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This study focuses on identifying low-toxicity solvents for biopolymers such as poly(e-caprolactone)
(PCL) and polylactic acid (PLA) for applications in thermally induced phase separation (TIPS). Common
solvents like dioxane and tetrahydrofuran, despite their effectivity, pose significant health risks. Therefore, this
research aims to expand the available knowledge of safer solvent alternatives with melting temperatures
above 0 °C to enhance the economic and environmental viability of TIPS. The Hansen solubility theory was
applied to screen 846 chemicals for their compatibility with biopolymers, selecting those with favourable
properties and experimentally testing their potential as TIPS solvents. Among the newly identified solvents,
methyl-p-toluate (MPTOL) exhibited superior performance for PCL, showing high dissolution efficiency, low
toxicity, and a melting temperature of 34 °C. The phase diagram of the PCL/MPTOL system was constructed
using experimental data and computational modelling based on Flory—Huggins theory and PC-SAFT equation
of state. Foams prepared through TIPS from this system demonstrated three distinct morphologies with
increasing PCL concentration, aligning with expectations based on the phase diagram. These findings present
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methyl-p-toluate as a promising, safer alternative solvent for biopolymer processing in tissue engineering and
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1. Introduction

Nano and micro-cellular polymeric materials have diverse appli-
cation possibilities and can be made by a plethora of preparative
methods. Certain high added value materials such as membranes
or tissue engineering scaffolds require tailored properties corres-
ponding to their purpose. Common denominators are high
porosity," permeability,*® good mechanical properties,>™*”®
and specific pore sizes.""*™° Moreover, scaffold applications
further require biocompatibility®®™* and biodegradability."***
These requirements can be potentially fulfilled by thermally
induced phase separation (TIPS) utilizing a phase inversion
process in a quenched polymer solution. It is a simple method,
achieving high porosity and low defects content,"” which can be
easily combined with other fabrication methods.'® In summary,
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membrane technologies, with potential to reduce energy costs and enhance process efficiency.

TIPS consists of three steps: (1) dissolving a polymer in a solvent
at temperature above the critical solution temperature (7¢), (2)
quenching the resulting polymer solution below binodal curve
(¢f: Fig. 1) to induce phase separation, (3) removing the solvent by
lyophilization, extraction or evaporation.'”'® Phase separation
should take place mostly below the spinodal curve (¢f Fig. 1), in
the unstable region, to facilitate spinodal decomposition and
to obtain the open-pore structure desired in membrane and
scaffold applications. The solution de-mixing into interconnected
polymer-rich and polymer-lean phases during spinodal decom-
position, can be stopped by reaching a temperature below the
freezing temperature (Ty) of both phases.'® This can be advanta-
geous to obtain a sufficiently low pore size, which is influenced by
the quenching speed, i.e., the final cooling temperature.*
However, cooling the polymer system below its Tt (¢f Fig. 1)
necessitates the use of solvents with high melting temperature,
ideally above 0 °C, to ensure the economic viability of the method,
as cooling is an energetically intensive process required during the
initial temperature quench as well as subsequent solvent removal.
This considerably reduces the number of known viable biopolymer
solvents and the few known are often carcinogenic, making their
use problematic, at the very least, in tissue engineering applications.
Common, FDA approved, biopolymers used for TIPS scaffold
preparation are polylactic acid (PLA) and poly(e-caprolactone)
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TC Binodal curve

Ty

Fig. 1 Simplified visualization of typical binary upper critical solution tem-
perature (UCST) polymer/solvent phase diagram, including critical tempera-
ture T, at the intersection of binodal and spinodal curve, volume fraction of
polymer (¢poiymer) ON horizontal axis and temperature (T) on vertical axis. In
practice, phase diagram shape can be influenced by number of factors such
as polydispersity, while T¢ can be dependent on solution composition.

(PCL), which are advantageous for TE applications due to the
low toxicity of their degradation products and their ability to
fully metabolize in the body."

In the literature, PLA** ™ and PCL**"° are often dissolved in
1,4-dioxane, which is a known carcinogen®” with Ty, = 11.8 °C.**
Tetrahydrofuran (THF), suspected of causing cancer,”® Ty, =
—108.4 °C,*° was used as PLA*" as well as PCL*® TIPS solvent.
Dimethyl sulfoxide (DMSO), Tp,, = 17.9 °C,*” classified by FDA in
the same group as ethanol,® was used to dissolve PCL,>°
although recent research by Verheijen et al. suggests caution
while using DMSO, recommending its avoidance where
possible.*® Example of a PCL TIPS solvent, approved by FDA,
is ethyl lactate;** however, its notable disadvantage lies in its
relatively low Ty, = —26 °C.>”

In this work, the focus is on broadening the current applica-
tion areas of TIPS by finding viable novel low-toxicity PCL and
PLA solvents. Firstly, the Hansen solubility theory was utilized to
theoretically compare 846 chemicals and their dissolution
potential of respective biopolymers. Secondly, chemicals with
Tm > 0 °C, reasonably low toxicity and purchase cost were
chosen, and subsequently experimentally tested. Thirdly, the
newly found system of PCL dissolved in methyl-p-toluate
(MPTOL) was further studied, investigating its phase diagram,
using experimental measurements complemented by computa-
tional models, and preparing porous materials using TIPS, while
investigating the influence of the composition of the solution on
the final morphology, both qualitatively and quantitatively.

2. Methodology
2.1 Solvent screening via Hansen solubility parameters

The Hansen solubility theory was used for finding novel low
toxicity solvents suitable for TIPS. An in-house Excel TIPS
solvent finding tool was created by combination of Hansen
solubility parameters (HSP), taken from a handbook,?® together
with boiling temperatures T, and melting temperatures 7, of
respective potential solvents. This allowed, after chemical name
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Table 1 Biopolymer HSP parameters taken from literature: (a) PCL mea-
sured by swelling tests, (b) PLA taken from HSP website,*® (c) determined
using inverse gas chromatography (IGC),% and taken from book sources
(d) ref. 40 and (e) ref. 41

op dp Ou
Polymer Ref. (MPa'?) (MPa'?) (MPa'?)
PCL 42 17.8 6.2 7.7
PLA 38 18.72 7 7
39 19.8 4 6.7
40 18.88 4.61 7.61
41 18.6 9.9 6

corrections and removal of duplicates, quick scanning of 846
chemicals and their solubility potential with respect to the
studied biopolymers.

PCL and PLA HSP parameters were taken from the literature
(¢f Table 1). The PCL HSP were found for a polymer with
similar chain length to ours and thus only one set of para-
meters was used. On the contrary, PLA HSP literature sources
lacked polymer description, and therefore four different sets of
parameters were evaluated to broaden the range of viable
solvents tested. Each of the HSP represents a different type of
interactions, where: (1) dp represents non-polar interactions,
also called dispersion interactions, derived from atomic forces,
(2) dp represents permanent dipole-permanent dipole interac-
tions, and (3) y represents hydrogen bonding.?”

To account for elevated temperature during experimental
conditions, the temperature dependency of the HSP (dp, dp, Jy)
was utilized:*”

dpn = Op-(1 — AT-1.250), (1)
Spn = Opr(1 — AT-0.50), )
Oun = Ou-(1 — AT-(1.22 x 102 + 0.50)), (3)

where subscript suffix 4 stands for heated, AT is a temperature
difference between heated state and original HSP temperature,
usually 25 °C, and « stands for thermal expansion coefficient
chosen to be a constant equal to 7 x 10~* K~ for all solvent
candidates. The distance R, between biopolymer/solvent pairs
in the Hansen solubility space was calculated as:

(Ra)* = 4(0ph2 — Oph1)” + (Opnz — Opn1)” + (Frn1 — Omna)’
4)
and the presence inside/outside of Hansen solubility sphere

with a size quantified by parameter R,, ¢f. Fig. 2, was evaluated
based on the relative energy difference (RED) as follows:

RED = R,/R, < 1... solvent candidate,

RED = R,/R, > 1... non-solvent.

Toxicity score was given to solvents to divide them into three
groups: low-toxicity (1), mid-toxicity (2), and high-toxicity (3).
Solvents were placed in the high-toxicity group, if they have
been at least suspected of causing cancer, teratogenicity,
damage to fertility and children or otherwise causing serious

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 List of tested chemicals and their Hazard statements®®

Chemical CAS number Hazard statements
o-Bromoanisole 578-57-4 H315, H319, H412
trans-Anethole 4180-23-8 H317, H411
p-Bromotoluene 106-38-7 H332, H411
Benzoic acid 65-85-0 H315, H318, H372
Methyl p-toluate 99-75-2 H315, H319, H335
Ethyl cinnamate 103-36-6 —

Dibenzyl ether 103-50-4 H317, H410
Dimethyl phthalate 131-11-3 —
2,4-Dichlorobenzaldehyde 874-42-0 H314, H318, H411
4’-Methoxyacetophenone 100-06-1 H302

1-Decanol 112-30-1 H319, H412
p-Chlorobenzoyl chloride 122-01-0 H314, H318, H412
4-Bromophenetole 588-96-5 H315, H319, H335
4-Chloro-2-nitrotoluene 89-59-8 H315, H319, H335
Acetophenone 98-86-2 H302, H319

damage to humans due to inhalation. In terms of GHS hazard
statements, the high-toxicity group included solvents with at
least some of the following health hazards: H330-331, H340-341,
H350-351, H360-362, H370-372. On the contrary, the low-toxicity
group was defined for solvents causing at worst respiratory
irritation or other hazards common for pure chemicals in
contact with respective body part such as eye or skin irritation.
Therefore, the following health hazards statements were allowed
for solvent placement in the low-toxicity group: H302-303, H313-
320. The rest of the solvents was placed in the mid-toxicity group.

Additionally, relative solvent purchase costs at Sigma
Aldrich (Merck) were indicated in three levels based on price
per 100 g, as follows: (i) low-cost ($): below 100 USD, (ii) mid-
cost ($$): 100 - 200 USD, (iii) high-cost ($$): 200 USD and above.
Solvent selection procedure is further discussed in Section 3.1.

2.2 Materials

Polylactic acid (PLA) pellets (~3 mm), with defined melt flow rate
MFR = 6 g/10 min, density pp;4 = 1050 kg m ™~ (at 25 °C), and PLA
pellets (3-5 mm), with defined MFR = 80 g/10 min were purchased
from Goodfellow Cambridge Limited, United Kingdom. The two
PLA variations are further referred to as PLA6 and PLA80 based on
their respective MFR. Polycaprolactone (PCL) pellets (~3 mm),
M, = 80 kDa as indicated by manufacturer, ppc, = 1145 kg m >
(at 25 °C) were obtained from Sigma Aldrich (Merck). All of the used
biopolymers were further characterized by gel permeation chroma-
tography (GPC) with results presented in Section 3.1 and
with implications discussed further in Section 3.2. Solvents
1-decanol (98% purity), 2,4-dichlorobenzaldehyde (99% purity),
o-bromoanisole (97% purity), p-bromotoluene (98% purity),
4-methoxyacetophenone (99% purity), dibenzyl ether (98% purity),
dimethyl phthalate (99% purity), ethyl cinnamate (98% purity),
benzoic acid (99.5% purity), trans-anethole (99% purity),
p-chlorobenzoyl chloride (99% purity), 4-bromophenetole (98%
purity), acetophenone (99% purity), 4-chloro-2-nitrotoluene
(99.8% purity) were purchased from Sigma Aldrich (Merck). Methyl
p-toluate (MPTOL, 99% purity), purchased from Sigma Aldrich
(Merck), was used as a PCL solvent during TIPS foaming experi-
ments, whilst ethanol (96% purity) purchased from Lach-Ner, s.r.o.,
Neratovice (CZ) was used as an extraction agent. The initial

© 2025 The Author(s). Published by the Royal Society of Chemistry
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PCL fraction in the foaming solution was 8, 10, 12, 14, and
16 wt% (7.4, 9.3, 11.2, 13.1, and 15.0 vol%, respectively) These
concentrations were chosen for three reasons: (i) the PCL concen-
tration had to be high enough to prepare mechanically stable
foams, (ii) it had to be low enough to ensure low viscosity, ie.,
sufficiently quick transfer from glass tube to foaming cell, (iii) and
to achieve prevalent phase separation by spinodal decomposition
leading to formation of interconnected structure. The initial
solution was preheated to the initial temperature Tj,; = 70 °C,
poured into the vessel preheated to 50 °C and then quenched in a
cooling bath with dry ice kept at cooling temperature Tcoo =
—78.5 °C.

2.3 Cloud point and freezing point measurement apparatus

Two in-house built measurement apparatus variations, sche-
matically presented in Fig. 3, were used to experimentally
determine binary polymer-solvent phase diagram.

The first variation, used to measure cloud points (ie.,
binodal points), utilized optometric measurement (i.e., turbi-
dimetry; ¢f. Fig. 3(a)). The cloud point apparatus included: (aA)
enclosed removable test tube with magnetically stirred poly-
mer-solvent solution and immersed PT-100 sensor, (aB) glass
cooling bath connected to (aC) programmable thermostat with
a cooling option, (aE) 10 mW laser source emitting a laser beam
passing through the polymer solution to the (aF) PDA 100A-EC
Si amplified photodetector connected, together with the PT-100
sensor, to the data collection system (aD). The relevant parts of the
setup were placed in a black box to minimize the interference
caused by other light sources. The data collection system con-
sisted of data acquisition card (DAQ) converting the analogue
sensor input to digital output, connected by USB to PC, further
processed by a LabView software recording temperature, and the
photodetector signal. This setup allows precise temperature con-
trol of £0.01 °C and cloud point temperature determination
based on decrease in photodetector signal after phase separation
at the measured temperature.

The second variation (Fig. 3(b)), utilized for freezing point
measurements, was based on measurements of temperature evolu-
tion in time. The polymer-solvent solution was gradually cooled
down in the inner part of double-layer glass cell with a cooling agent
flowing through its walls (bB). At the freezing temperature T;, the
tested solution starts to release heat equal to its enthalpy of freezing
changing the temperature-evolution profile and allowing the deter-
mination of freezing temperature following linear data interpola-
tion and comparison of temperature profiles before and after
solidification. The cooling cell (bB) allows measurement with
~15 ml of polymer-solvent solutions, compared to ~3 ml used
in setup (a), leading to a more pronounced change in the measured
temperature evolution profile. Additionally, thermal insulation was
applied to both the cell and the silicon tubing allowing measure-
ment between —20 to 150 °C. The rest of the second apparatus
(Fig. 3(b)) is analogous to the first one (Fig. 3(a)).

2.4 Mathematical modelling of phase diagram curves

The polymer/solvent phase diagram has been calculated using
two thermodynamical models: (1) the Flory-Huggins lattice

Mater. Adv,, 2025, 6, 263-277 | 265
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Fig. 2 Visualization of Hansen dissolution space with a biopolymer (green point) in the center of the sphere, chemicals predicted as solvents (blue points
inside the sphere), chemicals predicted as non-solvent (red points outside of the sphere).

theory, which was previously described in paper by Vonka
et al.** and (2) the PC-SAFT equation of state.

2.4.1 Flory-Huggins theory. The core of the model lies in
the subsequent calculation of both binodal and spinodal points
at different temperatures. In the Flory-Huggins model, the
Gibbs free energy of mixing (AGn;) the polymer (P)-solvent
(S) system can be defined as

AGmix _ ¢P In (Z)P +¢S In d)S
RT Np Ns

+ dpdsy (5)

where R represents the universal gas constant, T is temperature,
¢; is volume fraction of the i-th component in the solution, N;

\ 4

a)

Fig. 3

stands for the relative molecular size of component i, and y is
Flory-Huggins interaction parameter between polymer and
solvent, which is estimated using well-known semi-empirical
equation

Vs (s — 0p)*+0.34 (6)

1= RT

with ¢; being Hildebrand solubility parameter of component ¢
and Vg molar volume of the solvent. The algorithm for phase
diagram then proceeds as follows:

1. Temperature of the system is set close to its freezing
point, ie., far from the critical temperature T., so that the

\ 4
A 4

PO

b)

(a) Cloud point measurement apparatus consisting of: A — glass test tube with magnetic stirrer and temperature sensor immersed in polymer

solution, B — cooling bath, C — programmable thermostat with a cooling option, D — data collection system, E — laser source, F — photodetector, black
box not visualized in the scheme; (b) freezing point measurement apparatus consisting of: A — temperature sensor immersed in polymer solution, B —
double-layer glass cell with a cooling agent flowing through its walls and polymer solution with magnetic stirrer in the inner part, C, D being equivalent to
(a). Partially adapted from.*®
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binodal points represented by volume fraction of polymer in
polymer-lean (¢p;) and polymer-rich (¢p ) phase have a max-
imum possible distance from each other.

2. The binodal points ¢p; and ¢py are found as part of
numerical solution of four nonlinear equations representing (i)
intersection of the AGnix(¢) curve, ¢f. eqn (5) with the tangent
line that is common to both binodal points - eqn (7) and (8), (ii)
slope of the tangent line at binodal points - eqn (9) and (10):

AGnix(¢Pp,1) = Ap + B )
AGmix(¢p1) = Appy + B (8)
aAGmix (¢P,I) o
T =4 9)
aAGmix ((i)P,II) _
o0 A (10)

where part of the solution are also coefficients A and B
representing the slope and intercept of the tangent line com-
mon to both binodal points.

3. Spinodal points ¢pgping and ¢pspin are subsequently
calculated as inflection points on the AG;x(¢) curve, fulfilling
the condition

557 =0 (11)
O*AGmix <¢PAspin7H>
557 =0 (12)

where reasonably good initial guess for the solution of non-
linear eqn (11) and (12) is provided in the vicinity of the already
known binodal points ¢p; and ¢p .

4. The system temperature is slightly increased, and the
algorithm is repeated from step 2 until the critical temperature
is reached. During the first loop iteration (i.e. at the lowest
temperature), care must be taken to ensure that the numerical
solution of eqn (7)-(10) converged to the physically realistic
values of ¢p, which represent composition of two different
phases, because the solution procedure is usually cumbersome,
highly sensitive to the initial guess and often leading to the
double-root ¢p; = ¢p 1, for which two different phases cannot
be distinguished.

A comparison of the model input parameter values that were
used with their theoretical (literature-based) counterparts is
presented in Table 3, where: 0y;(T25) stands for Hildebrand
parameter calculated from HSP**** at 25 °C, 6(T0) stands for
the value of Hildebrand parameter at the initial model tem-
perature, and o stands for the thermal expansion coefficient.
The higher value of 6(T0) for PCL, compared to literature, stems
from its temperature dependence®” incorporated into the
model, where AT value in eqn (1)-(3) is negative for the
temperature decrease from 25 °C to TO and thus leads to higher
o value. This dependency would not exactly lead exactly to 6(T0)
presented in Table 3, but some deviation from the literature
can be expected due to differences in PCL molecular weight as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Comparison of literature and computational parameters in the
model based on Flory—Huggins lattice theory

Parameter PCL MPTOL
31(T25) (MPa'?) 20.3610 20.4375
5(To) (MPa'’?) 23.2123 20.4375
onie (K™Y) 1.6 x 1074 —
o (K 1.6 x 1074 —
Nteor 492 1
N 16 1
V (cm® mol %) — 141.94

well as dispersity . The temperature dependence of MPTOL
was not considered in order to decrease the complexity of the
model. It is evident that the values used in the model are very
close to the literature values, except for the relative molecular
size of polymer (PCL) Np, which was estimated to minimize
deviation from experimental data - a common practice for
thermodynamic models of this complexity.**

2.4.2 PC-SAFT equation of state. The PC-SAFT (Perturbed
Chain-Statistical Associating Fluid Theory) equation of state
was developed by J. Gross and G. Sadowski in 2001."> The
model approximates molecules as chains of spherical segments
that are free to move in space (unlike in the Flory-Huggins
model, where the molecules are restricted to a regular lattice).
The PC-SAFT model describes the residual Helmholtz energy
(A™°) of a mixture as the sum of contributions:

A"S(T,V,N;) = AP + A%P + (13)

where A™ is the hard chain (repulsive) term and A%*P the
contribution from dispersive (attractive) forces. The ellipsis
indicates the possibility to add contributions from other types
of interactions, such as dipole-dipole or hydrogen bonding
interactions. Although the model is versatile, this adaptability
creates confusion due to the variety of possible variants of the
PC-SAFT equation of state. eqn (13) only includes the two terms
used in our model.

The hard chain and dispersive terms are sufficient for the
PCL-MPTOL system description using PC-SAFT model. Both
molecules, except for the first and last PCL monomers, act as
electron-pair donors and do not form hydrogen bonds. While
incorporating dipole-dipole interactions could be appropriate,
this leaves an unresolved issue for polymers, especially con-
cerning the correct dipole moment value. The goal was to keep
the PC-SAFT model as simple as possible by using the fewest
parameters necessary.

The proposed PC-SAFT implementation employs the stan-
dard van der Waals mixing rules, which are grounded in the PC-
SAFT theory. The pure components are described using three
parameters with clear physical interpretation: the segment
diameter (o) the number of segments (m) and the energy
parameter (¢). The pure component parameters used in this
work are shown in Table 4.

The PCL parameters were taken from.’® The MPTOL para-
meters, to the best of our knowledge, have not been reported in
literature yet, therefore they were estimated using a group-
contribution approach.*® Unfortunately, the parameter set from

Mater. Adv,, 2025, 6, 263-277 | 267
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Substance elkg [K] o [A] m [—] Ref. Method
PCL 240.460  3.2746  0.037511mol g ' x M,, 46 Adjusted to pure density and binary LLE data.
Methyl-p-toluate ~ 305.713  3.7400  3.937 Parameters optimized  Parameters optimized to match vapor pressures

in this work,
47,48
sat

and density, initial estimate from GC method.*®

MARD: 0.77%
Density*®
MARD: 3.0%

the group-contribution method produced more than 4% mean
absolute relative deviation (MARD) in vapor pressures of pure
MPTOL. Therefore, these parameters were used only as an
initial estimate and further optimized with respect to experi-
mental vapor pressures in the range of 348 K to 407 K and
MPTOL liquid density at 298 K. The optimized parameter
values, MARD and experimental data references are summar-
ized in Table 4.

The cross-pair parameters ¢; and ¢; were determined using
the standard Lorentz-Berthelot combining rules:

1
oy = 5(0:' +0j) (1= 1Iy) (14)
& _ 8 L& g
o kBAFkB(l ki) (15)

Here, k; is the cross-energy binary interaction parameter and /;
is the cross-segment binary interaction parameter. Typically, k;
is adjusted for each binary mixture to match experimental data,
while k;; set to zero represents a prediction based only on pure
component parameters. [; corrects the size effects; in the
current study, /; was set to zero, but the consequences of using
it are discussed in the phase diagram section. To enhance
reproducibility, the implementation of PC-SAFT was used in the
form of open-source software package FeOs (version 0.7.0).>°

The binodal points were calculated by solving the liquid-
liquid equilibrium (LLE) using the direct Newton-Raphson
numerical algorithm to solve for the isofugacity condition for
each component:

In o (T,p,x") + Inxi' = In P?(T,p,x?) + Inx??  (16)

2.4.3 Calculation of the solid-liquid equilibrium curve.
The solid-liquid equilibrium (SLE) curve was derived from
the thermodynamically exact equation for equilibrium between
the pure crystalline MPTOL and the saturated liquid solution of

MPTOL + PCL:
Agush T T
In 75(7T,x) +1In xs = — “’S<1 ) +j Apuspsd T
Ty

RT \ T
T
A
+T[ ZfusCpSyp (17)
Jr. T

In this equation, the parameters on the right-hand side
depend only on pure MPTOL, Ag,shs is the molar enthalpy of
fusion and T; is the melting temperature of pure MPTOL
(Table 5). The last two terms depend on Agcp, s, which is the
difference between the pure MPTOL molar isobaric heat

268 | Mater. Adv, 2025, 6, 263-277

capacities for the liquid and solid phases. It is common
engineering practise to neglect the last two terms. The activity
coefficient yg of the crystallizing substance in the binary mix-
ture can be calculated using both presented thermodynamic
models. With the PC-SAFT equation of state, existing proce-
dures can be utilized for calculating fugacity coefficients and
for calculating the ratio of fugacities in the mixture and in the
pure component state:

Iny(T,x) = In @i(T,p,x) — In ¢;(T,p,x; = 1) (18)

The Flory-Huggins theory provides an expression for the
Gibbs energy of mixing; therefore, the expression for the
activity coefficient can be directly derived (as a partial derivative
of the excess Gibbs energy with respect to molar amount of i-th
component), the resulting expression is as follows:

Iny(Tx) = Inx; + 1 — dpix; + 157 (19)

The fugacity coefficient symbol ¢; is not to be confused
with the volume fraction symbol ¢; used in other sections of
this paper.

2.5 TIPS foaming procedure

An in-house built foaming vessel was used for sample prepara-
tion. The foaming vessel (cf. Fig. 4) consists of a stainless-steel
vessel (D) with a screw and with a flange to attach bottom
aluminium sheet (F). Between the top and the bottom part of
the vessel, two O-rings (C, E) ensure the sealing. The vessel can
be attached to a lyophilization apparatus via a stainless-steel
top (A), which was not utilised as part of this work. This
arrangement enables mostly one-dimensional heat transfer
during the phase separation process due to the significantly
more thermally conductive aluminium bottom sheet in com-
parison to the rest of the vessel made from the stainless-steel.>>
This design allows to avoid occurrence of voids and cracks in
the samples, which can be caused by heat transfer taking place
in more than one dimension.>® A Teflon cylinder (B) can be
used as an additional insulation. However, it significantly
decreases the diameter of the samples and was not used in
this work.

Table 5 SLE model parameters

Parameter Methyl p-toluate Ref.
Tt (K) 305 51
Agushs (K] mol ™) 20.78 51

AgusCp,s (J mol ' K1) 0.0 (approximation)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The foaming procedure consisted of several steps: (1) a glass
tube containing PCL pellets and 5 ml of methyl-p-toluate was
placed into a preheated water bath kept at 70 °C to obtain a
homogeneous and sufficiently fluid solution, that was subse-
quently poured into the foaming vessel preheated to 50 °C in
order to prevent premature cooling and phase separation.

(2) The bottom sheet of the foaming vessel was immersed in
the cooling bath, leading to a temperature quench to around
—78.5 °C, the sublimation temperature of CO,,** the cooling
bath consisting of ethanol as the heat transfer liquid and dry ice
as the cooling agent. This arrangement results in phase separa-
tion of PCL-MPTOL solution into polymer-rich and polymer-lean
phases, and subsequent solidification after the system tempera-
ture decreases below the freezing temperature Tt

(3) The frozen sample was transferred from the foaming
vessel into a beaker with ethanol/methanol (96:4) mixture,
acting as an extraction agent. The beaker was covered with
a Petri dish and left at room temperature; implications of this
are being further discussed in Section 3. Extraction led to the
occurrence of two visually different liquid phases, and most of
the extraction agent was exchanged once a day, while the
extraction process was supported by occasional gentle beaker
shaking, facilitating solution mixing. This process was repeated
until the solution in the beaker stayed visually homogeneous,
marking the end of the extraction process, after approximately
6 days.

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

2.6 Characterization methods

The molecular weight of the tested materials was measured
using gel permeation chromatography (GPC). The analysis was
conducted on an Agilent Technologies 1100 Series instrument
(Santa Clara, CA, USA), equipped with an isocratic pump and
an autosampler. A PLgel 5 um mixed C column was maintained
at 30 °C, using chloroform as the eluent at a flow rate of

1 mL min~'. Linear polystyrene standards with narrow

>

(o8]

_

D Q

E
F

@)

e

Fig. 4 Design of the foaming vessel. A — vessel top, B — insulating Teflon
cylinder, C + E — sealing O-rings, D — stainless steel vessel, F — aluminium
sheet. Partially adapted from Vonka et al.**
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distribution were used to gain the calibration curve (9 points
in calibration). The instrument was equipped with a refractive
index detector.

The morphology properties of the prepared samples were
characterized by various methods. To visualize the structure
of the samples, scanning electron Mmcroscopy (SEM) was
employed. SEM was performed on VEGA 3 SBU, Tescan electron
microscope, backscattered electron (BSE) mode, (high voltage)
HV = 10-20 kV. All polymer samples have been coated with a
layer of gold nanoparticles prior to SEM measurements.

Quantachrome PoreMaster 33 was employed to characterize
the samples by low- and high-pressure mercury intrusion
porosimetry (MIP) reaching pressure up to 414 MPa and allow-
ing pore size determination in the range from 1.1 mm down to
6.4 nm. The results of mercury porosimetry are interpreted with
caution due to risk of sample compression and “bottleneck”
effect affecting the results.

3. Results and discussion
3.1 Dissolution experiments

PLA and PCL solvent candidates were identified using Hansen
solubility theory as described in Section 2.1 for elevated tem-
perature Ty, = 80 °C, which was chosen as reasonably high to
facilitate dissolution, and sufficiently low to avoid handling
problems and other potential problems stemming from heat-
ing of chemicals. Value of Ry, influencing the size of dissolution
sphere, was chosen to be equal to 10 MPa"? in both cases to
obtain enough of solvent candidates, while maintaining a
reasonable probability of biopolymer dissolution. One set of
HSP published by Bordes et al. was used as it was measured for
PCL with M,, = 65 kDa, therefore with expectedly similar
properties to the PCL, as defined by manufacturer, used in this
study. On the contrary, due to lactic acid chirality and resulting
significant differences in PLA, often insufficiently characterized
by the producers in terms of chirality as well as molecular
weight, four different sets of PLA HSP, taken from various
sources,*® ™! were used in order to evaluate solvent candidates.
Solvent candidates for each set of parameters, with T, > 0, are
listed in Supplement A, including the following information
about the chemicals: HSP at 80 °C, melting temperature (Ty,),
boiling temperature (7},), RED as well as RED at 80 °C, while
toxicity and relative purchase cost at Sigma Aldrich (Merck)
were indicated in three levels.

Chemicals exclusively in the lowest cost range, meaning
<100 $ per 100 g, were chosen to be tested, if they were
deemed to have sufficiently low toxicity, ie., either lowest
toxicity level, as described in Section 2.1, or chosen chemicals
pushed in mid-level due to danger to aquatic life, ¢f. Table 2.
Dissolution experiments were conducted with solutions con-
taining ~4 wt% of respective biopolymer (PLA6, PLA8O or PCL)
at different temperatures while time to full homogenization
was observed, ¢f. Table 7.

As expected, PCL tests were more successful due to the more
precise HSP, with only one chemical out of 6 not dissolving and
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others dissolving at 40 °C. Particularly promising, from the
found PCL solvents, are: methyl p-toluate, ethyl cinnamate, and
dimethyl phthalate. Ethyl cinnamate and dimethyl phthalate
are very interesting solvents, particularly in the medical field,
due to their low reported toxicity, i.e., no hazard statements.
However, their T, are among the lowest out of the tested
solvents and their PCL dissolution speed at given conditions
was four times lower compared to methyl p-toluate (MPTOL),
which exhibited the ability to quickly dissolve PCL, while
having high T, = 34 °C as well as a relatively low toxicity
according to GHS statements,”® c¢f, Table 2. Comparing
acute oral toxicity to rats, MPTOL’s lethal dosage LD50 =
3300 mg kg~ " *® can be paralleled to a common table salt (NaCl)
with LD50 = 3000 mg kg '.°® It is classified by European
Chemical Agency (ECHA) as a readily biodegradable compound
and is not bioaccumulative, mutagenic nor teratogenic based
on conducted studies.”® Albeit its lack of comprehensive tox-
icology tests in tissue engineering field, due to its primary prior
uses lying in the field of organic synthesis and fragrance
product such as soaps,” current level of toxicity knowledge
implies its application potential in both membranes and tissue
engineering. Therefore, out of the novel solvents presented in
Table 7, methyl p-toluate in combination with PCL was chosen
to be studied further.

Both PLA6 and PLA80 were dissolved by 5 of the 15 tested
chemicals at higher temperatures when compared to PCL. A
comparatively lower success rate in the case of PLA was
attributed to the purposeful choice of variety of HSP explained
above, as ideally only one set of parameters should be used for
one polymer. The most promising out of the presented PLA
solvents is acetophenone with T,,, = 19.5 °C, relatively low
toxicity reported, and particularly fast dissolution of PLA6.
Moreover, although acetophenone has a low water solubility,
it is freely soluble in ethanol, which could be used as a low-cost,
low-toxicity extraction agent in the last step of TIPS.*

To further define biopolymers used, GPC measurement was
utilized. Values of obtained number- and weight-average mole-
cular weights M,,, M,, and dispersity P of polymer samples are
summarized in Table 6. In the case of PCL, values before and
after the TIPS are presented as well.

3.2 Phase diagram

To further study the novel PCL/MPTOL system, a phase dia-
gram was constructed using the experimental approach aided
by computational modelling, ¢f. Fig. 5. Time demanding experi-
mental measurements were done at a temperature decrease
rate of 0.3 °C min~ " for cloud points as well as freezing points

Table 6 GPC molecular weight measurement results of used biopoly-
mers with calculated dispersity Dgpc = My-gpc/Mn-gpc

My.gpc (kg mol ™) M gec (kg mol™) Pgrc (—)
PLAG6 138.6 28.7 4.8
PLAS8O 79.9 23.1 3.5
PCL 131.3 20.2 6.5
PCLeng 124.1 36.6 3.4
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and at least three measurements were averaged for each data
point presented in Fig. 5.

The cloud points were used to adjust parameters of a
computational model based on Flory-Huggins lattice theory,
which supplied the phase diagram in Fig. 5 with a binodal
curve and a thermodynamically coupled spinodal curve. The
parameters used in the computational model, described in
Section 2.4, were in good agreement with literature data for a
thermodynamic model of this complexity.** Simple linear
regression was used to indicate a decreasing trend in the
freezing point data. Five PCL concentrations were chosen, cf.
Fig. 5, for TIPS experiments to further validate the phase
diagram and to study the influence of initial solution concen-
tration on the final foam morphology.

To further validate the binodal curves calculated by the
Flory-Huggins model, the LLE calculation was performed with
the PC-SAFT equation of state. LLE prediction is generally very
sensitive to the energy parameter ¢ and with the PC-SAFT
equation of state, it is necessary to adjust the binary interaction
parameter k; to yield reasonable results. Interestingly, it was
not possible to reproduce the experimental points solely by
adjusting the cross energy binary interaction parameter k;, the
binodal curve was still shifted to the left. This indicated that the
model’s deficiency lies in the differences in the size and shape
of the molecules (entropic effects) rather than in the energetic
interactions. Moreover, the Flory-Huggins model assumes that
PCL is only approximately 16 times larger than a molecule of
MPTOL, therefore a similar approach in the PC-SAFT model
was assumed, and the molecule of PCL was shortened from
Mypcrcpe = 20.2 kg mol™! to 1.5 kg mol *. An alternative
approach to correct the entropic deficiencies of the model
would be to adjust the cross-segment interaction parameter
l;;, however, to maintain simplicity, it was decided not to utilize
the second interaction parameter. The resulting binodal curve
is displayed in Fig. 6. It is evident that the results of both Flory-
Huggins (Fig. 5) and PC-SAFT (Fig. 6) model predictions can
render the experimental data quite well, raising question about
the possible change of PCL molecular weight after dissolution
in MPTOL. To examine the potential decrease in molecular
chain length, the final PCL molecular weight in prepared
porous materials was measured using GPC to be: Mypci end =
36.6 kg mol™; Mypcrenda = 124.1 kg mol™; Ppcr.ena = 3.4; ie.
the complete TIPS process led to significant increase in M,, and
slight decrease in M,, of PCL, c¢f. Table 6. Therefore, no
significant decrease in polymer chain length was observed,
while increase in M,, can be explained by extraction of shorter
polymer chains during the solvent removal.

Additionally, the PC-SAFT model approach allowed calcula-
tion of SLE equilibria of crystalline MPTOL, cf. Fig. 6. The
calculations are in agreement with literature data regarding
MPTOLs T,,,*® which is, interestingly, notably higher than our
measurement of the systems T, ¢f. Fig. 1 and 5. The difference
between solidification and melting temperature is advanta-
geous for application in TIPS as, despite Ty values reaching
below 0 °C, extraction part of the process can be maintained
at room temperature. The presented SLE equilibria can be

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Results of dissolution tests conducted with biopolymers and solvents suggested by Hansen solubility theory; T,, — solvent melting temperature;

Ty, — solvent boiling temperature; pyipe — triple point pressure; Tgmin —
— not homogenized at maximal tested temperature (x)

minimal tested homogenization temperature; ty — time until homogenization; X (x)

PLA6 PLA8O PCL

Solvent Tm (°C) Ty (°C) Diple (P2) Ref. Tamin (°C) tq (h) ta (h) Tdmin (°C) tq (h)
o-Bromoanisole 1.3 216.0 0.66 57,58 80 12 18 — —
p-Bromotoluene 26.8 184.4 142.96 58 130 3 0.5 — —
Benzoic acid 122.4 249.1 806.79 58,59 130 1 1.5 — —
Acetophenone 19.5 202.1 30.93 58 80 0.5 4 — —
trans-Anethole 22.2 235.5 6.54 58,60 130 3 1.5 40 1.5
Methyl p-toluate 34.0 218.5 31.60 58,61 X(80) — — 40 1.5
Ethyl cinnamate 6.0 271.0 0.26 57,58 X(80) — — 40 6
Dibenzyl ether 3.6 288.3 0.01 58,62 X(80) — — 40 6
Dimethyl phthalate 1.0 283.7 0.02 58,62 X(80) — — 40 6
1-Decanol 6.8 231.0 0.18 58 X(80) — — X(40) —
2,4-Dichlorobenzaldehyde 71.0 233 65.53 57,58 X(80) — — — —
4’-Methoxyacetophenone 37.5 255 4.86 58,63 X(80) — — — —
p-Chlorobenzoyl chloride 16 246.7 1.10 35,58 X(80) — — — —
4-Bromophenetole 4 230.9 — 35,60 X(80) — — — —
4-Chloro-2-nitrotoluene 36.5 266.4 20.65 58 X(80) — — — —
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Fig. 5 Phase diagram of PCL/MPTOL system, consisting of experimentally determined cloud points and freezing points supplemented by binodal and
spinodal curves constructed using computational model based on Flory—Huggins lattice theory and further supplemented by linear extrapolation used to

better visualize trend in freezing points data.

therefore thought of as maximum TIPS solvent extraction
temperature.

The properties of the PCL/MPTOL system make MPTOL
similarly or even less energetically demanding TIPS solvent in
comparison to the toxic solvents commonly used in literature.
Although the first step of homogenization might be several hours
longer compared to the TIPS process reported by Ujéi¢ et al.,**

© 2025 The Author(s). Published by the Royal Society of Chemistry

who used 1,4-dioxane to dissolve PCL, the rest of the reported
process includes cooling the system to —18 °C for 24 h, and the
subsequent highly energetically demanding solvent removal by
freeze-drying for 24 h at —55 °C. In comparison, PCL/MPTOL
system similarly allows temperature quench to —15 °C and below
but leads to cooling energy cost reduction during solvent removal
by extraction at room temperature allowed by MPTOL’s high T,.
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Fig. 6 Phase diagram of PCL/MPTOL system, consisting of experimentally determined cloud points supplemented by binodal (solid) and SLE (dashed)
curve calculated by the PC-SAFT equation of state, M,,(PCL) = 1500 g mol™* and kj = 0.022.

3.3 Structure visualization

The morphology of foams prepared by TIPS can be mainly
influenced by two factors: (a) cooling rate, and (b) composition
of polymer solution, in this work the focus is on the latter. The
influence of the PCL concentration in MPTOL was qualitatively
studied using five different solution concentrations, c¢f. Fig. 5,
starting with 8 wt% of PCL, increased by 2% increment, up to

16 PCL wt%. Samples, with height ~5 mm were cut prior to the
SEM characterization to enable visualization of the bulk struc-
ture. To minimize potential structure alterations, the foams
were cooled by liquid nitrogen prior to being cut by a surgical
knife. Cuts from the middle of the sample were used to show
the structure developed without influence of the horizontal
heat transfer through the foaming vessel walls.

A 4 y

Fig. 7 SEM morphology visualization of PCL foam, prepared by TIPS from PCL/MPTOL solution containing 16 PCL wt%, containing: (A) cross-section
near the bottom of the sample, (B) bottom surface, defined as the side in contact with the cooling plate.
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Spatial differences were observed, c¢f Fig. 7(A), with the
smallest pores and the densest structure formed near the cooling
plate, visible on the left side of Fig. 7(A), in approximately first
60 um. Such changes are typical for TIPS due to the thermal
gradient present during the quenching process, i.e. shorter de-
mixing time near the cooling plate. Visualization of surface in
contact with the cooling plate, c¢f. Fig. 7(B), indicates sufficiently
small pores for the application potential in the membrane field.

The influence of polymer concentration on bulk morphology
was assessed using cross-section cuts in a distance of ~0.5 mm
from the cooling plate. A distinct influence of solution concen-
tration on the final morphology, typical for TIPS, was observed in
the chosen concentration range, ¢f. Fig. 8. By comparing the
bottom part of Fig. 8 three distinct morphologies can be dis-
cerned, from left to right: (1) flaky interconnected morphology,
(2) dual morphology character with large pore globules partially
interconnected by walls with smaller pores, and (3) uniformly
interconnected porous structure. The first morphology type
indicates phase separation exclusively in meta-stable region, a
region between binodal curve and spinodal curve in a phase
diagram. The second type indicates combination of de-mixing
processes present in meta-stable and unstable region. Larger
globules can be attributed to Ostwald ripening and coalescence
in the meta-stable region, while smaller partially interconnected
pores between globules can be attributed to spinodal decom-
position taking place at the end of the process, after reaching the

8 wt.% PCL

View Article Online
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unstable region. The third and the last observed type can be
attributed to the prevalent effect of spinodal decomposition,
while partial non-homogeneity of the structure can be attributed
to the minor effects of meta-stable de-mixing mechanisms.
Our morphology-related findings are in a good agreement
with the presented phase diagram, ¢f Fig. 5, as polymer
solutions leading to the first type lie exclusively in the meta-
stable region, the second type of morphology was observed for
solutions going through both the meta-stable and unstable
region, while the last solution separated, according to the
phase diagram, almost exclusively by spinodal decomposition.
As homogeneity is one of the common requirements in
various applications, the third morphology type is the most
promising regarding application in membranes and tissue
engineering, i.e. PCL wt% of 16 and above with pore size
controlled via cooling conditions based on specific needs of
the target application. On the other hand, the second morphol-
ogy type could be utilized in more niche applications such as
supported liquid membranes.®> The first morphology type
could be used in controlled drug delivery applications®® pro-
vided that a sufficiently high initial polymer concentration is
used in order to retain mechanical stability of the material.

3.4 Quantitative morphology characterization

Based on the qualitative results and the primary focus of this
study on applications with interconnected structure as well as

RSRRDY o
14 Wt % PCL

12 wt. % PCL

Fig. 8 SEM morphology visualization of PCL foam prepared by TIPS from PCL/MPTOL solutions containing 8, 10, 12, 14 and 16 PCL wt%.
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good mechanical properties for membranes and scaffolds, the
foams born from solutions with higher polymer content of
12, 14, and 16 PCL wt%, hence called 12PCL, 14PCL, and
16PCL, were studied in greater detail using MIP, allowing a
quantitative comparison of pore size distribution (¢f. Fig. 9),
porosity and total pore surface area (cf: Fig. 12). Sample cuts for
MIP were taken from the centre of nitrogen cooled samples,
while the presented results were averaged from measurements
of three samples per each tested concentration. Majority of the
pore volume, c¢f. Fig. 9, was measured below the size of 10 pm
(77.2%, 84.1%, 83.7%, respectively), and more than 95% of
pore volume was measured below 100 um (96.2%, 97.0%,
96.9%, respectively).

As evident from the comparison of Fig. 9 and 10, the pore
size distribution is considerably moved towards lower values
considering pore frequency in contrast to volume percentage.
More than 99.5% of pores was measured to be smaller than
1 pm in all cases (99.6%, 99.7%, 99.6%, respectively). A similar
number of pores was located below 50 nm for 12PCL and 16PCL
(70.0% and 70.7%, respectively) with only 56% of pores for
14PCL. The highest number of pores below 10 nm measured for
12PCL can be attributed to the influence of solvent removal by
extraction agent, leading to partial shrinkage and pore size
decrease more prominent at lower polymer concentrations, as
previously reported by Boura et al.'” However, based on quali-
tative measurement, the MIP results can be skewed towards
lower values for 12PCL and 14PCL, due to their dual morphol-
ogy character potentially leading to a bottleneck effect.

The lowest measured average pore size was 58.1 nm for
12PCL, followed by 64.1 nm for 16PCL and 99 nm for 14PCL, cf.
Fig. 11. Such values are better suited for membranes in com-
parison to scaffold applications, which require larger pore sizes
in the order of tens or hundreds of microns.®” Nevertheless,
pore sizes tailored for specific cells or tissues should be
achievable by cooling procedure alteration, ie., giving the
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Fig. 9 Pore size distribution comparison of samples prepared from PCL/
MPTOL solutions containing 12, 14, and 16 wt% of PCL. Measured by MIP
and visualized in micron increments.
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Fig. 10 Pore frequency distribution comparison of samples prepared
from PCL/MPTOL solutions containing 12, 14, and 16 wt% of PCL. Mea-
sured by MIP and visualized in fractions of 10 nm.

system more time to separate by spinodal decomposition
resulting in larger pore sizes.®® Simultaneously, smaller pore
sizes should be achievable by faster cooling and making the
samples sufficiently thin for membrane applications.

In comparison, smaller average pore sizes, ¢f. Fig. 11, were
obtained than the values reported by Manholi et al.®® who utilized
NIPS to prepare PCL membranes while using commonly used
toxic solvents such as THF (369.7 nm) or 1,4-dioxane (120.4 nm).

The measured porosity, ¢f. Fig. 12, is promising for both
membranes and tissue engineering applications based on results
presented in the literature.””””® A slight increase in porosity with
polymer concentration was observed, with 71.8% for 12PCL, 72.7%
for 14PCL and 74% for 16PCL, which can be attributed to the
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Fig. 11 Average pore size of samples, based on pore frequency, prepared
from PCL/MPTOL solutions containing 12, 14, and 16 wt% of PCL. Mea-
sured by MIP.
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Fig. 12 Porosity and pore surface area comparison of samples prepared from PCL/MPTOL solutions containing 12, 14, and 16 wt% of PCL.

Measured by MIP.

higher solvent removal shrinkage resistance with increasing poly-
mer concentration.”” The average pore surface area calculated
from MIP data exceeded 15 m® g~ " in all cases with no significant
trend observed, cf. Fig. 12.

4. Conclusions

Several novel, high melting point, low-toxicity and low-cost, PLA
and PCL solvents were discovered by using Hansen solubility
theory and screening of 846 chemicals in combination with
subsequent experimental validation. The presented solvents
could serve as a less toxic alternative to other chemicals
currently used for not only thermally induced phase separation
(TIPS), but phase separation in general, while retaining or
improving the economic viability of the process due to their
high Ty, and reasonable purchase costs.

A particularly promising system was found with PCL dis-
solved in methyl p-toluate (MPTOL). This system was further
investigated by constructing a phase diagram based on experi-
mental measurements of cloud points and freezing points,
supplemented by computational modelling, using a model
based on Flory-Huggins theory and a PC-SAFT equation of
state. PCL dissolved in MPTOL proved to be a promising TIPS
combination due to the cloud points as well as freezing points
being below MPTOL Ty, = 34 °C implying the possibility of
solution homogenization at relatively low temperature together
with solvent removal at room temperature, which could signifi-
cantly reduce the energy costs related to the TIPS process.

Using the PCL/MPTOL system and the ethanol/methanol
(96/4) mixture as the extraction agent at room temperature, PCL
foams with gradient morphologies were successfully prepared
via TIPS. With increasing PCL wt%, three different morphology

© 2025 The Author(s). Published by the Royal Society of Chemistry

types were observed: (1) flaky interconnected morphology, (2)
dual morphology character with big pore globules partially
interconnected by walls with smaller, and (3) uniformly inter-
connected porous structure. The observed morphologies ther-
modynamically conform to the presented phase diagrams, with
the first type occurring in the meta-stable region, the second
one developing in both meta-stable and unstable region, and
with the last one occurring in the unstable region due to the
prevalence of spinodal decomposition.

Qualitatively compared foams had a porosity slightly above
70%, while exhibiting a minor porosity increase with increasing
PCL concentration, and pore sizes averaging below 100 nm.
By altering the TIPS process parameters, smaller as well as
larger pore sizes can be achieved, to prepare materials with
tailored properties. This flexibility, together with the option of
method combination, leads to various application possibilities
of the novel PCL/MPTOL system, particularly in membrane
technology and tissue engineering.
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