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Abstract: Since membranes made of open porous polymer foams can eliminate the use of organic
solvents during their manufacturing, a series of previous studies have explored the foaming process
of various polymers including polyethersulfone (PESU) using physical blowing agents but failed
to produce ultrafiltration membranes. In this study, blends containing different ratios of PESU and
poly(N-vinylpyrrolidone) (PVP) were used for preparation of open-celled polymer foams. In batch
foaming experiments involving a combination of supercritical CO2 and superheated water as blowing
agents, blends with low concentration of PVP delivered uniform open-celled foams that consisted
of cells with average cell size less than 20 µm and cell walls containing open pores with average
pore size less than 100 nm. A novel sample preparation method was developed to eliminate the
non-foamed skin layer and to achieve a high porosity. Flat sheet membranes with an average cell
size of 50 nm in the selective layer and average internal pore size of 200 nm were manufactured by
batch foaming a PESU blend with higher concentration of PVP and post-treatment with an aqueous
solution of sodium hypochlorite. These foams are associated with a water-flux up to 45 L/(h m2 bar).
Retention tests confirmed their applicability as ultrafiltration membranes.

Keywords: polymer membranes; open-celled foams; solvent-free membrane fabrication;
polyethersulfone; ultrafiltration

1. Introduction

Ultrafiltration is an established membrane separation technique that is implemented
to filter out nanoparticles by means of size exclusion or particle capture [1]. Ultrafiltration
is used to purify liquids, e.g., water, whey, poly(vinyl alcohol) [2]. Porous polymeric
membranes for ultrafiltration are typically manufactured using processes such as the
non-solvent induced and thermally induced phase separation process (NIPS and TIPS, re-
spectively) [3–7]. These processes involve organic solvents such as N,N-dimethylacetamide
(DMAc), N-methyl-2-pyrrolidone (NMP), formic acid and N,N-dimethylformamide (DMF)
and are classified as harmful chemicals [8–11]. Some of them are associated with liver
disease in human beings [12]. The contamination of environmental water supply due to
the disposal of organic solvents poses a serious risk. On-site incinerations are a common
practice due to economic reasons [13]. To avoid wastage of organic solvents, in membrane
industry it is a general practice to recirculate organic solvents using distillation, which
consumes high amounts of energy leading to increased carbon emissions [14,15].

Over the past decades, polymer foaming is seen as a possible alternative to these
organic solvent-based processes for fabrication of membranes. Various studies use the
discontinuous process of batch foaming or solid state foaming [16]. Batch foaming involves
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a two-stage process where a physical gaseous blowing agent such as carbon dioxide (CO2)
diffuses into a polymer at elevated temperature and pressure for a limited period. The
temperature is generally below the glass transition temperature of the gas-loaded polymer
causing it to remain in a so-called “solid state”. After completion of this stage, this polymer
is exposed to a higher temperature for a short time, which causes nucleation and expansion
of foam cells by taking advantage of the softened polymer. This creates a closed-celled or
open-celled foam structure depending on the polymer properties and processing conditions.
Open-celled polymer foams, when customized to desirable cell size, deliver a permeance
that enables them to be implemented as separation membranes. As the aim of this work is
to produce prototype ultrafiltration membranes without the use of organic solvents, we
develop a manufacturing process using the batch foaming technique.

Krause et al. [17] produced closed-cellular polymer foams with an average pore
diameter in the micrometer range (~100 µm) from PSU. After preparation of the said foam,
they used the organic solvent tetrahydrofuran (THF) to form open pores in the nanometer
range within the walls of the micro-sized cells. Krause et al. [18] used discontinuous
solid state foaming of PSU/polyimide blends with CO2 as physical blowing agent to
develop nanocellular foams. Microcellular open-cellular foams (diameter in the range of
1–10 µm) were achieved by the use of organic solvents. Nanocellular foams (range of
pore diameter 2–50 nm) were achieved by increasing the CO2 saturation levels such that
CO2 stays in a continuous phase, which leads to an open-celled structure. Although these
foams find potential application as ultrafiltration membranes, their production involved
the use of an organic solvent to achieve open pores smaller than 1 µm. Similarly, Gong
et al. [19] produced porous cell walls in microcellular polycarbonate foams by using acetone
with CO2 during foaming. The use of acetone induced crazing within the polymer thus
resulting in a porous structure on the microcell walls. Without the use of organic solvents,
Sorrentino et al. [20] and Guo et al. [21–23] developed foams with a similar structure. They
investigated the foaming of high performance polymers including PESU and found that
PESU exhibited nanocellular foams whereas the other investigated polymers exhibited
pores with a diameter only in the micrometer range. They reported the formation of a
nano-structure on the cell walls of microcellular foam of PESU and polyetherimide (PEI)
without the use of organic solvents. This nano-structure appeared to have a tendency
towards making the cell walls of the microcellular foams partially porous with pores less
than 1 µm in diameter. Guo et al. [21,22] applied a solid state CO2 foaming process on
PSU and PPSU where they used low temperatures between −10 ◦C to 60 ◦C for loading
the samples with CO2 without using organic solvents. They reported a similar nanoscale
structure on the cell walls of the closed microcellular foams. They describe this structure
as a ‘network of stretched struts’ that are nanoscale fibers formed due to stress-induced
nucleation or spinodal decomposition, i.e., a biaxial tensile deformation caused by the
expansion of cells. Although this structure appears uniformly distributed on the cells, it
does not appear to be open-celled foam. To obtain open pores within these foams, a higher
porosity would be desirable such that pores would be created within such a nanoscale
structure due to high degree of stretching.

Li et al. [24] used assisted mold foaming to manufacture polysulfone foams with high
expansion ratios. They applied mechanical pressure on CO2-loaded polysulfone samples
while subjecting them to foaming temperatures. By using this method, high expansion
ratios were obtained in the resulting foams. However, the cell size was above 15 µm and
only a closed-cellular structure was achieved.

CO2 has been established as an ideal blowing agent for delivering high porosity poly-
mer foams [16,25,26]. In addition, CO2 in supercritical state provides better foaming results
than gaseous CO2 in subcriticial phase [16,27]. Hu et al. [28] studied the use of ethanol as a
co-blowing agent during the foaming of polysulfone (PSU) and poly(phenylene sulfone)
(PPSU). The expansion ratio and the foaming temperature window of the foams were sig-
nificantly increased due to the use of co-blowing agent. Owusu-Nkwantabisah et al. [29]
used a combination of supercritical CO2 and superheated H2O to produce PESU foams and
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found a significantly increased level of porosity and interconnectivity between pores as com-
pared to a PESU foam that was foamed by using only supercritical CO2. Schulze et al. [30]
also achieved open-celled foams using block copolymers and CO2 as foaming agent in
the presence of water during the loading process. Water in superheated state has a signif-
icantly reduced polarity such that it shows solvent properties [31]. Therefore, the usage
of superheated water with supercritical CO2 (shH2O + scCO2) for foaming emerges to
be promising.

Polyarylsulfones such as polyethersulfone (PESU), polysulfone (PSU) and polyphenyl-
sulfone (PPSU) have been widely studied for obtaining permeable foams [17,18,20–22,29].
PESU is widely used for membranes as it provides high thermal stability due to its high
glass transition temperature, good chemical stability due to the presence of sulfonyl groups
and ether linkages, and favorable structural stability due to the presence of two aromatic
groups in the repeating unit [32]. PESU membranes are also preferred for ultrafiltration ap-
plications due to their capability to deliver reliable retention values and high porosity [33].
Some researchers used poly(N-vinylpyrrolidone) (PVP) as a water-soluble ‘pore-opener’
along with poly(arylsulfones) to produce ultrafiltration membranes from solutions in
organic solvent [33–40]. Therefore, due to the proven application of PESU and PVP in
ultrafiltration membranes, we use blends of PESU and PVP in this work. Shi et al. [41] used
PMMA/PVDF blends to achieve highly porous nanocellular foams. The use of PVDF to
form a miscible blend with PMMA was determined to increase the porosity and decrease
cell size in both macro and micro cells. Therefore, we plan studies to confirm the misci-
bility of PESU and PVP, and observe the effect of polymer content on various material
characteristics and foaming results.

Ultrafiltration requires an average pore diameter between 10 nm and 100 nm in the
selective layer. Thus, open-cellular foams with cell size of approximately 100 nm are tar-
geted. As PVP is soluble in a variety of commonly available compounds such as water
and aqueous solutions of sodium hypochlorite (NaOCl), a permeable selective layer could
be created through the dissolution of PVP. NaOCl is selected due to its proven suitability
for post-processing of PESU/PVP membranes [33,35,39]. The outer surface in batch foams
commonly contains cracks that occur due to the expansion of the sample during foaming.
If the cell size of the foam cells were in the range of micrometers, these cracks would
lead to functional failure as ultrafiltration membrane and deem the selective layer useless.
Therefore, the cell size is also desired to be similar to the cell size of the selective layer
such that flaws occurring on the surface during foaming can be easily compensated by the
internal structure. We focus on manufacturing completely open nanocellular foams, which
the previous studies [17–30,41–43] did not fully realize. In recent years, the research on
polymer foams has shifted towards composites involving graphene and other nanopar-
ticles to deliver highly porous microcellular and nanocellular foams [44–49]. However,
this is out of the scope of this work, as we focus on obtaining the said foam from the
pristine polymers.

Batch foaming often yields a non-foamed outer layer after foaming due to fast diffusion
of the blowing agent [21]. In order to employ these foams as membranes, an intuitive
method is developed to avoid this non-foamed layer and at the same time improve the
foam quality. We aim to achieve a complete open-cellular foam structure with a nanometer
cell size by combination of batch foaming and post-treatment in inorganic solvents. The
membranes prepared using this organic solvent-free method would be permeable to water
and have retention values that are near to those of ultrafiltration membranes based on
methods using organic solvent in their manufacture.

2. Materials

In this study, commercial grades of polyethersulfone and poly(N-vinylpyrrolidone)
BASF Luvitec® K 30 (PVP K 30) were used for blend preparation. The blends were obtained
from BASF SE (Ludwigshafen, Germany). Two variants of PESU that varied in molecular
weight were used viz., BASF Ultrason® E 2010 (PESU E 2010) and BASF Ultrason® E 3020
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P (PESU E 3020 P). Although high molecular weight PVP such as PVP K 90 is used in
the fabrication of ultrafiltration membranes, PVP K 30 (BASF Luvitec® K 30 molecular
weight around 40,000 Da [50]) is used here because CO2 shows a higher miscibility with low
molecular weight PVP than with high molecular weight PVP [51]. The blend formulations
and nomenclature are given in Table 1.

Table 1. Nomenclature of blends with respect to their composition.

Blend Name
PESU PVP K 30

Type Content [wt%] Content [wt%]

L-8 PESU E 2010 92 8
L-16 PESU E 2010 84 16
L-24 PESU E 2010 76 24
L-32 PESU E 2010 68 32
H-8 PESU E 3020 P 92 8
H-16 PESU E 3020 P 84 16
H-24 PESU E 3020 P 76 24
H-32 PESU E 3020 P 68 32

BASF Luvitec® K 90 (PVP K 90) and Kapton® foil (Polyimide (PI) foil) was chosen
for preparing sandwich-type samples. All materials were dried in a vacuum chamber at
130 ◦C for 24 h before further use.

For post-treatment, sodium hypochlorite (Roth GmbH & Co. KG, Karlsruhe, Germany)
and sodium bisulfate (Roth GmbH & Co. KG) were used.

3. Experimental and Methodology
3.1. Material Characterization

Differential scanning calorimetry (DSC) measurements were carried out using a
calorimeter DSC 1 (Mettler Toledo, Gießen, Germany), and analyzed using STARe
SW 16.20 software (Mettler Toledo). 40 µL aluminum pan with a mono-perforated lid
was filled with approximately 10 mg of polymer. A heating rate of 10 K min−1 in the
temperature interval from 25 ◦C to 260 ◦C in a nitrogen atmosphere was chosen. Heating-
cooling-heating cycles were executed. Then the glass transition temperature was deter-
mined by analyzing the second heating interval.

The glass transition temperatures and the heat capacities when changing from the
glassy to the rubbery state of the homopolymers were used in the Equation (1) as derived by
Couchman [52] and the glass transition temperatures were used in Equation (2) as derived
by Fox [53] to find the expected glass transition temperature of miscible blends at various
polymer mass fractions.

ln
(
Tg/Tg,I

)
=

wI I∆cp,I I ln
(
Tg,I I/Tg,I

)
wI∆cp,I + wI I∆cp,I I

(1)

1
Tg

=
wI
Tg,I

+
wI I
Tg,I I

(2)

In Equations (1) and (2), Tg is the glass transition temperature of the blend, wI and wI I
are mass fractions, ∆cp,I and ∆cp,I I are the differences of the heat capacity when changing
from the glassy to the rubbery state measured using DSC, and Tg,I and Tg,I I are the glass
transition temperatures of polymers I and II respectively.

High pressure differential scanning calorimetry (HP-DSC) measurements were car-
ried out using a calorimeter HP-DSC 1 (Mettler Toledo), and analyzed using STARe
SW 16.20 software (Mettler Toledo). The aluminum pan with a multi-perforated lid was
filled with approximately 7 mg of powdered polymer. The sample was rinsed with CO2 for
5 min in the equipment. First, a heating rate of 10 K min−1 was applied from 25 ◦C to 260 ◦C
in a CO2 atmosphere at 1 bar. Then, the sample was allowed to cool down to 150 ◦C and then
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held at this temperature for 3 h at the desired CO2 pressure (1 bar, 10 bar, 20 bar or 30 bar).
The sample was then heated up to 260 ◦C at a heating rate of 10 K/min while maintaining
the CO2 pressure. Considering the diffusion coefficient of D = 3 × 10−8 cm2/s for PESU at
room temperature [54,55] and the sample particles having radius of R = 100–150 µm, the
saturation time can be calculated using tsat = R2/D, i.e., approximately between 55 and
130 min. Since, saturation time decreases with increasing temperature due to softening of
the polymer, the selected time of 3 h is sufficient for saturation for PESU and the blends at
150 ◦C. The Tg was determined by analysing the final heating interval when the sample
was assumed to be saturated with CO2.

For rheological measurements, cylindrical samples measuring 8 mm in diameter and
2 mm in thickness were prepared using compression molding at 270 ◦C for a total time of
10 min. For compression molding of PESU and blend samples, a hot press (Paul-Otto Weber,
Remshalden, Germany) was used. As PVP K 30 was available in powder form, cylindrical
samples measuring 8 mm in diameter and 2 mm in thickness were prepared using Vacuum
MR Hei-End (MeltPrep GmbH, Graz, Austria) at 240 ◦C. It was ensured that the samples had
no air bubbles, cracks, weld lines or rough surfaces through visual inspection. Rheological
measurements were carried out on an Anton Paar MCR 502 rheometer with a plate-plate
geometry. Frequency sweeps in the frequency range between 0.01 and 100 rad/s were
carried out at temperatures 190, 200, 220, 240 and 260 ◦C for PVP K 30, and at 260, 280,
300 and 320 ◦C for the other materials. The frequency sweeps started with the highest
frequency. The master curves were constructed using the software LSSHIFT developed
by Honerkamp and Weese in 1993 [56]. For amorphous polymers, the dependence of the
horizontal shift factor aT on temperature T in the construction of master curves can be
described using the William-Landel-Ferry (WLF) equation [57],

log(aT) = −
c1

(
T − Tre f

)
c2 +

(
T − Tre f

) (3)

The WLF parameters c1 and c2 were obtained by applying a least-squares fit of
Equation (2) to the master curves at reference temperature Tre f using LSSHIFT.

3.2. Batch Foaming

The batch foaming process was carried out on samples similar to those used for
rheological measurements. Batch foaming can be divided into two stages. In stage one, i.e.,
the loading phase, samples were placed in a high pressure vessel (highpreactor BHM-500,
Berghof, Eningen, Germany). CO2 gas was used as a foaming agent and was inserted
into the vessel through an inlet from a dip-tube bottle (99.995% purity, Linde PLC, Dublin,
Ireland) using a high pressure syringe pump (Teledyne ISCO, Lincoln, NE, USA) at room
temperature up to a pressure value that was calculated based on the combined gas law
using the desired temperature and CO2 pressure. The vessel was then heated to the desired
loading temperature ranging from 125 to 175 ◦C. This temperature was maintained for a
loading time of 24 or 48 h, depending on the experiment. In some trials, water was used
as a co-foaming agent along with CO2. In these trials, the vessel was filled with 40 mL
ultrapure water. Immediately after completion of the loading interval, the pressure was
released in a controlled manner for 7 s ensuring a pressure drop to ambient pressure and to
initiate foaming (stage 2). Immediately, the samples were placed for 100 s between two hot
plates of a hot-press at the desired foaming temperature that ranged between 210 to 270 ◦C.

3.3. Membrane Manufacturing

Blends H-8 and H-32 (with weight fractions 92/08 wt% and 68/32 wt%, respectively)
were the main materials of interest for manufacture of membranes and were additionally
produced by blending PESU E 3020 P with PVP K 30 in a twin screw extruder (Brabender,
Duisburg, Germany). Blend samples for preparing sandwich-type layers were prepared by
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compression molding. These sandwich-type samples contained a separate PVP layer where
BASF Luvitec® K 90 (PVP K 90) was used due to higher ductility and mechanical stability
compared to PVP K 30. Each layer was manufactured separately with the dimensions
shown in Figure 1. Two manufacturing methods were used, method I (Figure 1a) where
PVP layers were made from an aqueous PVP solution (ratio 50/50 wt%), and method II
(Figure 1b) where compression molded PVP layers were used. For both methods, the blend
films were manufactured using compression molding at 270 ◦C. In the first method, the
blend sample was adhered to the polyimide foil using the aqueous PVP solution as PVP
has adhesive properties [58]. The samples were allowed to dry for up to 24 h. In the second
method, the temperature used for compression molding was 240 ◦C for PVP K 90. The
layers, as shown in Figure 1b were placed on top of one another and pressed for 3 min
together at 205 ◦C under 20 kN loading using a hot press (Paul-Otto Weber). Polyimide
foil was used at the top and the bottom layer as a protection during handling. In both
methods, the polymer blend film would thus be completely covered by another polymer,
i.e., PVP K 90, and would be implemented as a membrane later. Batch foaming was carried
out on these samples using the same process explored previously. The first method of
sandwich-type samples was initially implemented on both blends and the second method
was only used with the better performing blend.
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Figure 1. Scheme of a sandwich-type sample: (a) Method I; (b) Method II.

The foamed samples were subjected to post-treatment using an aqueous solution of
0.1 wt% sodium hypochlorite (pH = 11.5). Samples were initially inserted as a solution in
a closed glass bottle at a maintained temperature of 80 ◦C for 24 h. During this time the
solution became saturated with PVP K 90 and the PI foils detached themselves. The polymer
of interest with some remenents of PVP K 90 on its surface was carefully transferred in a
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new solution of NaOCl in a new bottle and subjected to a temperature of 80 ◦C for 48 h.
The choice of this temperature was based on the results of solubility tests of non-foamed
polymer films (cf. Supporting Information). To wash out the residual NaOCl and active
chlorine, the samples were rinsed in decalcified water at 35 ◦C for 10 min, aqueous solution
of 0.5 wt% sodium bisulfite at 20 ◦C for 10 min and finally with decalcified water at 80 ◦C
for 10 min [33].

3.4. Foam Characterization and Membrane Properties

Scanning electron microscopy (SEM) was used to characterize the foams. For large
samples, foams were broken using liquid nitrogen to retain their nanostructure. For smaller
samples, foams were cut using a sanitized sharp razor blade which caused smearing of
the nanoscale structures present in the cutting plane. The average cell size was measured
for selected foams using the scanning electron micrographs and the measurement tool
in Photoshop CS6 (Adobe, San Jose, CA, USA). The porosity was measured for selected
foams from the micrographs by measuring the number of pixels taken by visible cells and
calculating the percentage versus the total number of pixels in the micrographs.

Density measurement was carried out using the buoyancy method on a density
measurement device (Mettler Toledo, Gießen, Germany). Water-flux measurements were
carried out on samples after completion of post-treatment using a membrane-holding cell
with a diameter of 20 mm and an in-house constructed testing facility. The measurements
were carried out with decalcified water at 7 bar pressure.

Retention tests were carried out using a Millipore cell that held a solution of 0.01 wt%
poly(ethylene oxide) (PEO) in water of average molecular weight 400,000 Da. The broad
molecular weight distribution of the chosen PEO allowed filterability of various length
molecules to be observed. The solution was allowed to mix thoroughly using constant
magnetic stirring in a closed flask for 24 h before using in retention tests. The feed solution
and the permeate solutions were collected and further analysed using gel permeation
chromatography (GPC). The retention coefficient R was calculated using the Equation (4)
where, wP and wF are the mass fractions of PEO in permeate and feed solutions respectively.

R = 1− wP
wF

(4)

4. Results and Discussion
4.1. Material Characterization

In our DSC measurements, all homopolymers and blends showed a single glass
transition. As an example, Figure 2 shows the DSC graph of blend L-32.
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This provides an indication that the homopolymer chains are mixed on a segmental
level in a single phase within these blends. As seen in Figure 3a,b, the blends with
high molecular weight PESU undergo a higher reduction of glass transition temperature
with increase in PVP content than low molecular weight PESU. This suggests a higher
reduction of free volume caused by PVP K 30 in the blends with higher molecular weight
PESU than in the blends with lower molecular weight PESU. Figure 3a,b also show the
change in glass transition temperature due to change in polymer content as prediction
of Equations (1) and (2) based on the glass transition temperatures of polyethersulfone as
polymer I and poly(N-vinyl pyrrolidone) as polymer II. Blends with PESU E 2010 exibited
glass transition temperatures near the predicted values of both equations, whereas in
blends with PESU E 3020 P the observed glass transition temperatures are more close to the
values predicted by Equation (1). The predictions of Equation (1) correspond closely with
both L-x and H-x blend combinations as the change in heat capacities at glass transition
are dissimilar for both blend components and the ratio between their glass transition
temperatures is unequal to unity. As stated by Couchman [52], when a polymer blend
fulfils the premise of Equation (1), it provides an indication that the blend is composed of
miscible polymers.
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The influence of CO2 on the thermal properties of the materials was studied by
using HP-DSC. Compared to the sharp glass transition occurring observed by DSC under
nitrogen, the glass transition occurs gradually spreading over a larger range of temperature.
This spread increases with increasing CO2 pressure as seen in Figure 4a for blend L-8.
In some blends and materials, the glass transition occurred gradually without a distinct
inflection point. Figure 4b shows a linear decrease of glass transition temperature with
increasing CO2 pressure for both grades of PESU. However, for PVP K 30 the glass transition
temperature stayed constant above 10 bar CO2 pressure. These influences on PESU and
PVP act proportionally in the blends according to their weight contents. With increasing
CO2 pressure blends with 8% PVP content undergo a larger decrease in Tg than blends with
32% PVP. A larger free volume in a polymer leads to a lower glass transition temperature.
Therefore, the HP-DSC measurements show that CO2 has a larger effect on the free volume
in PESU than PVP K 30 [59,60]. Foaming was observed in some of the samples after removal
from the device.
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Figure 4. HP-DSC results for selected blends: (a) Effect of CO2 pressure on glass transition tempera-
ture of blend L-8 (b) Tg at various CO2 pressures (Some materials did not show an identifiable glass
transition at 30 bar).

The effects of composition and type of the polymer blends on the dynamic moduli
of the blends were determined by rheological analysis. In PESU, the storage modulus G′

remains lower than the loss modulus G′′ at frequencies lower than the crossover point. With
decreasing angular frequency, in double logarithmic presentation, the storage modulus
decreases with a slope nearly equal to 2 and the loss modulus with a slope nearly equal to 1.
PVP K 30 does not adhere to the slopes equal to one and two of storage and loss modulus,
respectively, and shows an increasing storage modulus with decreasing angular frequency
because of thermally induced crosslinking. Since crosslinking increases the elasticity of the
polymer, it could lead to a limited foam expansion and collapse during foaming of pure
PVP or blends with high content of PVP. The data for pristine PESU and PVP are provided
in the Supporting Information. The master curves of the moduli vs. angular frequency
measurements shown in Figure 5a,b show that the blends translate the behaviors of PESU
and PVP K 30 with their polymer contents correspondingly. Since both PESU and PVP are
amorphous polymers [61,62], the temperature dependence of the horizontal shift factor in
the construction of master curves for their blends can be described using the Equation (3)
where reference temperature of 320 ◦C was chosen. As seen in Figure 5c,d, both blends
obey the WLF equation which provides another evidence that PESU and PVP are miscible
at both high and low concentrations of PVP [63,64].
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4.2. Batch Foaming

In the experiments where CO2 was used as a foaming agent, all selected materials
yielded mostly closed-cellular foams. PVP K 30 delivered the lowest density foams among
all materials in most trials. However, in some trials, during the foaming stage, the PVP
samples initially grew into 3–4 times the original size as observed visually, and collapsed
instantaneously after 45 to 60 s of exposure to the foaming temperature. This foam collapse
occurred only when the loading pressure was set to 50 bar but did not occur in the trials
conducted at 100 bar. As PVP is a highly elastic material in the melt state, the expansion
caused by bubble growth is easily reversed, thus attaining the original size. Figure S10
in the Supporting Information show that this collapse has resulted into a crushed foam
structure. Foams of blends with 32% PVP had the highest porosity among the blends. This
increase in porosity due to increase of PVP content supports the findings by Shi et al. [41]
where the increase in the polymer content of the minor component in the single-phase
polymer blend yielded in higher porosity.

Although majorly closed microcellular foams, the blends L-8 and H-8 exhibit a certain
nanoscale structure on the cell-walls of the microcellular foams as shown in Figure 6. As dis-
cussed in the Introduction, many researchers have found this structure in foams of various
polymers at certain processing conditions. Fukasawa et al. [65] and Gong et al. [19] found a
similar structure in polycarbonate foams under certain processing conditions. Their struc-
ture consisted of partially open pores formed within this structure. Fukasawa et al. [65]
linked the formation of these pores to the crystallization of polycarbonate resulting in
a fibrillary structure that was stretched as a result of bubble growth in the amorphous
region during foaming. This explanation was based on various studies that focused on the
crystallization of polycarbonate where such fibrillary structure was also reported. However,
this explanation remains a speculation as evidence of CO2 induced crystallization cannot be
identified in their samples. Gong et al. [19] and Guo et al. [21–23] provide explanations that
seem more plausible towards the cause of this structure. Gong et al. [19] explained that the
formation of the fibril structure on the cell walls is due to the phenomenon called crazing.
The nucleation and bubble growth induced due to foaming in the polymer results in biaxial
tensile deformation. Thus, the fibrils are stretched and result in the formation of voids.
They also found a direct relation of the strain energy around the pores during nucleation
and bubble growth towards the formation of the nanostructure. Guo et al. [21–23] found a
similar structure in polysulfone, polyphenylsulfone and a cyclic olefin copolymer. They
named the structure as bicontinuous structure and suggest that an open or closed nanoscale
structure may be a result of stress induced nucleation. Although the reasoning given by
Gong et al. [19] and Guo et al. [21–23] differ, they agree in that the structure is caused by
stretching induced by the growth of micro cells.
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In our case, the blends L-8 and H-8 delivered similar structure on the cell-walls of the
microcells, which however is not open porous. This can be explained by the lack of sufficient
deformation provided during the growth of microcells since a higher expansion during foaming
is required for fabrication of open-celled foams [22,23]. A higher expansion would lead towards
streching the nanostructure enough such that open nanocellular foams are obtained.

Initially in the trials with CO2 and water, the effect of foaming temperature was
analyzed. The parameters loading temperature (150 ◦C), loading time (48 h), pressure
(100 bar) and foaming time (100 s) were kept constant.

As expected, when using CO2 and water as foaming agent an increased porosity was
found in foams of blends H-8 and H-32 in the microcells as seen in Figures 7 and 8. Blend
H-32 showed a higher porosity and partially open-cellular foam, but failed in providing any
nanoscale structure. Foams of blends L-8 (cf. Supporting Information Figure S7) and H-8
contained high uniformity and similar cell size. The walls of these cells were made of a mesh
of open pores smaller than 200 nm. The increased porosity enabled formation of pores within
the nanoscale structure. This structure was seen at samples foamed at temperatures of 210,
230 and 250 ◦C for both materials. At 270 ◦C, this structure was not found. Comparing the
porosity and the cell size distribution, the foaming temperature 230 ◦C provides an average
cell size below 100 nm and the highest porosity of this type of pores was larger than 20%.
At this foaming temperature, among the two blends, H-8 blend provides the lowest average
cell size while maintaining a high porosity in both microcells and the smaller open pores. To
maintain connectivity between the microcells through the smaller open pores, an overall high
porosity is also desired. Therefore, blend H-8 is taken as an optimum candidate for the further
tests by selecting the foaming temperature as 230 ◦C. As shown in Figure 9, the average
size of the pores on the microcell walls in the foams obtained using loading temperature as
150 ◦C is below 100 nm and has a porosity larger than 25%. The loading temperature 175 ◦C
delivers higher porosity and larger cell size than the loading temperature 150 ◦C in both
microcells and the pores on their cell-walls. Scanning electron micrographs of the effect of
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loading temperature is available in the Supporting Information as Figure S9. A higher loading
temperature softens the polymer more and aids in faster diffusion of the foaming agents.
This results in higher porosity and larger microcells during the foaming stage. An increased
growth of microcells causes higher stretching of the cell walls wherein the nodal structures
aid in creation of larger pores. Similarly, a lower loading temperature causes a lower solubility
of foaming agents in the polymer and results in low porosity and smaller cell sizes. Therefore,
the originally selected loading temperature of 150 ◦C appears ideal in this case for the blend
H-8 such that an interconnectivity is achieved.
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Figure 7. Scanning electron micrographs of foams of blend H-32 manufactured at loading time 48 h,
pressure 100 bar, loading temperature 150 ◦C, foaming time 100 s and foaming temperature 230 ◦C:
(a) Using only CO2 as foaming agent; (b) Using CO2 and H2O as foaming agents.
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Figure 8. Scanning electron micrographs of foams manufactured using blowing agent CO2 and H2O
at loading time 48 h, pressure 100 bar, loading temperature 150 ◦C, foaming time 100 s and foaming
temperature 230 ◦C for Blend H-8: (a) internal structure at 500×magnification; (b) internal structure
at 20,000×magnification; (c) structure near the surface at 500×magnification; (d) internal structure
at 2500×magnification.
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Figure 9. Average cell size and porosity: (a) Average cell size vs. foaming temperature in foams of
blend L-8; (b) Average cell size vs. foaming temperature in foams of blend H-8; (c) Porosity vs. foam-
ing temperature in foams of blends L-8 and H-8; (d) Average cell size vs. loading temperature in
foams of blend H-8; (e) Porosity vs. loading temperature in foams of blend H-8.

Owusu-Nkwantabisah et al. [29] analysed the effects of using H2O along with CO2
as a foaming agent for foaming of polyethersulfone and found that using scCO2 + shH2O
as foaming agent delivered an increased porosity and in some cases, open pores. As the
structure found in foams H-8 and L-8 previously could develop open pores if the overall
porosity is increased, scCO2 + shH2O was used as foaming agent.
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4.3. Membranes

All foams discussed in Section 3.2, exhibit a solid non-foamed skin layer of approxi-
mately 20–50 µm thickness similar to as shown in Figure 9c. To use these foams for their
permeation properties, this outer layer is necessary to be eliminated and thus sandwich-
type samples were used. The sandwich-type samples have an additional layer of another
polymer, PVP K 90 in this case, such that it behaves as a faux outer layer where the escape
of diffused foaming agent would take place during depressurization thus limiting the
non-foamed surface layer towards the PVP K 90. This allows the polymer of interest to
stay completely foamed. During post-treatment, the PVP layers dissolve into the NaOCl
solution and the thoroughly foamed polymer of interest is obtained.

During the batch foaming of sandwich-type samples that were prepared using aqueous
solution of PVP, blend H-8 showed a similar internal foam structure as it was seen in the
previous batch foaming experiments. However, the surface layer was foamed with a
separate foaming pattern, i.e., with smaller closed-cells with an average diameter of 100 nm
and blind open pores on the surface. Figure 10a,b show the microstructure of foam of blend
H-8 manufactured using sandwich method. The influence of using the sandwich-type
samples can be seen but applicable results were not delivered. Blend H-32 however, yielded
a completely permeable open nanocellular foam with slit type open pores as shown in
Figure 10d on the surface with average width 50 nm as shown in Figure 10f. This foam
structure was available only in the regions indicated in green in Figure 10c. The region
highlighted in red were non-foamed as seen in Figure 10e. This indicated that the blend
layer was too thick. The sample could therefore not be used for testing permeation. Also,
in some samples, the blend layer was not fully covered by the PVP due to the adhesive
solution not flowing in certain areas between the PI foil and the blend. This caused certain
samples to have non-foamed skin layers in the regions where the blend film was not
covered by PVP K 90.
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Figure 10. Scanning electron micrographs of sandwich-type samples manufactured using method I,
batch foamed and post-treated: (a) Cross section of blend H-8; (b) Microstructure observed in the skin
layer from figure (a); (c) Cross section of blend H-32; (d) microstructure observed in smaller green
box and commonly found across the area enclosed by larger green boxes in figure (c); (e) Observed
solid structure in the smaller red box and commonly found across the area enclosed by the larger red
box in figure (c); (f) Outer surface of blend H-32.

To overcome these issues, thinner blend samples were used in method II of preparing
sandwich-type samples, and to ensure completely sealed covering of the blend layer, the
PVP layer was compression molded instead. Since only blend H-32 delivered promising
results, only blend H-32 was subjected to further experiments using the second method of
preparing sandwich-type samples. After batch foaming, along with the blend layer, the
outer PVP K 90 layer foamed. This PVP foam could be dissolved during post-treatment.
Figure 11 show that the blend layer yields a completely permeable open-cellular foam with
cell sizes less than 300 nm. The membranes after post-treatment as shown in Figure 12
had a thickness in the range of 300 to 350 µm, approximately two times thicker than the
polymer layer in the sandwich-type samples. This open-cellular structure was not observed
in the foams of blend H-32 that were manufactured during the batch foaming trials using
cylindrical samples as seen in Figure 7. Comparison of the morphologies after the loading
phase of batch foaming, after foaming and after post-treatment, shows that the internal
open-cellular structure is obtained only after foaming and the post-treatment aids in the
removal of the outer PVP layer and provides an open porous surface. This open porous
surface has an average cell size around 50 nm and is slightly larger than the internal porous
structure of the foam which is around 200 nm. Therefore, due to this pore size, this porous
surface is capable of functioning as a selective layer for ultrafiltration [2].
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II with blend H-32, after batch foaming and post-treatment: (a) cross section; (b) internal structure;
(c) surface.

The mechanism behind the realization of such a structure using sandwich-type sam-
ples is depicted in Figure 13. In a standard sample, during the loading phase, the foaming
agent dissolves within the sample over time tx and attains near-saturated state. During
depressurization of the batch foaming reactor, the dissolved foaming agent begins to escape
from the polymer matrix. The rate of escaping is highest at the surface and lowest in the
middle of the sample. This occurs as long as the depressurization time along with the time
taken to transfer the samples from the reactor to the foaming temperatures, is larger than
zero. Therefore, the samples are no more in their fully saturated state. This yields low
level of nucleation and causes closed-cellular foams with non-foamed outer surface layer.
Therefore, blend H-32 when foamed as a standard sample, yielded closed microcellular
foam as seen in Figure 7b. In sandwich-type samples, when one polymer is covered by
another polymer, under similar conditions the amount of time taken for the foaming agent
to dissolve within both polymers until saturation, ty is larger than time tx due to larger
thickness and different diffusion coefficients. During depressurization, similar to standard
samples, the foaming agent begins escaping from the sample, but this occurs mainly in the
outer polymer. As the internal polymer layer is tightly enclosed by the outer polymer layer,
any escape of foaming agent from internal polymer would need permeation of the foaming
agent through the outer polymer layer. As the outer polymer is different from the inner
polymer, they have different permeation and solubility properties. The internal polymer
remains near to its completely saturated state and delivers highly porous nanocellular foam
whereas, the non-foamed outer surface layer is restricted to the outer polymer. Therefore,
based on this principle, an open-celled foam with cell size in nanometers was realized
in blend H-32 using this method as seen in Figure 14. Removal of the outer polymer
was required to use the inner polymer for any applications. Thus, selection of the outer
polymer as a water-soluble or inorganic solvent soluble polymer is essential such that the
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post-treatment of the sandwich-type sample would lead to dissolution of the outer layer
and the internal layer stays unaffected.
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Figure 14. Scanning electron micrographs of sandwich-type sample manufactured using method
II with blend H-32 after batch foaming before post-treatment: (a) at 200× magnification; (b) at
10,000×magnification on layer with Blend H-32.

Three membrane samples from blend H-32, viz. A, B and C were tested for water flux
and yielded a flux of 10, 35 and 45 L/(h m2 bar), respectively. These values of water flux
are similar to those seen with polyethersulfone ultrafiltration membranes manufactured
using methods involving organic solvent [66,67]. Since larger membrane thickness adds
further resistance to water flow, future studies could employ thinner samples so as to
increase the water flux. As seen in Figure 11, retention tests reveal a retention coefficient
above 0.9 for PEO with molecular weight higher than ~260,000 Da for sample C and an
average of ~480,000 Da for all measured samples. Since retention of molecules between
103–106 Da is classified under ultrafiltration [1,68,69], these values although near the
upper limit, provide evidence that these membranes have potential for ultrafiltration.
Although the performance of this developed membrane is lower than modern ultrafiltration
membranes manufactured using organic solvents [39,70–73], these membranes provide
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a genesis towards large-scale development of ultrafiltration membranes using foaming.
Future studies focus on optimizations and improvements of the membranes to match the
ultrafiltration standards of membranes manufactured using other methods and also on
developing ways to manufacture them efficiently and on a large scale.

5. Conclusions

Batch foaming experiments on PESU/PVP blends using CO2 as blowing agent show
a clear influence of PVP content on the foaming behavior. Foams of PESU blends with
32% PVP exhibited the highest density and foams of blends with 8% PVP show a ten-
dency towards formation of a fibril structure on the cell walls of the closed-cells. Using
superheated H2O with CO2 as foaming agents the porosity of the foams was significantly
increased. This lead towards increased expansion of the fibril structures on the walls of
foam cells thus creating a smaller porous structure connecting the larger cells. Optimal
processing conditions and blend compositions for obtaining high porosity and lowest cell
size were found. The samples, however, contain a solid non-foamed surface layer which
hinders the direct application of the open-celled foam as membranes. Sample preparation
methods developed by us eliminated the formation of the non-foamed surface layer, and at
the same time allowed the sample to be in near-saturated state. Using this method, blend
with 8% PVP foams completely including the outer surface but cannot deliver a complete
open-cellular foam. A blend with 32% PVP however, due to high saturation of foaming
agent, exhibits complete open-cellular foam containing porous surface with average surface
cell size of 50 nm and average internal cell size of 200 nm. These open nanocellular foams
provide an average water flux of 30 L/(h m2 bar) and an average retention coefficient above
0.9 for PEO with molecular weights above 480,000 Da confirming the proof of concept for
proposed application of these foams as ultrafiltration membranes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/polym14061177/s1, Figure S1: Time taken to dissolve PVP K 30 samples in water at various
temperatures. Figure S2: Scanning electron micrographs of post-treated blends in NaOCl at various
temperatures: (a) Surface of film of blend H-8 at 80 ◦C (b) Surface of film of blend H-32 at RT;
(c) Surface of film of blend H-32 at 80 ◦C; (d) Cross-section of film of blend H-32 at 80 ◦C. Figure S3:
IR spectra of blend, non-foamed blend H-8 and after foaming with various foaming agents. Figure S4:
DSC 2nd heating curves of non-foamed blend H-8 and after foaming with various foaming agents.
Figure S5. Master curves of selected materials from rheological analysis: (a) PESU E 2010; (b) PESU E
3020 P; (c) PVP K 30; (d) Blend L-8; (e) Blend L-32. Figure S6. Results of thermogravimetric analysis
for selected materials. Figure S7. Scanning electron micrographs of blend L-8 foams manufactured
using blowing agents CO2 and H2O at loading time 48 h, pressure 100 bar, loading temperature
150 ◦C, foaming time 100 s and various foaming temperatures: (a,b) 210 ◦C; (c,d) 230 ◦C; (e,f) 250 ◦C;
(g,h) 270 ◦C. Figure S8. Scanning electron micrographs of blend H-8 foams manufactured using
blowing agents CO2 and H2O at loading time 48 h, pressure 100 bar, loading temperature 150 ◦C,
foaming time 100 s and various foaming temperatures: (a,b) 210 ◦C; (c,d) 250 ◦C; (e,f) 270 ◦C. Figure S9.
Scanning electron micrographs of foams of blend H-8 at the loading time 48 h, pressure 100 bar,
foaming temperature 230 ◦C, foaming time 100 s, the blowing agent CO2 and H2O and various loading
temperatures: (a,b): 125 ◦C; (c,d): 175 ◦C. Figure S10. Scanning electron micrograph of collapsed
PVP foam manufactured using blowing agent CO2 at loading time 48 h, pressure 50 bar, loading
temperature 150 ◦C, foaming time 100 s and foaming temperature 250 ◦C. Figure S11. Scanning
electron micrographs of sandwich-type sample manufactured using method II with blend H-32:
(a,b) after loading phase without subjecting to foaming temperatures (Similar settings and method
used as Figure 12).
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Abbreviation
Symbols used in Equations (1)–(3).

Symbol Parameter Unit
Tg Glass transition temperature of the blend K
wI Mass fraction of polymer I -
cp,I Heat capacity of polymer I mW
Tg,I Glass transition temperature of polymer I K
WII Mass fraction of polymer II -
cp,II Heat capacity of polymer II mW
Tg,II Glass transition temperature of polymer II K
aT Horizontal shift factor -
c1, c2 WLF parameters K
T Temperature ◦C
Tre f Reference temperature ◦C
R Retention coefficient -
wP Mass fraction of PEO in permeate -
wF Mass fraction of PEO in feed -
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