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ARTICLE INFO ABSTRACT

Keywords: A new approach to produce porous membranes with dense or porous top layer is proposed in this work by
Gas separation employing a solvent-free method. PMMA/MAM formulations were selected as a base material in order to create
Permeance

open-cell or close-cell structures by gas dissolution foaming employing CO5 as a blowing agent. Furthermore, by
introducing the gas diffusion barrier approach to CO dissolution foaming, it is possible to control the thickness
of the dense layer in both edges, obtaining defect-free membranes (i.e., completely dense without pin-holes). The
effectiveness of nanocellular polymers as gas separation membranes was evaluated. In this way, the permeability,
selectivity, and permeance were correlated to the cellular structure (open or close-cell) as well as to the dense
layer thickness. Furthermore, the effective thickness of the selective layer has been calculated from gas
permeability measurements, obtaining an accurate control of that parameter from the tunable cellular structure.
Therefore, membranes composed of desired selective layer and a porous structure as a mechanical support are

Open-Cell nanostructures
Gas barrier approach
Skinless nanocellular foams

produced by a solvent-free methodology.

1. Introduction

The industry is unstoppable evolving towards more sustainable
processes. Ideally, the new methodologies will keep or even enhance the
competitiveness of the process by improving the material properties and
reducing their footprint [1]. Some industrial processes (e.g., fabrication,
energy consumption, transport...) involve the use or generation of some
pollutants such as mixes of gases, which, instead of being released to the
atmosphere, should be disaggregated and stored properly for further
using [2,3]. Membranes can remove selectively an undesired element, i.
e., from the emitting source, preventing the emission of this component.
In fact, gas separation membranes are widely employed for capturing or
isolating a single gas from a mixture. Although the gas separation
technique was discovered in the early 19th century, the first generation
of membranes were not fabricated by the industry with that specific
purpose until several decades ago [4-9].

Traditionally, gas separation performances are evaluated as thick
dense films with thicknesses around 50-150 pym. Their performance for
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the separation of a specific gas mixture is evaluated by the relationship
between their permeability and selectivity according to the upper bond
stablished by Robeson in 1991 [10]. However, the permeance (gas flux),
rather than permeability, has pointed out as more highlighted property
in industrial scenarios with the aim of raising the real gas flux through
the membrane without losing selectivity [11-13]. In this case, the
membranes are generally formed by very thin selective layer, 0.3-0.5
um, placed on top of porous supports which provide mechanical
strength. Therefore, the two main possibilities in the development of gas
separation membranes are: the designing of composite membranes (i.e.,
several layers with different properties, function, and porosity); thin film
composites with a thin defect-free film as a selective layer on top of a
porous strong substrate as a mechanical support [2,4,14]; or the for-
mation of asymmetric membranes where the porous substrate and the
dense layer are formed by the same material in a single step.

The production of thinner membranes, especially in the selective
layer (or layers), leaves several advantages such as the reduction of the
material and production costs, or the increase in permeance for
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enhancing the effectiveness of the membranes in industrial processes
[11,15]. Most of these techniques are based on reducing the membrane
thickness [16,17], functionalizing some layers [18], or taking benefit of
the CO-philicity [19-22] to enhance the permeance through the
membrane.

Despite the interesting advantages offered by multilayer composites
and thin film membranes, the fabrication of extremely thin dense layers
(0.1-0.5 um) presents some difficulties such as, the presence of defects,
the complexity of the process by assembling several layers, or the use of
hazardous solvents in the fabrication techniques [2,23]. Some processes,
such as extrusion, may lead to the generation of defects which is very
challenging in the case of very thin selective layers [24,25]. Over the
time, this situation changes due to the rearrangement of the polymer
chains approaching to a more thermodynamically stable state [4,23,26].
On the other hand, the production of thin film composites includes
complicated and non-green techniques which involve hazardous sol-
vents to place the different layers [27,28].

From this overview, the main challenge in the fabrication of mem-
branes for gas separation applications is to produce integral asymmetric
membranes with a thin dense layer together with a bulk porous structure
in a single, straightforward, and solvent-free methodology. Following
these requirements, a potential solution could be reached using cellular
polymers, which are lightweight materials composed of both gas and
solid phases with cell sizes from hundreds of microns to tens of nano-
meters [29-31]. In particular, cellular structures produced by gas
dissolution foaming, a physical gas dissolution without involving
harmful pollutants, can be created from a wide range of polymers and
easily tuned by the foaming parameters. Their morphology shows a
symmetric cellular structure in a sandwich-like form: a homogenous
cellular structure in the centre which represent the major of the sample
and dense skins in the borders with thicknesses around tens to hundreds
of microns [32,33]. This kind of structures could perform as gas sepa-
ration membranes, acting the dense skin as a selective layer and the
cellular core as a strong mechanical support. However, some challenges
such as the large thickness of the dense skins, the cell interconnectivity,
or the impossibility of foaming thin films have been hindering the
extensive application of cellular polymers in gas separation. In our
recent work, those limitations have been overcome allowing the control
of the dense skin thickness and enabling the foaming in thin films by
employing the gas barrier approach [34]. This technique consists of
keeping as much CO; concentration as possible into the polymeric
structure at the foaming time by employing a gas diffusion barrier on the
top and/or bottom sides of the film. Furthermore, thin films and
micrometric fibres were foamed for first time by employing the same
approach, obtaining homogenous cellular structures similar to bulk
pieces and hollow fibres, respectively [34,35].

On the other hand, different strategies developed in gas dissolution
foaming enabled to interconnect the cells creating an open-cell struc-
ture. For instance, Pinto et al. [36] produced open-cell nanocellular
structures from block copolymer nanocomposites (PMMA/MAM) by gas
dissolution foaming based on the heterogenous nucleation approach
[37-39]. PMMA/MAM presented good foamability properties achieving
cell interconnection in the inner cellular structure. Nevertheless, the
huge thickness of the dense skins in the edges hindered in that moment
their use in applications such as filtration or gas separation.

Therefore, the interconnection between the inner cellular structure
and the external medium, and the control on the thickness of the dense
skins could allow their application as gas separation membranes. In this
work, this new methodology has been used to obtain gas permeation
membranes fabricated by solvent-free techniques. By the gas barrier
approach, it was possible to modify the selective layer thickness. In all
the cases, a porous structure, acting as a mechanical support, was ob-
tained. Then, this solvent-free approach allows to form a selective layer
supported in an open porous structure by using a CO, foaming process in
a single step. Porous PMMA/MAM composites were produced from two
different compositions and the permeability properties were studied by
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time-lag measurements using several gases (e.g., helium, nitrogen, ox-
ygen, methane, and carbon dioxide). The gas permeance was analysed as
a function of the porous structure and the presence (or not) of the dense
selective layer.

2. Experimental section
2.1. Materials

Two different formulations of poly(methyl methacrylate) (PMMA)
and methyl methacrylate-b-butyl acrylate-b-methyl methacrylate
(MAM) triblock copolymer were selected for producing the PMMA/
MAM blends. PMMA V825T (VT), MAM M42, and MAM M53 were
purchased from ARKEMA company (Colombes, France), while PMMA
8N were purchased from EVONIK (Darmstadt, Germany). The main
characteristics of the PMMAs and MAMs such as the thermal properties,
the molecular weight, the poly(butyl acrylate) (PBA) content, among
other can be found in the Supporting Information (Section S1, Table S1).

On the other hand, poly(vinyl alcohol) (PVOH) MOWIFLEX C17,
purchased from Kuraray Europe (Hattersheim am Main, Deutschland),
was employed as a gas diffusion barrier on the polymer surfaces ac-
cording to the PVOH technique [34]. Besides, a medical grade of CO5
(99.9% purity) was employed as a blowing agent for foaming experi-
ments. After the foaming process, deionized water was employed to
remove the PVOH from the surfaces of the membranes.

2.2. Fabrication of the membranes

The compositions of PMMA/MAM employed were selected accord-
ing to the expected cellular structures (open- and close-cell). Following
this criterion, polymer structures resulting in open-cell nanostructures
(VT/M42) and close-cell microstructures (8N/M53) [40]. Both formu-
lations, VT/M42 and 8N/M53, were mixed in 15/85 wt content and
dissolved in chloroform at 10 wt%. Afterwards, the solid films fabricated
by the solvent casting method were cut in 3x3 cm? pieces with thick-
nesses around 400 um. Table 1 shows the PMMA/MAM films used as
solid precursors to fabricate porous membranes (labelled as ‘films’ from
now on). In addition, the external surfaces of the films with the largest
area were coated with a PVOH layer by solvent casting method (Fig. 1).
A PVOH/water-based solution 1/4 wt content was used to coat the
surfaces with the aim of avoiding the appearance of the non-foamed
dense skins in those borders during the foaming.

On the other hand, the porous membranes were produced by gas
dissolution foaming using a high-pressure vessel (model PARR 4760)
provided by Parr Instrument Company (Moline, IL, USA). Saturation
conditions were fixed at 30 MPa and 40 °C and PMMA/MAM films were
foamed in one-step foaming process. Thus, the gas barrier approach
applied to gas dissolution foaming has allowed producing porous
membranes with none, one, or two dense skins (Table 2) (labelled as
‘+0PVOH’, ‘+1PVOH’, and ‘+2PVOH’ depending on the number of the
gas diffusion barriers applied). More details about the use of the PVOH
technique in gas dissolution foaming can be found elsewhere [34]. It is
important to point out that PVOH layers have been removed after the
foaming process and prior any characterization by employing an ultra-
sonic water bath.

Table 1
PMMA/MAM formulations for producing solid films.

PMMA/MAM Content (wWt%) Solid density (g/cm®) Thickness (um)
VT/M42 film 15/85 1.096 421 + 25
8N/M53 film 15/85 1.156 381 + 19
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Gas Diffusion Barrier

Gas Diffusion Barrier

Fig. 1. Scheme of the methodology for incorporating the gas diffusion barrier to both top and bottom sides of the polymer. PMMA/MAM films are represented in blue

while the PVOH incorporation (in grey) was made over each surface separately.

Table 2
PMMA/MAM porous membranes fabricated in this work.

Name Gas barrier approach Thickness (um)
VT/M42 + OPVOH No 671 + 60
VT/M42 4 1PVOH One side 1182 + 77
VT/M42 4 2PVOH Two sides 1010 + 82
8N/M53 + OPVOH No 603 + 47
8N/M53 + 1PVOH One side 820 +71
8N/M53 + 2PVOH Two sides 981 + 78

2.3. Characterization techniques

2.3.1. Solid and foam densities

Density of the solid samples was measured with a gas pycnometer
(Mod. AccuPyc II 1340, Micromeritics, Norcross, GA, USA). Foams
density was measured using the water-displacement method based on
Archimedes’ principle, employing a density determination kit for an
AT261 Mettler-Toledo balance (Columbus, OH, USA). Relative density
has been calculated from the relationship between the foam density and
the solid density.

2.3.2. Cellular structure

Cellular structure of PMMA/MAM membranes (cell density (Ny) and
cell size (®)) was analyzed from micrographs by Scanning Electron
Microscopy (SEM) using a Merlin SEM (Zeiss, Germany). The SEM was
operated at an accelerating voltage of 1.5 kV and a probe current of 35
PA, using a high efficiency Everhart-Thornley (HE-S2) and an InLens
secondary electron detector. First, samples were cooled in liquid nitro-
gen and then fractured to expose the inner cellular structure without
damage. Before the measurement, the specimens were dried in vacuum
and the surfaces to visualize (both cross-section and external surfaces
achieved in samples with or without PVOH barrier) were sputter-coated
with 1.5 nm platinum using a CCU-010 coating device (Safematic,

Switzerland). Cross-section SEM micrographs were used in combination
with a specific software based on ImageJ/FLJI for the detailed charac-
terization of the cellular structure [41]. First, cell density (Ny) in three
dimensions was calculated using Kumar’s theoretical approximation
[42] according to Eq. 1.

3

Where Ny is the cell density (3D), n is the number of cells, and A is the
analyzed area. On the other hand, cell size (®) was calculated as the
average value of the cell diameter measurements from SEM micrographs
in two different regions for at least 50 cells in each [41].

2.3.3. Dense skins thickness

The dense skin thickness (1) was directly measured from the cross-
section SEM micrographs employing ImageJ/FIJI software [43] ac-
cording to a procedure previously published [34]. The average thickness
of non-foamed skins for each top and bottom surfaces are provided in
this work. Fig. 2 shows an example of the methodology followed for
measuring the dense skin thicknesses.

2.3.4. Membrane thickness

The thickness of the films and the porous membranes were given by
the average of the thickness measurements by a thickness measuring
instrument (Dualscope® MPOR from Fischer) by taking at least 40
measurements of the thickness per sample.

2.3.5. Time-lag measurements

Gas permeability measurements were performed by a constant-
volume gas permeator device based on the time-lag methodology [44,
45]. More details about time-lag measurements device are provided in
the Supporting Information (Section S2).

For time-lag measurements, films and porous membranes were cut in

20 ym

20 ym

Fig. 2. Example of SEM micrographs from a porous membrane with dense skins in the borders and a foamed core. Micrographs correspond to VT/M42 membrane.



D. Cuadra-Rodriguez et al.

Journal of CO2 Utilization 74 (2023) 102536

500 nm

500 nm
.

Fig. 3. SEM micrographs of VT/M42 and 8N/M53 formulations. a) VT/M42 + OPVOH, b) 8N/M53 + OPVOH, c¢) VI/M42 + 1PVOH, d) 8N/M53 + 1PVOH, e) VT/

M42 + 2PVOH, and f) 8N/M53 + 2PVOH.

circles (2.5 cm of diameter) for being coupled in the permeation cell.
However, the effective area of the gas flux through the membrane was
2.2 ecm?. First, the gas permeator was maintained under vacuum during
24 h for ensuring the total evacuation of the air inside itself and also in
the membrane. Then, gas permeability measurements were carried out
at a constant pressure and temperature (3 bar and 35 °C) for helium,
nitrogen, oxygen, methane, and carbon dioxide.

Gas permeability coefficient (P) is calculated from the flow rate in
the downstream (Eq. 2), expressed in Barrers (Ba) [1 Barrer = 10~ 1°
(cm3 (STP)-cm) / (cmz-s-cmHg)].

230V I dp

_b v I @ o
76 A T po dt 2

Where V is the volume of the low-pressure side, A is the effective area of
the membrane, pg is the pressure of the high-pressure side, T is the

Table 3

temperature, and dp/dt is referred to the pressure variation as a function
of the time in the downstream side. Besides, the selectivity (a) for a pair
of gases and the permeance (G) were calculated from Eq. 3 and Eq. 4,
respectively. Where the ideal selectivity for a pair of gases is defined as
the permeability ratio between the faster permeating gas (P,), and the
slower permeating gas, (Pp). The permeance (G) is expressed in Gas
Permeation Units, [1 GPU =10 ~ 6 (cm3 (STP)) / (cmz‘s-cmHg)] [11].

Pa
QAqip = P—b (3)
P(Ba)

Permeance(GPU) = )

4

Relative density, cell density, and cell size of the PMMA/MAM membranes (VT/M42 and 8N/M53) without PVOH on the surfaces
(+0PVOH), with PVOH on one surface (+1PVOH), and with PVOH on two surfaces (+2PVOH).

Cell density (cell/cm®) Cell size (nm)

Name Relative density
VT/M42 + OPVOH 0.816 + 0.002
VT/M42 + 1PVOH 0.765 + 0.001
VT/M42 + 2PVOH 0.737 + 0.002
8N/M53 + OPVOH 0.571 + 0.001
8N/M53 + 1PVOH 0.479 + 0.001
8N/M53 + 2PVOH 0.387 £ 0.001

(1.75 £ 0.21)-10"® 131 + 48
(2.19 + 0.28)-10'3 123+ 35
(2.78 £ 0.33)-10%° 130 + 46
(6.24 £ 0.53)-10™! 1110 + 330
(5.70 + 0.42)-10™* 1340 + 344
(1.66 + 0.59)-10™* 1880 + 594
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Results of the top and bottom dense skin thickness of PMMA/MAM porous membranes. In ‘+ 1PVOH’ membranes the PVOH was located on the bottom surface. Cell

size of the top and bottom surfaces is also displayed.

Name Top dense layer (um) Bottom dense layer (um) Cell size (um). Top surface Cell size (um). Bottom surface
VT/M42 + OPVOH 26.0 + 4.2 30.6 £7.1 - -

VT/M42 + 1PVOH 25.7 £ 5.6 2.1+0.4 - 23+1.1

VT/M42 + 2PVOH 1.3+0.3 1.7 £ 0.3 1.2+ 0.9 25+1.2

8N/M53 + OPVOH 529+1.4 60.0 + 4.7 - -

8N/M53 + 1PVOH 39.8 +4.2 39+17 - 1.2+ 0.4

8N/M53 + 2PVOH 3.8+20 21+15 1.0 £ 0.5 0.9+ 0.4

Fig. 5. Comparison of the surface morphology between porous membranes fabricated with and without using the gas diffusion barrier. a) VI/M42 + OPVOH, b) VT/

M42 + 2PVOH, c) 8N/M53 + OPVOH, and d) 8N/M53 + 2PVOH.
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3. Results
3.1. Cellular structure

The cellular structure of the produced PMMA/MAM membranes has
been analyzed from the SEM micrographs. Fig. 3 shows the cellular
structure of VI/M42 and 8N/M53 formulations by employing or not the
gas barrier approach. Besides, the relative density, the cell density, and
the cell size according to those SEM micrographs are displayed in
Table 3.

VT/M42 membranes present a homogenous open-cell nanocellular
structure (Fig. 3a, c, and e) with cell densities over 10'3 cells/cm® and
cell sizes around 130 nm (Table 3). It is important to point out that cell
density in open-cell foams is a parameter quite inaccurate since the
morphology of one cell is clearly undefined due to its interconnection to
each other. Therefore, slight changes are obtained in cell density (Ny)
while the relative density decreases in VIT/M42 + 1PVOH and VT/
M42 + 2PVOH due to the whole foaming reached in the edges. The
formation of an homogeneous porous structure till the edges of the film
is promoted by a gas concentration increment in the edges allowing the
foaming also in these regions and obtaining samples with larger
expansion [34].

On the other hand, a complex cellular structure was obtained in 8N/
M53 formulations: an open-cell nanocellular structure (not taken into
account in Ny) was formed inside of the micropores which build a
mesostructured (Fig. 3b, d, and f), apparently close-cell, presenting
lower cell densities than VT/M42 membranes (around 10! cells/cm?)
and larger cell sizes (around 1-2 pm). Recently, Demewoz et al. [46]
obtained similar bimodal structures from PMMA/TPU blends, affirming
that the ‘bouquet-like structure’ was formed by a combination of spi-
nodal decomposition from PMMA-CO, and nucleation from TPU parti-
cles [47,48]. However, the differences between the cellular structures
obtained in this work (Fig. 3) are more related to the physical properties
of the MAM phase, as it was proved in a previous work [40]. MAM M53
presents higher viscoelastic properties that are associated to higher PBA
contents (the soft phase of MAM) allowing higher expansion ratios while
M42 shows more rigidity in the cell growth. For supporting that dis-
cussion, similar open-cell nanocellular structures were achieved for M42
and M53 blends at lower temperature (30 °C), demonstrating that the
rheologic properties as a function of the saturation temperature has a
decisive impact on the cell growth [40]. In this way, Pinto et al. [49]
attributed the relative density and cell density reductions to cell coa-
lescence promoted by raising the saturation temperature in PMMA/-
MAM blends. To sum up, open-cell nanocellular structures and bimodal
(open-cell nanocellular and close-cell mesoporous) structures were
produced in all the situations (none, one, or two dense layers). More
discussion about the morphology of the cellular structure in PMMA/-
MAM blends can be found elsewhere [40].

3.2. Dense skin layers thickness

The use of the gas barrier approach on the polymer films de-
terminates the appearance of the dense skin layers. The thicknesses of
the dense skin layers of the PMMA/MAM membranes are displayed in
Table 4.

In VT/M42 membranes the typical dense skin thicknesses without
using the gas barrier approach are in the range between 25 and 30 um in
each side (Fig. 2, Table 4). On the contrary, the thickness of the dense
layer was successfully reduced until 1 um in the side whereby the gas
diffusion barrier was applied. Similarly, dense skins in 8N/
M53 + OPVOH membrane resulted above 50 um (Fig. 4, Table 4) while
the thickness was again reduced to 2 um by employing the gas diffusion
barrier on those surfaces (8N/M53 +1PVOH and 8N/M53 +2PVOH).
The differences between M42 and M53 blends could be related to their
viscoelastic properties. M42 presented a harder rigid behavior which
would allow retain the gas easier than M53, leaving lower dense skin
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Fig. 6. Permeability of the VI/M42 (blue symbols) and 8N/M53 (orange
symbols) membranes for CO,, He, CH4, O, and Na.

thicknesses [40].

Moreover, the analysis of the surface morphology aroused that a
porous distribution was obtained on the surfaces which were coated
with the gas diffusion barrier, while smooth solid surfaces were found in
the others (Fig. 5). The gas diffusion barrier not only promotes an in-
crease of the CO;, gas concentration next to the edges of the films, but the
accumulation of the gas molecules in the polymer-PVOH interface al-
lows creating pores on the surfaces by heterogeneous nucleation [34].
The average diameter of the pores is around 1-2 um, quite similar to the
dense skin thicknesses previously measured (Table 4). Thus, we can
assume that dense skins were completely removed (i.e., thicknesses in
the same order of magnitude of the pores distributed along this layer)
from those borders whereby the gas diffusion barrier was employed.
Therefore, the gas dissolution foaming in combination to the gas barrier
approach allows to achieve open porous membranes with full control on
the formation of dense layers in the edges. More detailed SEM micro-
graphs regarding the cellular structure near the edges and the dense
layers are included in the Supporting Information (Section S3).

3.3. Time-lag

Taking advantage of the cellular structures created from VT/M42
and 8N/M53 formulations, the permeability and selectivity, the per-
meance, and the effect of the dense skins as selective layers were ana-
lysed from time-lag measurements.

3.3.1. Permeability and selectivity

The gas separation performances offer an idea of the applicability of
a membrane in a specific gas separation application. Fig. 6 shows the
permeability of membranes derived from VIT/M42 and 8N/M53 blends
(results are listed in Table 5). First, comparing the solid polymer films
(void squares), similar permeabilities were obtained for both PMMA/
MAM compositions, being those of 8N/M53 a little bit higher than the
obtained for VT/M42.

Comparing permeabilities between different gases, both PMMA and
MAM present a very high COs affinity which explains the highest values
in permeability in both VI/M42 and 8N/M53 films. Second, the

Table 5
Permeability of all membranes for all gases: CO,, He, CHy4, O, and N. Unit
conversion: 1 Ba = 3.35-10"!° [mol-m-s~! -m 2 -Pa !].

Name Pcoz (Ba)  Pue(Ba)  Pcug (Ba)  Pop(Ba)  Pna (Ba)
VT/M42 film 27 23 7 7 4
VT/M42 + OPVOH 2201 1302 954 345 150
VT/M42 + 1PVOH 5400 5246 2059 1662 1308
VT/M42 + 2PVOH 9368 7707 2570 2268 1386
8N/M53 film 72 24 12 11 4
8N/M53 + OPVOH 132 50 17 20 6
8N/M53 + 1PVOH 290 96 45 45 17
8N/M53 + 2PVOH 404 139 61 64 21
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differences between both formulations. It is clear that the open-cell
structures showed by VT/M42 porous membranes (Fig. 3a, ¢, and e)
allow reaching higher increments in permeability than the close-cell
mesoporous structures presented by the 8N/M53 membranes (Fig. 3b,
Fd, and f). Moreover, a further increase in permeability is reached by
extending the foaming to the edges, reaching 333 and 5.5 times of
enhancement in VT/M42 + 2PVOH and 8N/M53 + 2PVOH with
respect to corresponding solid film. Therefore, it seems that the dense
layers are acting as selective layers while the cellular structure serves as
a support with strong mechanical properties as it has been proven in
nanocellular polymers [51,52].

According to the selectivity/permeability plot (Fig. 7), the selectivity
of a pair of gases depends on the PMMA/MAM formulation used while
the permeability increased with the porosity of the membrane. In

Fig. 7. COy/N, selectivity as a function of the CO, permeability for

all membranes.

addition, it seems that the PMMA/MAM blends selected for this work

Table 7

Table 6
Selectivity of O/Ny, CO5/CHa, and COo/Ny. Permear.lces of all membranef:1 gor all %zisesi 2CO2,71He, CHy4, O,, and Nj. Unit
conversion: 1 GPU = 3.35-10 [mol-s™ -m~“-Pa "].
Name ®o2/N2 Aco2/CH4 Xco2/N2
. Name Pco2 Phe Pcua Poz Pn2
VT/M42 film 1.6 3.7 6.0 (GPU) (GPU) (GPU) (GPU) (GPU)
8N/M53 film 2.7 6.0 17.0
VT/M42 film 0.054 0.064 0.011 0.017 0.017
VT/ 1.940 3.282 0.224 1.423 0.514
permeability values follow the kinetic diameter for helium, oxygen, and VTI\;MZ + OPVOH 4.438 4,569 1107 1742 1406
nitrogen. However, methane surprisingly shows higher values than ex- M42 + 1PVOH ' ' ' ' '
pected according to its kinetic diameter. This is probably explained due vT/ 7.631 9.276 1.373 2.544 2.246
to a combined effect of a specific interaction and an increase in solubility M42 + 2PVOH
of CH4 in the soft segregated domains of the copolymer [50]. This 8N/M53 film 0.011 0.063 0.188 0.030 0.031
i1 . . - 8N/ 0.011 0.096 0.264 0.041 0.033
permeability trend is also observed in the porous membranes. This in- MS53 + OPVOH
dicates that the films and the dense skins of the foamed films are similar 8N/ 0.021 0.117 0.353 0.055 0.055
or dominant on the separation performances. M53 + 1PVOH
As expected, the permeability of porous membranes increased 8N/ 0.022 0.142 0.412 0.065 0.062
significantly due to the creation of the cellular structure, existing several MS3 + 2PVOH
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would present the most appropriate behavior in gas separation for the
CO2/N; pair of gases since that selectivity reached the highest values
(Table 6). However, the objective of this work is to proof the concept of
formation of a porous structure membrane with a defect-free thin dense
layer on top by a solvent-free method. A comparison of the gas perme-
ability and selectivity data is included in the Supporting Information
(Section S4).

3.3.2. Permeance

The permeance or gas flux is more accurate once the membranes are
formed by thin selective layers. Permeance gives a better overview of the
capacity of a membrane to be employed in an industrial gas separation
process, [11]. In order to prove the strength of inducing a cellular
structure over the gas flux in gas separation membranes, the permeance
of the VI/M42 and 8N/M53 membranes is analyzed in this section
(Fig. 8 and Table 7). As expected, both VT/M42 (Fig. 8) and 8N/M53
(Fig. 8b) porous membranes showed a permeance increase with respect
to the thick films, following the same trend as in permeability regardless
the gas employed. In addition, the reduction on the relative density, due
to the elimination of the dense layer in the edges, allowed reaching
significant increments in permeance (Fig. 8c and d). Therefore, gas
dissolution foaming in combination with the gas barrier technique has
been validated as an excellent method to form an asymmetric membrane
in a single step with a solvent-free process. On the other hand, avoiding
the formation of dense layers in the edges (membranes +1PVOH, and
+2PVOH) seems to work better in the case of the VT/M42 than for
8N/M53, where the permeance for all the gases showed a lower increase
(Fig. 8d). Probably, the effect is due to the thicker and close-cell walls
presented by the 8N/M53 porous membranes, hampering the gas flux
through close-cell structures (Fig. 3b, d, and f). Therefore, the per-
meance is controlled by the amount of porosity created in the gas
dissolution foaming process while the selectivity will be determined by
the intrinsic selectivity of the materials, MAM as a major phase in this
case.

3.3.3. Effective thickness of the dense layer

Effectively, the gas permeance is a contribution of the dense layer
and the resistance of the porous support. Therefore, the gas flux can be
controlled by controlling the cellular structure of the membranes, i.e., by
modifying the porosity, the cell interconnection (open-cell or close-cell)
and the thickness of the selective layer. These kind of structures works as
an electric circuit where the gas flux would be the intensity and the solid
barriers (dense layers and cell walls) operates as the resistances [4].
However, the information about the real thickness of the dense layer (i.
e., the total resistance of the circuit) cannot be directly provided. In
order to calculate the resistance, the thickness of the effective dense
layer (lef) in porous membranes was calculated from the relationship
between the foam permeance and the solid film permeability (Eq. 5).

_ Pwiia(Ba) _ Permeability,,;;y
e = puntBa
1 (um)

)

Permeancey,,

Assuming the foamed sample will provide the same separation per-
formances than the thick film, the differences in the gas flows must be
due to the resistance of the dense layers and the porous substrate. Then,
the permeance of the porous membranes normalized by the permeance
of the films was plotted against the thickness of the effective dense layer
for each gas measured (Fig. 9).

First, the permeance of porous membranes with regard to the per-
meance of the films increased significantly, reaching values up to 150
times of permeance enhancement for VI/M42 + 2PVOH membrane.
Second, the effective dense layer was reduced when the dense layers are
eliminated from the edges, as expected. In the VT/M42 + 2PVOH case,
the effective dense layer, which is around 3 pm for all gases (Fig. 9a),
which is in concordance with the measured dense layer thickness
observed by SEM (Table 4). Thus, a total interconnection between cells
can be assumed, confirming the open-cell structures seen in SEM mi-
crographs (Fig. 3e). In this case, it can be assumed that the gas separa-
tion is dominated by the dense layer and the porous substrate does not
offer any resistance to the gas flux. However, in porous membranes with

2 um

Fig. 10. SEM micrograph from the border of VT/M42 + OPVOH. Also, high magnification micrograph of the dense layer is provided.
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dense layers in the edges (VT/M42 +1PVOH and VT/M42 +0PVOH),
where the PVOH gas barrier was not applied or only applied in one of the
sides, the measured thickness of the dense skins (Table 4) resulted
higher than the effective dense layer, showing less solid resistance than
expected. In these cases, not only assuming that open cells are obtained
but some porosity was found in the dense layer region (Fig. 10), pro-
moting an underrated value of the effective dense layer.

On the other hand, the effective gas flow resistance for 8N/M53
porous membranes resulted much higher than the measured thickness of
the dense layer, showing values for the sample 8N/M53 + OPVOH be-
tween 350 and 36 pm (Fig. 9b) while the dense layer thickness measured
was around 60 ym in each border (Table 4). As it was commented
before, the solid resistance in this case is composed of dense skins in the
borders and cell walls of the close-cell structure (Fig. 3b, d, and f).
Moreover, assuming that 8N/M53 + 2PVOH presented no densified
areas close to the edges of the membrane (around 1 ym, Table 4) the
effective dense layer would correspond to the resistance showed by the
cell walls, around 350 um in the best case. Consequently, the thickness
of the close-cell walls is contributing to the resistance for the gas flux, i.
e., promoting an increase of the effective dense layer with respect to
open-cell structures.

4. Conclusions

A new solvent-free methodology for processing a material into a gas
separation membrane is presented in this work. Porous membranes with
open-cell or close-cell structures were produced by CO2 dissolution
foaming from PMMA/MAM polymer blends. Besides, the gas barrier
approach has been employed in the foaming process in order to obtain
porous membranes with none, one, and two dense layers in the edges of
the membranes. Thus, the relative density of the membranes was
reduced and controlled from the thickness of the dense layers and the
porosity induced on the surfaces by the same process.

The separation performances of the membranes were analyzed from
a time-lag device and correlated to the cellular structures. In general, the
selectivity depends on the polymer employed while permeability was
tuned from the cell morphology. Open-cell structures showed a signifi-
cant increase in permeability properties while close-cell structures pre-
sented strong resistance to the gas flux. In addition, the reduction in the
relative density associated to the removal of the dense layers in the
edges lead to an additional increment in permeance. By merging open-
cell structures and reducing the thickness of the dense layers, the
effective dense layer was decreased till 2 um in total membrane thick-
nesses around 1000 um. Thus, this solvent-free foaming methodology
allows the production of membranes presenting a high-porosity and low
resistance porous support, with tunable thickness for the selective layer.
Therefore, this methodology has been validated as a green technique for
creating, in a single foaming step, an asymmetric membrane for gas
separation with tunable selective layer thickness and an open-porous
structure providing mechanical support, without compromising the
membrane performances.
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