix,
indicating that they represent low-density, surface-grafted chain patches. Avoiding surface
heterogeneities on the functionalized PDMS membranes not only increases uniformity but also
improves both CO» permeability (Figure 2B) and CO>/N> selectivity (Figure 2C).

The performance of the present HI membranes relative to other polymer membranes intended

Page 7 of 19


https://doi.org/10.1126/science.abj9351

PostPrint. Marius Sandru, et al., Science, 376 (2022) 90-94
https://doi.org/10.1126/science.abj9351

for CO» separation is routinely assessed on a Robeson plot, which evaluates membrane selectivity
as a function of permeability. This representation identifies the empirical upper bound that reflects
the trade-off between selectivity and permeability. As membranes have continued to improve since
the original upper bound was identified,>® the position of the upper bound has progressively shifted
upward. The upper bound identified by Robeson?® is identified in Figure 4A, which compares
membranes that function according to the solution-diffusion mechanism. Included in this figure is
a more recent (and shifted) upper bound proposed by Comesafia-Gandara et al.*® in 2019 on the
basis of polymers of intrinsic microporosity (PIMs). The PIM membranes afford very high CO>

37.38 whereas a variety of other membranes also

permeabilities at modest CO2/N; selectivity levels,
displayed in Figure 4A range in permeability and selectivity from relatively low to relatively high
at ~25-35 °C. To provide an additional classification description of these performance metrics, we
divide the Robeson plot into quadrants and refer to membranes exhibiting CO> permeabilities in
excess of 10° Barrer [1 Barrer = 1071° cm® (STP)-cm/(cm?-s-cm Hg)] as ultrapermeable (uP) and
membranes achieving CO»/N; selectivities greater than 10? as ultraselective (uS). While many of
the membranes presented in Figure 4A (including those prepared from unmodified PTFE AF and
PDMS) are uP in the 4™ quadrant, surprisingly few are uS. In fact, two types of membranes
evaluated for pilot-scale separation of CO» from flue gas are neither uP nor uS (in the 3™ quadrant).
This disparity suggests that membranes fabricated for CO: capture focus primarily on improved
permeability. 2363

Examples satisfying the criterion set forth above for uS membranes in the 2" quadrant of
Figure 4A are cellulose nanofiber/ionic liquid (CNF/IL) membranes (which rely on hydrated IL

nanochannels),' as well as most of the am-PDMS and am-PDMS-2 HI membranes investigated

here and several materials reported in the literature. Only a few membranes including a bioinspired
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4143 can, however, be

thin film*® and several membranes incorporating graphene oxide nanosheets
classified as both uP and uS in the 1% quadrant of Figure 4A. In marked contrast, all the am-PTFE
AF membranes investigated here at temperatures from 25 to 55 °C, as well as the am-PDMS-2
membrane evaluated at 55 °C, are both uP and uS. Although surface amination of the PTFE AF
membranes reduces their CO; permeability by 50-60%, the corresponding increase in CO2/N>
selectivity is ~150x greater. These results confirm that the patchy, low-density surface amine layer
provides a highly hydrophilic and CO»-philic environment that absorbs and transports CO;
molecules via facilitated transport while the highly permeable substrate provides contiguous
pathways with little barrier to molecular diffusion. For added comparison, the results displayed in
Figure 4B confirm that the transport metrics reported here for the HI membranes possess higher
CO; selectivities than most purely facilitated-transport membranes, which predominantly lie in the
2™ quadrant (along with two selected for pilot-scale evaluation).

In Figure 4A, the CO2/N: selectivity achieved at 1,200 Barrer for the am-PTFE AF membrane
is substantially higher than the Robeson?® or PIM-based*® upper-bound thresholds (by ~30x and
~20x, respectively). Equally important is our observation that the enhanced separation
performance of am-PTFE AF at different temperatures in Figure 4A appears more consistent
compared to that achieved with the am-PDMS membranes. The CO- transport characteristics of
the am-PTFE AF and am-PDMS-2 membranes converge as the amine surface layers exhibit less
heterogeneities during polymerization (detailed in the Supplementary Material). Differences in
separation performance accompanying variations in surface modification are considered in
Figures S13-S15, and the results reported here for CO2/N2 gas mixtures are extended to CO2/CHg
mixtures in Figure S16, which reveals that the am-PTFE AF membranes retain their uP and uS

performance with regard to COz in the case of two dissimilar gas mixtures. In addition, aspects of
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durability and adaptability of the am-PDMS-2 and am-PTFE AF membranes are examined in
Figures S17 and S18, respectively, and results collected from single- and mixed-gas tests are
quantitatively compared in Figure S19 to further elucidate the molecular-level mechanism by
which CO; permeates through the present HI membranes.

While the results reported herein are highly encouraging, three other relevant issues should be
recognized. First, the membranes developed here derive from polymers that are already used for
commercial gas separations, in which case they are widely available and the processes required to
manufacture and upscale gas-separation modules for industrial operations would accommodate the
surface-functionalized analogs. Second, since the PTFE AF and PDMS membranes are already in
commercial use, the added expense of surface functionalization is most likely much less than
introducing a new designer membrane. Third, the methodology described in this study is not
restricted to PTFE AF and PDMS with a patchy, amine-rich surface layer. We have selected the
systems discussed here as exemplars to provide proof of concept. By marrying the facilitated
transport of a molecularly thin amine surface layer with a high-permeability polymer thin film, we
have successfully demonstrated that HI membranes can be nanofabricated to take advantage of
this high-solubility/quick-diffusion combination and produce next-generation membranes that,

instead of being limited by a permeability-selectivity trade-off, are both uP and uS.
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Figure 1. (A) Schematic diagram displaying the evolution of gas-separation polymer membranes from self-
standing to supported to integrated (labeled). (B) Illustration of the underlying concept behind the present hybrid
integrated (HI) membranes. Here, a surface-grown amine-rich layer (Region I) is grown on the surface of a
highly permeable polymer thin film (Region II) supported by conventional macroporous polymers (Region III).
Selectivity is exclusively achieved in Region I, which requires hydration. (C) The chemical route employed to
grow amine-modified chains on polymer substrates. See the text and Supplementary Material for details. (D)
Representative XPS spectra acquired from PTFE AF (top) and PDMS (bottom) membranes before (black lines)
and after (blue lines) surface modification. The presence of the N1s peak associated with the amine-rich surface

layer is highlighted in each surface-modified spectrum.
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Figure 2. (A,B) CO; permeability and (C,D) CO2/N; selectivity values measured as functions of (A,C) feed
pressure and (B,D) temperature from mixed gases for membranes derived from PDMS (black lines) and PTFE
AF (blue lines) before and after surface modification (labeled in A). Included in (C) are measurements from am-
PDMS-2 membranes (A). The solid lines serve to connect the data. In variable-pressure tests, the temperature

is maintained at 25 + 1 °C, whereas the pressure in variable-temperature tests is kept at 1.2 bar and the feed
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Figure 3. Low-voltage planar SEM images of solvent-cast PTFE AF membranes (A) before and (B) after surface
modification. Examples of pits measuring between ca. 80 and 450 nm in diameter are highlighted by circles in
(A), whereas a region that is reminiscent of ridges such as those evident in (A) is identified by the square in (B).
The SEM images in (C,D) reveal the surface features that develop on first-generation PDMS membranes upon
surface modification. The inset in (D) is a 3x enlargement of one of the regions identified by arrows.
Complementary AFM (E,G) height and (F,H) amplitude images correspond to (E,F) PTFE AF and (G,H) PMDS
membranes after surface modification (the inset displayed at the same magnification in each frame is acquired
from the parent, unmodified surface). The paired height and phase AFM images of the surface of an am-PDMS-
2 membrane in (I) and (J), respectively, confirm the existence of patchy amine-rich regions. The color-matched
circles identify protrusions (light) in (I) that are mechanically soft (dark) in (J). Values of the surface rms
roughness measured from AFM images such as these are provided in the text, and 3D topographical images of

the am-PDMS-2 membrane are included in Figure S12.
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Figure 4. In (A), performance metrics of the present HI membranes (am-PDMS, O; am-PDMS-2, A; am-PTFE
AF, O) relative to their parent materials (PDMS, @; PTFE AF, @), as well as other polymer membranes proposed
for CO; capture on the basis of the SD mechanism. According to the requirements proposed here, ultrapermeable
(uP) membranes exhibiting CO, permeabilities beyond 103 Barrer (in the 4" quadrant) include both PDMS and
PTFE AF precursors, in addition to several other promising polymers (<>) and those in the polymer of intrinsic
microporosity (PIM, [1) category. Membranes subjected to pilot-scale evaluation () are identified in the 3"
quadrant and listed in Table S1. In the 2" quadrant, ultraselective (uS) membranes such as those based on IL-
containing CNF'° () reach CO»/N; selectivities over 10% at lower CO» permeability levels. The Goldilocks (1)
quadrant (shaded yellow) combines both uP and uS performance. The solid lines identify the permeability-
selectivity tradeoff proposed by Robeson?’ for various polymer membranes (gray) and more recently by
Comesafa-Gandara et al.*® for PIM membranes (red). In (B), performance metrics of the HI membranes relative
to hydrated FT membranes (V) in the 1t and 2" quadrants only. Promising membranes assessed in pilot-scale
testing (V) are circled and compiled in Table S1. The color-coded arrows in (A) and (B) indicate the effect of
increasing temperature (AT) on the HI membranes derived from PDMS and PTFE AF.
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