Journal of Porous Materials
https://doi.org/10.1007/510934-024-01597-6

®

Check for
updates

Influence of the solvent removal method on the morphology of
polystyrene porous structures prepared via thermally induced phase
separation

Patrik Boura' - Alexandr Zubov' - Bart Van der Bruggen? - Juraj Kosek'

Accepted: 23 March 2024
© The Author(s) 2024

Abstract

Thermally induced phase separation (TIPS) allows preparation of nano and micro-porous structured materials for vari-
ous applications. The literature thoroughly examines the impact of initial polymer solution concentration and cooling
rate on the products morphology. On the contrary, the influence of the solvent removal methods was so far researched
scarcely. Hence, we compare both qualitatively and quantitatively the effects of the solvent removal method on pore
size distribution, structure, porosity, and thermal conductivity. Our study was carried out with samples prepared by TIPS
from polystyrene/cyclohexane solutions employing either extraction agent or lyophilization at different solvent removal
temperatures. Materials exhibited interconnected pore structure, implying good sound insulation properties, and had low
thermal conductivity, offering the combination of thermal and sound insulation in one layer of material. Pore sizes after
lyophilization were up to two times larger than after solvent removal by an extraction agent. On the other hand, the use
of extraction agent led up to 10% porosity decrease with average porosity after lyophilization being above 82%. Our find-
ings demonstrate that the solvent removal method is an important parameter during TIPS and that pros and cons of both
methods should be carefully considered to obtain optimal material and TIPS process economy.

Keywords Thermally induced phase separation - Solvent removal method - Sound and heat insulation - Lyophilization -
Extraction agent

1 Introduction

Nano and micro-cellular materials have various application
possibilities in diverse fields of industry, with target applica-
tions significantly differing in their specific properties and
required morphology. A common denominator for these
applications, however, is that they require a high porosity.

>4 Juraj Kosek Such materials can be used as thermal or acoustic insulators
Juraj.Kosek@vscht.cz [1-5], membranes [6—14], as support resins in solid phase
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manufactured by different preparation methods. Closed-cell
structures generally have better heat insulation properties
than open-cell structures and are commonly used as thermal
insulators in construction industry. Open-cell materials have
better sound insulation properties than closed-cell materials
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[28] and, due to the interconnected porous structure, can be
used as support in solid phase synthesis or scaffolds in tissue
engineering. However, a thorough morphology description
of such materials should include information about cell size,
thickness of cell walls, cell spatial distribution, cell shape
anisotropy and porosity.

Thermally induced phase separation (TIPS) [29-36], a
versatile preparation method, can be utilized to produce
either an open- or closed-cell morphology, or even a com-
bination of both morphologies. TIPS generally consists of
three consecutive steps: (1) homogenization of the polymer-
solvent mixture, (2) temperature quench well below freezing
point of the mixture, and (3) removal of the frozen solvent
from the formed structure. The morphology of the formed
heterophase material can be controlled by several param-
eters such as initial composition of polymer-solvent mix-
ture, cooling rate and quenching temperature, the geometry
of the experimental device and the evolution of temperature
profile in the polymer—solvent mixture.It is, along with non-
solvent induced phase separation (NIPS), one of the primary
commercial porous membrane manufacturing methods [10].
Because the long-term industry goal is in engineering mem-
branes with properties tailored to a desired application [9],
it is essential to have an in-depth understanding of all the
aforementioned steps of the TIPS manufacturing process.

The first reported TIPS experiments were conducted by
Aubert and Clough [37], who dissolved polystyrene (PS) in
either cyclohexane (CH) or benzene (B). Micro-structured
foams were obtained after rapid cooling of homogenized
PS-CH solutions with the initial PS concentrations near the
critical concentration (¢,) in the high-energetic region of the
phase diagram under the spinodal curve. The frozen solvent
was subsequently removed by freeze drying. Two different
modes of solution demixing were observed, depending on
the values of the mixture critical temperature (7;) and freez-
ing temperature (7}) of the solvent: (1) liquid-liquid separa-
tion for the PS-CH system with T, SCH higher than T:°Y; (2)
solid-liquid demixing for the PS-B system caused by T;°
being higher than TCPSB, resulting in the premature freezing
of the solvent and sheet-like morphology. Similar experi-
ments with the PS-CH system were performed by Gao et al.
[38]. , who studied the influence of the process conditions,
such as the quenching temperature and the initial PS frac-
tion, on the surface morphology of membranes prepared by
TIPS. Gao et al. [38]. reported lower pore sizes with lower
quenching temperature and spatial difference in the morphol-
ogy with respect to the distance from the cooling plate. This
was in contrast with the observations of Aubert and Clough
[37], who reported a homogeneous morphology throughout
the sample. The resulting porous membranes of Gao et al.
[38]. exhibited a compact structure with small pores near the
cooling plate and highly-porous interconnected structures
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near the side opposite to the cooling plate. The PS-CH sys-
tem was afterwards studied by Vonka et al. [31]. to experi-
mentally validate their Cahn-Hilliard model predictions of
final foam morphologies based on process conditions.

The final morphology of polymeric foams prepared by
TIPS is highly dependent on the initial concentration as
demonstrated by Vonka et al. [31], as well as on molecu-
lar weight M,, of the polymer, as demonstrated by Cahn et
al. [39]. Cooling the polymer solution by cooling agents at
lower temperatures speeds up the cooling, stops phase sepa-
ration (i.e., pore size evolution) earlier by freezing, result-
ing in smaller pore sizes and vice versa [40]. However,
despite extensive studies of TIPS and influence of its pro-
cess conditions, there have been - to the best of our knowl-
edge - practically no studies comparing influence of the two
solvent removal methods: (1) lyophilization [41, 42], and
(2) extraction [38, 43—52] on the material morphology. The
exceptions are the studies of Gao et al. [38]. , Matsuyama
et al. [53] and Yang et al. [54], who observed some effects
of solvent removal method on membrane morphology. Gao
et al. [38] performed image analysis focused on the surface
of two membrane samples with differently removed sol-
vent at one set of conditions suggesting the influence of the
solvent removal method. Matsuyama et al. [53] removed
mineral oil from polyethylene membranes using differ-
ent extraction agents and drying conditions, and measured
membrane shrinkage. Matsuyama et al. [53] suggested that
higher boiling point temperatures, i.e., slower evaporation,
and higher extraction agent surface tension leads to more
extensive shrinkage. Yang et al. [54] came to the conclusion
that extraction of the solvent can lead to higher crystallinity.
However, their experiments do not shed light on the bulk
structure, as they have studied thin membranes and bulk
morphology tends to differ in comparison to the surface
morphology [30].

Materials with low heat conductivity are needed in vari-
ous industries due to their important energy conservation
role [55]. As demonstrated by Notario [3], lower foam pore
sizes can lead to a lower thermal conductivity and accord-
ing to Ferkl et al. [2], a reduction of pore sizes even below
100 um is sufficient for thermal conductivity lowering
effects. Preparation of foams by thermally induced phase
separation can generally lead to foams with pore sizes below
this threshold, potentially leading to enhanced thermal insu-
lation. As mentioned above, open-cell foams can be used for
sound insulation purposes, though their thermal insulation
properties are inferior to closed-cell foams. In theory, suf-
ficient pore size reduction could lower thermal conductivity
of open-cell foams leading to the preparation of a unique
material providing both thermal and sound insulation in one
layer instead of two. Therefore, the thermal conductivity of
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our foams was measured to investigate the potential appli-
cation opportunity.

Effects of freeze-drying, i.e., lyophilization, are exten-
sively studied in the field of food industry as a superior food
preservation technique. It has been shown by Oikonomo-
poulou et al. [56] that different conditions of food freeze-
drying lead to structural changes in porosity as well as pore
sizes. The porous morphology might be similarly influenced
by lyophilization during preparation by TIPS. On the other
hand, solvent removal by an extraction agent could lead to
structural changes due to the presence of low amounts of
liquid solvent during the process.

To expand the knowledge about the possibly crucial
influence of solvent removal methods on the bulk morphol-
ogy, the influence of extraction and lyophilization was stud-
ied at different initial PS concentrations and solvent removal
temperatures (7T); both qualitative (SEM) and quantitative
(mercury intrusion porosimetry) characterization methods
were used.

2 Experimental procedures
2.1 Foaming procedure

An in-house built apparatus was used for preparation of
samples, and it is schematically presented in Fig. 1. The
foaming vessel (cf. Figure la) consists of a stainless-steel
vessel (D) with a screw for the attachment to the stainless-
steel top (A) and with a flange to attach bottom copper sheet
(F). Between the top and the bottom part of the vessel two
O-rings (C, E) ensure the sealing. This arrangement allows
mostly one-dimensional heat transfer during the phase
separation process due to the significantly more thermally

Fig. 1 (a) Design of the foam-
ing vessel. A — vessel top, B —
insulating Teflon cylinder, C+E
— sealing O-rings, D — stainless
steel vessel, F — copper sheet.
(b) The custom-made foaming
apparatus. The main parts of the
apparatus are: 1 — temperature
display, 2 — pressure display,

3 — foaming vessel, 4 — bath with
cooling medium, 5 — adjustable
platform, 6 — cryostat. Partially
adapted from Vonka et al. [31]

=

@

a

X Y

?

conductive copper bottom sheet in comparison to the rest
of the vessel made from the stainless-steel [57]. During the
freezing the solution shrinks and if the heat transfer takes
place in more than one dimension, voids and cracks can
occur [37]. A teflon cylinder (B) can be used as an addi-
tional insulation. However, that significantly decreases the
diameter of the samples and was not used in this work. The
top (A), on which the vessel is screwed on, was connected to
a temperature and pressure sensor, and a vacuum oil pump.
The custom-made foaming apparatus (cf. Figure 1b) allows
temperature control of the polymer-solvent system in foam-
ing vessel (3) by submersion in hollow-walled cooling bath
(4) connected to cryostat (6).

The samples were prepared at different solvent removal
temperature (7}), therefore the foaming procedure slightly
varies at individually set conditions and it consists of sev-
eral steps:

(1) A glass tube containing PS pellets and cyclohexane
was placed into a preheated water bath kept at 50 °C to
obtain a homogeneous solution.

(2) 7 ml of the homogeneous solution was poured into the
foaming vessel, which was preheated to 50 °C in order
to prevent premature cooling and phase separation.

(3) The vessel with the solution was then evacuated for
approximately 10 s in order to remove the air entrapped
in the solution due to dissolution during mixing and
transfer from the tube to the foaming vessel and to
remove the remaining air in the vessel [38].

(4) To start the foaming process, the bottom sheet of the
foaming vessel was immersed in the cooling bath, thus
lowering the temperature of the vessel by heat transfer
through the bottom sheet and slowing down the side heat
transfer. The cooling bath was prepared from ethanol as
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the heat transfer liquid and dry ice as the cooling agent,
keeping the cooling bath temperature around — 78.5 °C,
the sublimation temperature of CO, [58].

(5) During the cooling, the PS—CH mixture separates into
the polymer-rich phase and polymer-lean phase.

(6) At the temperature of 6.5 °C pure cyclohexane freezes
[38, 59]. The addition of PS into CH lowers the freezing
point by approximately 0.5 °C. The temperature of the
solution inside the vessel is lowered below 6 °C within
less than 3 min, creating thus solid PS porous structure
filled with solid CH solvent.

(7) CH removal by either (a) lyophilization or (b) extrac-
tion at solvent removal temperature (7,) 1 °C and 6 °C.

(7a)The temperature sensor was inserted into the bottom
sheet to measure the temperature near the sample.

(8a)The solvent was then removed by the freeze-drying
method, maintaining 7, and evacuating the vessel until
the pressure inside decreased below 1 Pa, marking the
end of sublimation, which took around 3.5 h (at 1 °C) or
2 h (at 6 °C), respectively.

(7b) The frozen sample was removed from the foaming
vessel and transferred into the beaker filled with n-buta-
nol, precooled just below 7,, where n-butanol acts as a
CH extraction agent. The beaker was then covered with
a Petri dish and transferred into the fridge maintaining
T.

(8b) Extraction of CH led to the occurrence of two
visually slightly different liquid phases in the beaker, cf.
Figure 2.

(9b) The major part of the extraction agent was
exchanged once a day and the mixing of the solution

FB33124
Boro 3.3,

Fig. 2 Photos of two visually slightly different liquid phases during
extraction taken at room temperature: (a) with solid PS-CH, (b) with-
out solid PS-CH. CH rich phase is represented by A while n-butanol
rich phase is represented by B. The photos were taken at room tem-
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was facilitated by occasional gentle shaking of the bea-
ker in order to accelerate the extraction process. This
step was repeated for approximately 6 days (at 1 °C) or
3 days (at 6 °C), until the solution in the beaker stayed
visually homogeneous, marking the end of the extrac-
tion process.

(10b)  The sample was removed from the extraction agent
and left to dry in a ventilated environment at room
temperature.

Out of the four preliminary tested extraction agents,
namely: methanol, ethanol, n-propanol and n-butanol, the
fastest extraction, at our conditions, occurred while employ-
ing n-butanol, which was therefore used for further experi-
ments. We attribute this to n-butanol having the lowest
polarity out of the tested alcohols, resulting in compara-
tively higher affinity to non-polar cyclohexane, as well as
the highest density, higher than the density of cyclohexane,
prompting cyclohexane rich phase to rise and thus facilitate
the extraction process.

2.2 Characterization methods

The properties of the prepared samples were characterized
by various characterization methods. To visualize structure
of the samples, Scanning Electron Microscopy (SEM) was
employed.

SEM was performed on VEGA 3 SBU, Tescan electron
microscope, backscattered electron (BSE) mode, (high
voltage) HV=20 kV. All polymer samples have been
coated with a layer of gold prior to the SEM measurement.

perature, a higher temperature compared to our foaming procedure,
to achieve better visibility, i.e., in the absence of water condensation,
and example a) would not lead to the successful creation of porous
structure due to too high temperature of extraction
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Visualization by computational micro X-ray tomography
method was tested, but its resolution (ca. 2 um) proved to
be too low to visualize morphology of the samples.

The porosity of the samples was determined from mea-

sured volume ("sample ) and weight ("%sample ) of the prepared
samples based on the knowledge of polystyrene bulk den-
sity ppg as follows:
T = (1 — msmnple/Vsample/PPS) 100% (l)
and to further characterize the foam morphology quanti-
tatively, Quantachrome PoreMaster 33 was employed to
characterize the samples by low- and high-pressure mer-
cury intrusion porosimetry (MIP) reaching pressure up to
414 MPa and allowing pore size determination in the range
from 1 mm down to 3 nm. The results of mercury poro-
simetry are interpreted with a caution because the sample
compression can affect the results.

Additionally, the thermal conductivity of samples was
measured by Transient Hot Bridge (THB) method using
Linseis THB 100. It is a device convenient for very fast mea-
surements (approximately 10 min for solids) with thermal
conductivities in the range from 0.01 to 100 W-m~!-K~!
with 2% uncertainty [60]. The hot point type sensor was
used in between two identical samples; an averaged thermal
conductivity was measured with samples facing both top
and bottom sides.

Fig.3 PS/CH phase diagram,
with depicted PS concentra-

2.3 Materials

Polystyrene (PS) foams were prepared from commercial
PS pellets from the Sigma Aldrich (Merck) with molecular
weight M,, = 280 kDa, density pps=1047 kg/m® and glass
transition temperature 7, = 100 °C. Cyclohexane (CH, 99%
purity) was used as a solvent, n-butanol (99.5% purity,
Porbuiano =810 kg/ m*) was used as an extraction agent, both
purchased from PENTA, Prague - Czech Republic. Metha-
nol (99.5% purity, pemane=790 kg/ m?), ethanol (96%
purity, penane =810 kg/ m?), n-propanol (95.5% purity,
Pr—propanot= 300 kg/ m?), all purchased from LACH-NER,
s.r.0., Neratovice - Czech Republic, were preliminary tested
as extraction agents. The initial PS fraction in the foaming
solution was 12 and 14 wt% (9.2 and 10.8 vol%, respec-
tively) as shown in Fig. 3. These concentrations were cho-
sen for two reasons: (i) the concentration had to be high
enough to prepare mechanically stable foams, as lower frac-
tions of PS caused foam fragility, and (ii) it had to be low
enough in order to ensure prevalent separation by spinodal
decomposition and thus to obtain an interconnected porous
structure. The initial solution was preheated to the initial
temperature 7;,;; = 50 °C and then cooled down in a bath

with dry ice kept at the cooling temperature 7, =-78.5 °C.

< Aubert & Clough (1985), 51 kDa

tions used for foam preparation.
Adapted from Vonka et al. [31]

3000 « *** s

(1985),
O Aubert & Clough (1985), 110 kDa
¢ Aubert & Clough (1985), 163 kDa
* Aubert & Clough (1985), 520 kDa
—Binodal curve, our model 280 kDa
- Spinodal curve, our model 280 kDa

295
M
= 200
12 PS wt.% PS wt.%
285 /
280
0 0.05 0.1 015 0.2 025
¢PS/-
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3 Results and discussion
3.1 Structure visualization

Samples were cut prior to the SEM characterization to
enable visualization of the bulk structure. However, a foam
structure tends to wrap during the cutting. Therefore, the
foam was cooled by liquid nitrogen and cut by a surgi-
cal knife to avoid destruction of the structure as much as
possible. Furthermore, cuts from the middle of the sample
were used in order to show the structure developed without
influence of the horizontal heat transfer through the walls.
In Fig. 4, SEM images are shown for four foams prepared
from solutions containing 12 wt% of PS (cf. Figure 4a, b)
and 14 wt% of PS (cf. Figure 4c, d) prepared by solvent
removal at 6 °C (CH melting temperature T, -y =~ 6.5 °C).
Foams depicted on the left side (cf. Figure 4a, c) were pre-
pared using extraction as a solvent removal method and on
the right side (Fig. 4b, d) are foams after lyophilization.
Qualitatively, all foams have an interconnected, partially
closed porous structure. By comparing left and right side of
Fig. 4, it can be concluded that the solvent removal method
considerably influences the morphology. According to SEM
images, foams prepared using lyophilization seem to have
significantly larger pores than foams prepared using an
extraction agent. Furthermore, foams prepared by lyophi-
lization seem to have thicker cell walls compared to foams
after the use of an extraction agent. A larger average wall
thickness and pore size after lyophilization compared to

Extraction Lyophilization

Fig. 4 SEM visualization of PS foams morphologies prepared from
PS/CH solutions containing 12 and 14 PS wt% using different solvent
removal methods at solvent removal temperature 7, = 6 °C as follows:
(a) 12 PS wt% - extraction; (b) 12 PS wt% - lyophilization; (¢) 14 PS
wt% - extraction; (d) 14 PS wt% -lyophilization
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solvent removal by extraction agent could be the result of
a destruction of thin walls in the lyophilized samples creat-
ing larger pores and leaving mostly thicker walls. This phe-
nomenon is visually indicated by the 12 PS wt% lyophilized
sample (cf. Figure 4b), where several residues of thin walls
seem to be left.

3.2 Pore size distribution

The influence of the solvent removal method and tempera-
ture 7, and the initial PS wt% on the pore size distribution
was studied using MIP. Sample cuts for MIP were taken
from the centre of nitrogen cooled samples, while the vol-
ume percentage pore distribution was averaged from mea-
surements of at least two samples for each combination of
preparation parameters.

In Fig. 5 the influence of the PS wt% on the pore size dis-
tribution, at 7, = 1 °C and 6 °C, is presented. At 7, = 6 °C,
pore diameters of 14 PS wt% foams were generally smaller
compared to 12 PS wt% foams after solvent removal by
both extraction and lyophilization, in agreement with com-
monly observed TIPS trends of decreasing pore sizes with
increasing PS wt%. Additionally, 14 PS wt% foams had
a more narrow pore distribution compared to 12 PS wt%
foams, allowing a better control of pore size. Both effects
were much more significant when using lyophilization in
comparison to extraction. At 7, = 1 °C, the same trends
occur with a comparatively smaller effect of the PS wt%
when lyophilizing the samples, suggesting worse structure
damage resistance of 12 PS wt% at higher 7, = 6 °C. Sup-
ported by the high volatility of CH, such damage might be
caused by rapid volumetric gas expansion in pores caused
by solvent phase change from solid to gaseous state. Larger
pore sizes were obtained after twice slower extraction at
lower temperature, indicating influence of a long-term
effects pointing towards Ostwald ripening. CH is slowly
exchanged by lower surface tension n-butanol, causing
larger difference between surface tensions of pore filing and
pore walls, leading to slow minimalization of the specific
surface pore area (i.e., larger pore sizes).

A comparison of solvent removal methods at different PS
wt%, at I, = 1 °C and 6 °C, is made in Fig. 6. The measure-
ment confirms the qualitative observation using SEM that
the lyophilized foams have significantly larger pore diam-
eters than the extracted foams prepared at the same con-
ditions. Moreover, the measurements show that the solvent
removal method can have an even greater influence on the
pore size than the PS wt%, the effect being more signifi-
cant at 12 PS wt% and 7, = 6 °C. As this effect is greatly
diminished at 7, = 1 °C for 12 PS wt%, it indicates that at
T. = 6 °C the thinner cell walls might be destroyed during
the lyophilization due to process conditions too close to 7},
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Fig. 5 Comparison of PS wt% influence on volume percentage pore distribution using either extraction or lyophilization as a solvent removal
method at 7, = 1 °C and 6 °C; combination of the two colours signifies overlap

of the solvent, and thus due to its presence in liquid form
during lyophilization. Overall, the results regarding the pore
size distribution are opposite to those of Gao et al. [38]. ,
who observed smaller pores using lyophilization at 8.7 vol%
of PS during membrane preparation. However, in compari-
son to the preparation method reported here, Gao et al. have
used ethanol instead of butanol as an extraction agent and
have done only qualitative visual characterization of the
membrane surface. Therefore, our sample characterization
is more detailed, at least regarding the bulk morphology of
foams prepared by thermally induced phase separation.
Pore size can be potentially influenced by solvent expan-
sion during solidification, nevertheless CH on the con-
trary increases its density during solidification causing
volume contraction and this would occur prior to the sol-
vent removal. Reaching generally smaller pore sizes using
extraction agent can be explained by the effects of foam

contraction caused by the extraction agent during the drying
process at room temperature leading to a pore size shrink-
ing as observed on membrane samples by Matsuyama et
al. [53], who observed a decreased porosity as well, sug-
gesting pore collapse caused by capillary forces. The appar-
ent drawback of solvent removal by extraction agent, apart
from longer process duration, is the broad pore size distribu-
tion, which is at least partially caused by the generally more
difficult process control and in essence lower repeatability
leading to the broader pore size distribution.

3.3 Porosity

The porosity of the samples was measured both by MIP and
from volume/mass measurements as described above in
Sect. 2.2. The results from both methods do not show a sig-
nificant deviation from each other and therefore the porosity
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Table 1 Averaged porosities of PS foams prepared at different condi-
tions

Solvent removal method

Lyophilization Extraction
T/°C PS wt% Porosity/%
6 12 84.0+£2.0 79.3+54
6 14 83.9+0.8 72.1£13.1
1 12 85.5+09 79.0+0.4
1 14 82.6+0.5 74.0+3.3

of the PS foams at different conditions was averaged using
results from both methods. As shown in Table 1, the poros-
ity results support the pore size distribution results, showing
lower porosities after the use of an extraction agent, as well
as the generally higher standard deviation, reaching up to
13.1%, caused by the more difficult process control com-
pared to lyophilization. Furthermore, lower porosities were
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measured at higher 14 PS wt% which is understandable due
to the higher polymer content in the initial solution.

3.4 Thermal conductivity

All prepared PS foam samples have a thermal conductiv-
ity A slightly above 0.040 W-m™!-K~! with minimal devia-
tion (cf. Table 2). In comparison, commercially available
expanded polystyrene (EPS) has a thermal conductivity typ-
ically between 0.035 and 0.037 W-m™"-K~! at 10 °C [61].
However, the thermal conductivity of PS increases with
temperature up to its glass transition temperature 7, ~ 90 °C
[62], thus a better comparison can be achieved by compar-
ing specific commercially available product e.g. Styrodur®
3035, extruded polystyrene (XPS) produced by BASF SE,
Germany, with a thermal conductivity in the range from
0.036 to 0.037 W-m~!-K~! at 20 and 30 °C respectively
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Table 2 Average thermal conductivities of selected foams prepared at

T.,=6°C

Solvent PS  Porosity A measuredat Thermal

removal wt% temperature/°C conductivity

method MW-m!-K!

Lyophilization 12% 85.1+1.9 26.3+0.1 0.0408+0.0013
14% 83.9+0.8 254+1.1 0.0401£0.0012

Extraction 12% 84.2+0.4 253+0.1 0.0402+0.0012
14% 852+2.8 269+1.3 0.0428 +0.0012

[63]. Additionally, commercially available heat insulation
foams have a porosity around 95 to 98% [61]. There is still
some room for a thermal conductivity decrease through an
increase of porosity by the modification of the preparation
process. Furthermore, as the foams prepared in this study
have mostly interconnected pores, they should have remark-
ably better acoustic insulation properties in comparison to
EPS. Acoustic insulation properties should also significantly
increase with decreasing pore size [4, 28]; the newly devel-
oped PS foams potentially provide both reasonable thermal
insulation and superb acoustic insulation properties in one
layer of insulation.

4 Conclusions

The influence of the solvent removal method on the bulk
morphology of polymeric porous materials prepared by ther-
mally induced phase separation (TIPS) was studied. A well
described PS/CH system was employed in order to study the
influence of solvent removal by lyophilization in compari-
son to an extraction agent (n-butanol). Prepared foams were
characterized both qualitatively and quantitatively compar-
ing their pore size distribution, structure, porosity, and ther-
mal conductivity.

Qualitatively, all of the foams were found to have an
interconnected partially closed pore structure. A significant
influence of solvent removal method was observed, as aver-
age pore sizes of prepared foams were approximately two
times larger after lyophilization at solvent removal tempera-
ture 7, near solvent melting temperature 7, in comparison
to foams of respective PS wt% after solvent removal by an
extraction agent. This effect was decreased at lower tem-
perature, however not entirely diminished. On the other
hand, the porosity of the samples was measured to be above
82% for lyophilized samples with minimal deviation on the
contrary to the samples after the application of extraction
agent, which have generally shown a decrease in porosity
up to 10% for samples from 14 PS wt% at 6 °C, suggesting a
decrease in both pore size and porosity due to foam contrac-
tion. This work therefore proves that the solvent removal
method is an important parameter during TIPS and that the
above mentioned effects should be considered, while using

lyophilization as a solvent removal method together with
economics of both methods as lower temperature leads to
a longer solvent removal process and higher cooling costs,
while the use of an extraction agent arguably offers a better
scale up option as well as lower pore sizes in exchange for
the decrease in porosity.

All prepared PS foams had a thermal conductivity (1)
slightly above 0.040 W-m~!-K~! at 26 °C. This value is
about 10 to 15% higher than that of the commercially avail-
able EPS, which have a porosity typically in the range of
95 to 98%. There is some room for improvement, as foam
porosity could be further increased by preparation process
modification, e.g., by combination with other foaming
approaches, leading to an associated 4 decrease due to the
increase in porosity. Furthermore, as the newly prepared
foams have mostly interconnected pores, they should have
notably better acoustic insulation properties in comparison
to EPS. Acoustic insulation properties should also signifi-
cantly improve with decreasing pore size, so that our PS
foams can potentially provide both reasonable thermal
insulation and superb acoustic insulation properties in one
layer of insulation. This is an example of one of the possible
applications, as an insulation, while TIPS allows tailored
preparation, adjusting the process parameters, to obtain a
material with desired morphology for various target appli-
cations. This opens a possible window for target design and
optimization of commercially produced nano- and micro-
structured materials taking into account the influence of the
solvent removal method.
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