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This work presents a novel semiempirical mathematical approach consisting of a coupled thermo-kinetic model as valuable tool for
predicting the polymeric fraction profile of membranes synthesized by nonsolvent induced phase separation (NIPS). Equilibrium
binodal curves (BCs) of the system component were incorporated to the Fick’s diffusive kinetic model allowing a satisfactory
prediction of the tendency to develop symmetric or asymmetric porous membrane morphologies, as well as a fair quantification
of average porous fraction profiles. The model was validated using two different ternary systems: (i) polycaprolactone (PCL)/
N-methylpyrrolidone (NMP)/water (W) characteristic of instantaneous demixing (asymmetric finger-like porous cross-section
morphology); and (ii) PCL/NMP/isopropanol (IPA) characteristic of delayed demixing (symmetric sponge-like cross-section
morphology). The loading of graphene oxide (GO) in the quaternary system PCL/GO/NMP/IPA also gave rise to a sponge-like
porosity, characteristic of delayed demixing systems, which was reasonably predicted by the coupled thermo-kinetic model
developed in this study. In addition, a computational scanning electron microscopy (SEM) image processing methodology was
developed to validate the thermo-kinetic model, resulting in an advantageous tool for that purpose. Overall, this work reveals the
usefulness of the new thermo-kinetic mathematical approach as a facile computational tool for membrane manufacturers and
researchers for a preliminary discrimination of component combinations in quaternary polymer/nanofiller/solvent/nonsolvent
NIPS systems.

Keywords: nonsolvent induced phase separation; membrane polymer fraction profile; quaternary systems; SEM image
processing; thermo-kinetic modeling

the TE field, due to its biocompatibility. In our previous works,
homogeneously porous flat PCL membranes undoped and
doped with graphene-based nanomaterials (GBNs) were syn-
thesized by non-solvent induced phase separation (NIPS), and
it was proved that the presence of graphene oxide (GO) favored
the differentiation of neural cells in TE studies [3, 4].

NIPS is a flexible synthesis methodology to produce mem-

1. Introduction

Polymeric membranes functionalized with nanofillers are
employed in multiple fields such as wastewater treatment, tis-
sue engineering (TE), or gas separation among others. The type
of application defines the membrane morphology needed. In
the field of TE, a branch of bioengineering aiming at the repair,

replacement, or regeneration of impaired tissues or organs [1],
polymeric membranes have been used as scaffolds for cell pro-
liferation and tissue regeneration [2]. Biocompatible polymer
materials are required to contribute positively to cell viability.
For instance, polycaprolactone (PCL) has been widely used in

branes with a variety of morphological features and porosity,
due to its wide diversity of processing variables (i.e. materials,
composition, and process temperature). Several works have
studied the influence of using different solvents (dimethyl fluo-
ride (DMF), dimethyl sulphoxide (DMSO), N-methyl
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pyrrolidone (NMP), dimethylacetamide (DMAc), etc.) [5], as
well as various coagulants (water (W), methanol, glycerol...)
[6] that induced a variety of membrane morphologies. Further-
more, the loading of a filler induce changes in membranes
morphology produced by NIPS, therefore complicating the
optimal selection of membrane synthesis variables [5] that is
traditionally done based on literature revision, previous expe-
rience or ultimately on trial-and-error experiments. This is an
unsustainable approach, highly time- and reagent-consuming
[7].

Several studies attempted to understand the principles of
membrane formation, either by experimental observation or
through mathematical models [8], seeking to systematize the
selection of the components, so that NIPS-prepared mem-
branes acquire the adequate porous structure and function
[9-12]. On this regard, different kinetic models ranging from
the macroscopic to the atomistic scales have been developed [8,
13]. Mechanistically rigorous kinetic models, mostly developed
for ternary systems, aim mainly to understand the complex
phenomena that occur during membrane formation, since
this is unfeasible to study experimentally. However, they are
of low practicality for fast screening of solvent/nonsolvent
pairs. Therefore, an engineering compromise between accurate
phenomenological description and fair morphological simula-
tion is advisable [8]. Accurate phenomenological description
has a major impact on mesoscopic phase field kinetic models or
molecular scale simulations such as dissipative particle dynam-
ics, where grain coarsening and growth kinetics that follow the
phase-separation kinetics are modeled for a visual morpholog-
ical prediction of the membrane structure in a scale of time
limited to few seconds, which make it difficult the practical
evaluation of the immersion process [14]. Meanwhile, macro-
scopic finite difference methods usually focus on the phase-
separation kinetics to predict porous fraction profiles, as the
onset time of demixing has been previously observed to have an
important impact on the membrane structure and porous frac-
tion [15]. Therefore, kinetic models based on finite difference
methods have been the most popular in the literature as they
describe membrane formation in a realistic temporal-spatial
scale [8].

Kinetic models typically incorporate fast local equilibrium
conditions considering instantaneous demixing and spinodal
decomposition. However, the thermodynamics of ternary, and
more recently quaternary, systems contain crucial information
[5, 16-18] such as the affinities between the components and
the composition of the regions that present thermodynamic
stability/instability to help discern comparatively the most
favorable combination of components for a given NIPS-
prepared membrane. This information is omitted in previous
kinetic models. Thus, the work of Khansary et al. [14] is par-
ticularly interesting, where the information of the thermody-
namic phase diagram of a cellulose acetate/acetone/W system
was coupled to kinetic mechanisms reporting for the first time a
rigorous combined thermo-kinetic model. Authors employed a
compressible regular solution (CRS) free energy theory in the
phase diagram construction. The main attribute of CRS models
is that they only require pure properties of the thermodynamic
calculations. As a drawback, although mechanistically
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insightful, the thermo-kinetic model is too complex and
implies high computational cost that is again not advisable
for a fast screening of the variables involved in membrane
synthesis. Furthermore, although it was proposed to apply it
in a cellulose acetate system, this model was not experimentally
validated. Conversely, Flory—Huggins (FH) lattice model is
more popular in the literature than the CRS, due to its simplic-
ity and ability to incorporate empirical improvements of the
binary interaction parameters to fit the experimental results
[13]. In example, FH has been extensively used to model the
thermodynamics of membrane-forming polymers such as
polysulfone, polyethersulfone (PES), polyvinylidene fluoride
(PVDEF), and so forth in ternary [16, 17, 19] and in quaternary
systems such as PVDF/GO and PES/GO [5]. Similarly, kinetic
models are usually validated with classical polymer membrane
systems (i.e. PES, PVDF, or cellulose acetate), traditional apro-
tic solvents (NMP, DMAc, and acetone) and typically W as
nonsolvent [8, 13—15].

With all the above in mind, this work aims at evaluating the
validity of a semiempirical model combining the thermody-
namic information and considering a simple diffusive kinetics
of the phase separation to preliminary predict the membrane
porous profile under a broad variety of morphological casuistic
of phase-separated membranes including ternary and quater-
nary systems. To validate the model, the predicted morphology
was compared to that obtained experimentally in ternary and
quaternary systems of PCL/GO/NMP/coagulant with interest
in TE [4, 20]. Ternary phase-separation systems of PCL/NMP/
coagulant, focused on the comparison of the use of W as coag-
ulant, which presents instantaneous demixing, and isopropanol
(IPA) with a delayed demixing. For the numerical comparison
of simulated and experimental membrane polymer fraction
profiles a computational scanning electron microscopy
(SEM) image processing methodology was implemented.

2. Mathematical Model

Motivated by the search of mathematical simplicity, in the
present study a modification of the model by Fernandes et al.
[12] based on Fick’s law, later adopted by Wang et al. [21], has
been used.

Figure 1 depicts the schematics of the mass transfer during
NIPS. Two regions can be found: region A or polymer solution,
(j=A) and region B or coagulation bath, (j=B); and three
compounds: nonsolvent (i = 1), solvent (i=2), and polymer
(i=3). At time t=0, (Figure la) region A is composed of
solvent and polymer, and region B is made of nonsolvent.
Immediately after membrane immersion in the coagulation
bath, the exchange between the solvent and the nonsolvent
begins: the nonsolvent diffuses inside the polymeric solution
(J1.4), while the solvent diffuses across the membrane (J5 4)
and then, after crossing the polymer solution boundary,
through the coagulation bath (], 3). The increase of nonsolvent
content and the reduction of the solvent concentration
increases the polymer viscosity in the polymer solution. Later,
when the composition of the system reaches thermodynamic
equilibrium, the system separates into two phases, thus
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FIGURE 1: Mass transfer exchange of NIPS process across the membrane thickness position x. (a) At the beginning of the contact between
polymer and coagulation solutions. (b) After certain time ¢ of contact.

defining the pore structure (Figure 1b). To include thermody-
namics, a mobile equilibrium diffusion boundary is pro-
posed (x;).

For the mathematical description of the coupled thermo-
kinetic model, the following assumptions and simplifications
were done:

a. Mass transfer is considered only in x-axis dimension
(Figure 1).

b. There is no polymer diffusion in the coagulation bath,
J5.4 =0, albeit there is a change in its volume fraction in
region A.

c. Convective movement of the polymer and the GO com-
ponents is neglected.

d. Due to the rapid immersion in the coagulation bath after
casting, solvent evaporation can be neglected.

e. Exchange kinetics is sufficiently slow to reach immediate
phase equilibrium separation once the compositions
touch the binodal curve (BC)-forming polymer nucleus
[22]. Once the components composition at the interfa-
cial diffusion boundary node or phase-separation front
(%) reaches the BC (onset time of demixing), the x-
boundary node is moved to the next x-node (x; — 1) and
the process is repeated up to the final node x, =0 denot-
ing the whole membrane thickness.

f. Kinetics of the growth and coarsening of the polymer
nucleus has negligible qualitatively influence on the local
polymer fraction.

Ficks’s second law is used to describe the molecular diffu-
sion of the compound i through the phase j:

0 i) Py { i=12forj=A 0

= -D..
Jon==50 =P "o i=2forj—B

Jiijy in (s7!) being the flux, ¢; ; the molar volume fraction
composition (nondimensional) and, D;;(m*/s) the diffusion
coefficient, in all cases of component i in region j, and x the
direction of mass transfer.

Equations (2) and (3) are Neumann boundary conditions
to describe the absence of flux in the glass casting support
(x=0) neither beyond the external surface of the coagulation
bath (x =W), corresponding to the boundaries of the system.

by .
%H:O i=1,2 forj=A (2)
by .

Wap| g iy for j=B. (3)
ox x=W

The following continuity condition is fulfilled at both sides
of the membrane interface:

0ia)

)
D L =1, 2.
A o p = (4)

— ~i.B x
X=X X=X

At the polymer solution—coagulation bath interphase there
is a rapid thermodynamic equilibrium of mixing between the
solvent and coagulant, represented in the present work through
the simplified expression set out in Equation (5), where k;
represents a partition coefficient if the component i either the
nonsolvent (i = 1) or the solvent (i = 2). The literature proposes
a value of 0.4 for W (also valid for low molecular weight alco-
hols), indicating a restriction for the coagulant molecules to
enter to the highly viscous polymer solution, and 1 for NMP
(or other organic solvents), rapidly mixed with the aqueous
solution or coagulation bath [12, 21].

¢(1-A) ’x:xs - ki ’ ¢(i-B) |x:xs i=12 (5)
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From the mass balance, Equation (6), the volume fraction
of polymer in the polymer region (¢; 4 ), Equation (7), and the
volume fraction of nonsolvent in the coagulation bath (¢, g),
Equation (8), can be obtained:

NC
;fﬁi.j =1 (6)
(/’3,A =1- (/’1.A - ¢2,A (7)
h1p=1~-¢p. (8)

For the kinetic calculation of the quaternary system, it is
considered that during demixing the additive (GO) remains
with the polymer fraction, so the mass of both components is
added to calculate ¢ 4.

It has been previously experienced that the membrane mor-
phology is ultimately decided by the point of entry into the
miscibility gap, that is the onset of phase separation where
polymer-rich and polymer-lean compositions are first stablished
in the moment the components composition crosses the BC [14,
15]. Phase separation is generally considered to be immediate, as
the delay in reaching this equilibrium cannot be determined
experimentally and the choice of an equilibrium delay time
would be arbitrary. From this observation arises the main sim-
plification of the present model, that is assumption (f).

The location of the BCs on the ternary plot is characteristic
of each component system, impacting the displacement of the
miscibility gap and therefore affecting the rate in which
the thermodynamic instability of the solution is reached [5].
The present model incorporates the mathematical description
of the BC that establishes the boundaries between the composi-
tions of the homogeneous and heterogenous phases. The
phase-separation BCs were modeled using a semiempirical
FH thermodynamic model for ternary systems reported in
our previous work [19] and expanded for quaternary systems
in Appendix A of the Supporting Information. As reported,
this FH model incorporates a ternary interaction parameter
that is estimated by experimental fitting of cloud points
(CPs). This approach avoids the need of correction factors
for binary interaction parameters reducing therefore the num-
ber of fitting parameters.

As a simple procedure to account for the thermodynamic
phase equilibrium in the kinetic model, the modeled BC in
ternary systems or the spinodal curve (SC) in quaternary sys-
tems, attained with the optimization procedure described in
Appendix A (Supporting Information), was linearized using
Equation (9) as proposed by Boom et al. [23]. Details about
the linearization procedure and the values of the linear fitting
parameters are reported in Appendix D of the Supporting
Information.

lnﬁ:b-lnﬁ—i—a. 9)

b3 b3

Equation (9) was incorporated to the kinetic model in a
cyclic comparative loop where the dynamic change by diffusion
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of the polymer-rich phase composition at the separation front
b(i.4)|x—s, 18 iteratively compared to all components composi-
tions (polymer, solvent, and nonsolvent) calculated with
Equation (9). When the composition lies over or crosses
from the homogeneous to the heterogeneous region established
by the linearized BC (Figure D1 in Appendix D in the Support-
ing Information), the phase-separation equilibrium is set, and
the nuclei formation starts from the polymer-rich composition.
At this moment, the phase-separation front (x,) moves to the
next x node in the polymer solution region and the iterative
comparison between the diffusional change of compositions
and the equilibrium separation compositions is repeated.
This procedure continues until the phase-separation front
(x,) reaches the glass support (x = 0).

According to references [12, 21], the diftusivities of the
solvent and the coagulant in region A is considered in the order
of 107> m?/s due to the high viscosity of this solution. Mean-
while, in region B the values of diffusion coefficients are 2
orders of magnitude higher (107'°m?/s). Certain models
account for the variation with time of diffusion rates in the
polymeric region [24, 25]. Although during the phase inversion
there is a progressive increase in the viscosity of the polymeric
solution, the diffusion coefficients considered here are in the
solid diffusion range and therefore the influence of its variation
has been considered negligible.

The code for the simulations was written in MATLAB
language and run on a workstation with two Intel Xeon Gold
6148 processors and 256 GB of RAM. Details on the numerical
discretization of the coupled thermo-kinetic model are col-
lected in the Supporting Information, Appendix E.

2.1. Computational Methodology for SEM Image Processing.
The experimental validation of the mathematical model was
done using a computational methodology for SEM image pro-
cessing [26]. Figure 2 depicts the flowchart of the steps taken to
calculate the polymer fraction profile using the SEM images of
the cross section of membranes synthesized in the pres-
ent work.

The program was developed in MATLAB R2021a and it
was used for image processing, curve fitting, and statistics and
machine learning toolboxes. Detailed description on the com-
mands and procedure for image processing can be found in the
Supporting Information, Appendix F.

3. Experimental

3.1. Materials. As a polymer, poly e-caprolactone (PCL, MW
80 kDa, Sigma Aldrich) was used. For all the preparations, PCL
was dried overnight to remove possible moisture. NMP (99%
extrapure, Acros Organics) was used as solvent; either ultra-
pure W or 2-propanol (IPA, 99%, Oppac) were used as non-
solvent or coagulant; GO (Graphenea, S.A.) was used as the
filler.

3.2. CP and Precipitation Point Titration. Experimental BCs
were obtained at 293 K using CP titration consisting on the
addition of drops of nonsolvent (W or IPA) to polymer solu-
tions (PCL/NMP or PCL/NMP/GO) with varying polymer
content (3—7wt.%) continuously stirred until permanent
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Ficure 2: Flowchart of SEM Image processing methodology
(MATLAB R2021a software).

turbidity was observed. When GO was used, the initial polymer
solution was not transparent which difficulted the visualization
of CPs formation (BC points). In this case, the precipitation
points (PPs) (SC points) were monitored.

3.3. Membrane Synthesis. The synthesis of PCL and PCL/GO
membranes by NIPS was done using NMP as solvent, either W
or IPA as the nonsolvent, and eventually GO as filler, which
procured interesting cues for neural cell differentiation in TE
applications, as previously reported [3]. In ternary systems, a
polymer solution of 15%wt/wt PCL in NMP was used. For
PCL/GO membranes a 0.1%wt/wt of GO was sonicated for
40 min in NMP and then 15%wt/wt PCL was solved in a roller.
Proper homogeneous dispersion of GO and stability of
PCL/GO solutions were previously tested by observing the
absence of GO deposits after 48 or 24 h, respectively, at rest
[4, 20]. The use of GO or rGO concentrations higher than
0.1 wt.% produces mechanically fragile membranes not suitable
for TE [20]. Furthermore, it was observed experimentally that
at 0.5 and 0.8 wt.% GO, the PCL/GO/NMP/IPA solution jelli-
fied before the phase separation could be observed, and the CPs
of those systems could not be determined experimentally.
The polymer solution at 293 K was cast on a glass support
using a doctor blade casting knife (Elcometer) adjusted to a
100 um thickness and then immediately submerged in the
coagulation bath (at 293 K) until complete membrane precipi-
tation. Table 1 collects the codification of the synthesized

membranes and the composition of the polymer solutions
and coagulation baths.

3.4. Membrane Characterization. Membranes cross sections
were characterized by SEM (Carl Zeiss EVO MA 15) at 20kV.
Membranes were fractured after immersion in liquid nitrogen
and kept overnight at 30°C under vacuum. Then, the samples
were gold sputtered. SEM images were processed using the
procedure explained in Section 2.3. These data were used to
validate the porous profile predicted by the thermo-kinetic
model.

Membrane thickness (§) was quantified with an electronic
micrometer (Standard, Series 293, Mitutoyo). Membrane bulk
porosity (¢) was calculated by densimetry using a hydrostatic
weighing method consisting on a balance (model MS304TS/
00) coupled to a density kit (Standard and advanced, Mettler-
Toledo, Spain) and using W as auxiliary liquid. The density of
the membrane (p,,) was calculated as:

A

P =25 Po=PL) +p1, (10)

being A the weight of membrane in air, B the weight of
membrane in W, p, the W density (0.9982 g/cm’), and p;
the air density (0.0012 g/cm”). Finally, £ was calculated with
Equation (11), being pp=1.145g/cm’, the density of the
polymer PCL.

e(%) = (1 -p—m> - 100 (11)

Pp

4. Results and Discussion

4.1.  Thermodynamic Model and Ternary Interaction
Parameter Estimation. The FH thermodynamic model
(Appendix A—C) was applied to calculate the BC and SC for
the ternary systems PCL/NMP/W and PCL/NMP/IPA and the
quaternary system PCL/GO/NMP/IPA. For comparison,
Figure 3 presents the simulated BC and SP curves in the pseu-
doternary phase diagram, as well as the experimental CPs of
ternary systems and PPs of the quaternary system correspond-
ing respectively to the BC and SC. Regarding ternary systems,
the experimental CPs of PCL/NMP/W are very proximate to
the solvent axis, meanwhile the PCL/NMP/IPA CPs are dis-
placed to the right. This displacement indicates that a higher
amount of IPA is required to induce the beginning of the
polymer nucleation, that is the onset of phase separation, com-
pared to W. This is congruent with the similar radius of inter-
action (Figure G1 in the Supporting Information, Appendix G)
between IPA and PCL (Ra=16.6) versus NMP and PCL
(Ra =14.8), pointing out that IPA behaves almost like a sol-
vent for PCL, rather than a coagulant.

The ternary interaction parameters estimated by fitting the
experimental CPs to the simulated BCs were y,,; = — 0.89 for
PCL/NMP/W, and y,; =1 for PCL/NMP/IPA. The negative
sign of y,3 is associated to an effect of cosolvency between the
solvent and the nonsolvent, while positive values indicate

95U8017 SUOLUWIOD SAIIEID) 9|aedl|dde ay) Ag peusenob ale sajolie O ‘8sn Jo sajnu o} Afeiq aUIIUQ AS|IA UO (SUONIPUOD-pUE-SWRY/LID" A3 1M AReid 1ol juo//:SANY) SUONIPUOD PUe SIS | 8U1 88S *[Sz0z/70/20] Uo ARldiauluo Ao|im eldeited ad pepsioAlun Aq 8522zZSh/APe/SSTT OT/I0p/0D Ao im Arelqipul|uo//sdny wolj pepeojumod ‘T ‘5202 ‘TE9T



Advances in Polymer Technology

TaBLE 1: Membranes codification and composition of polymer and nonsolvent solutions.

Membrane code

Polymer solution
(Polymer (/filler)/solvent)

Coagulation bath

M-W PCL (15%wt/wt)/NMP Water (100%wt/wt)
M-IPA PCL (15%wt/wt)/NMP IPA (100%wt/wt)
M-GO PCL (15%wt/wt)/GO (0.1%wt/wt)/NMP IPA (100%wt/wt)

/ AN
/\%/\Mo

Water or IPA
BC M-Wy,3=-0.89 CP M-IPA!
SCM-W % CPM-IPA?
CP M-W! —— BCM-GOyp3=12
% CPM-W? -~~~ SCM-GO
BC M-IPAy ;=1 < PPM-GO!
SC M-IPA + PP M-GO?

FiGure 3: Ternary phase diagram of (1) M-W, (2) M-IPA, and (3)
M-GO membrane systems. BC, Binodal curve (continuous line);
SC, spinodal curve (dashed line); CP, cloud point; PP, precipitation
point. See membranes code in Table 1.

noncosolvency. Cosolvency has been widely described, and
occurs when polymers are soluble in mixtures of two nonsol-
vents, for example: poly (ethylene-co-vinyl alcohol)/2-propa-
nol/W or polystyrene/acetone/diethyl ether [27, 28]. Therefore,
ternary interaction parameter values estimated in this study,
can be explained by a higher solubility of PCL in NMP/W
mixtures at certain compositions than expected in single poly-
mer/solvent systems. Meanwhile, the positive value of the tern-
ary interaction parameter of PCL/NMP/IPA mixtures indicates
that the solubility of PCL in the NMP/IPA mixtures is lower
than expected in single NMP or IPA solutions. The low solu-
bility of PCL in NMP observed in the Hansen solubility space
(Figure G1 in Appendix G of Supporting Information) might
be causing the important effect of the ternary interaction
parameter in the systems under study [22].

As Figure 3 depicts, the presence of 0.1 wt.% of GO in
PCL/NMP/IPA system shifted to the left the BC in the ternary
components diagram. Similarly, in PVDF/DMF/W and
PES/DMSO/W systems, the addition of 0.1 and 0.5wt.% of
GO led to a subtle displacement to the left of the thermody-
namic equilibrium [5]. The hygroscopic character of GO [29]

might increase the affinity of the PCL/GO mixture toward the
polar—OH group in IPA, which would explain the displacement
of the thermodynamic phase equilibria of the quaternary sys-
tem to the left-hand side of the diagram, compared to the
ternary system. The ternary interaction parameter of the
quaternary system was estimated by fitting the experimental
PPs to the modeled SC, obtaining a value of y,,3 = 1.2, which
confirms the noncosolvency between NMP and IPA previously
observed for PCL/NMP/IPA. The deviation from the estimated
ternary interaction parameter in the PCL/NMP/IPA system
could be attributed to the greater experimental dispersion of
the PP for PCL/GO/NMP/IPA systems observed in Figure 3.

In order to demonstrate the validity of the estimated tern-
ary interaction parameters, the experimental and modeled BCs
for PCL/NMP/W system at three temperatures (293, 308, and
323 K) are presented in Figure G2 of Appendix G of the Sup-
porting Information. In example, the value of the ternary inter-
action parameter changes from —0.52 (at 323 K) to —0.68 (at
303K). A 23% change in the value of the ternary interaction
parameter would result in the modeling of a BC that corre-
sponds to a temperature change of 20 K. Therefore, we consider
the model has fair sensibility for the estimation of the ternary
interaction parameter.

4.2. Simulation and Experimental Validation of the
Membrane Porous Profile. Figure 4 a—c shows the membranes
cross sections synthesized by NIPS in this work. These images
depict the large effect of the nonsolvent (W vs. IPA) on the
membrane pore morphology and symmetry that contrasts with
the mild effect that the change in the solvents can produce [5].
M-W membranes, which correspond to the ternary system
PCL/NMP/W, present the typical finger-like pore structure
characteristic of instantaneous (fast) demixing in NIPS. On
the other hand, M-IPA and M-GO membranes, both employ-
ing IPA as nonsolvent, present a sponge-like porosity charac-
teristic of delayed NIPS demixing. This structure agrees with
the location of the BCs in the phase diagram of the ternary and
quaternary systems that were obtained in the thermodynamic
analysis.

In Figure 4d-{, the distance between the green and blue
lines establishes the thickness of the membrane in the SEM
images. Table 2 shows the comparison between the membrane
thickness measured with a micrometer and the thickness esti-
mated with the SEM image processing. The latter presents
higher values for each membrane analyzed, as the thickness
estimation depends importantly on the angle adopted by the
membrane cross section during the image capture, but in gen-
eral the SEM values of membrane thickness fairly fall within the
variability of measured values. The reduction in membrane
thickness during casting and NIPS process observed in our
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FiGure 4: (a—c) SEM cross-sectional images of plain PCL ((a) M-W and (b) M-IPA) and composite PCL/GO ((c) M-GO) membranes
presenting instantaneous demixing ((a) M-W) and delayed demixing ((b) M-IPA and (c) M-GO). (e,f) Porous profile analysis (red line) of a
binarized cross-section image of the membranes (background image) performed with the SEM image processing computational methodol-
ogy. In images (d—f) green line represents the top layer and blue line the bottom layer of the membranes cross section. (g—i) Comparison of
the simulated polymeric profile and the experimental profile analyzed by SEM image processing computational methodology for ternary
(g:h) and quaternary (i) systems.

TasLg 2: Comparison of membrane thickness measured with the micrometer and calculated by the SEM image processing methodology.

Membrane Membrane thickness by micrometer (zm) Membrane thickness by SEM image processing (zm)
M-W 97 £5 107

M-IPA 85+6 92

M-GO 69+2 71
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TasLe 3: Comparison between porosity values simulated with the thermo-kinetic model and experimental values achieved by SEM image

processing and densimetry.

Membrane code M-W M-IPA M-GO
Bulk porosity by densimetry (%) 78+1.2 71408 76+ 1.0
Bulk porosity by SEM image processing (%) 79 71 76
Bulk porosity by thermo-kinetic simulation (%) 79 63 74
Polymer fraction at the top cross-sectional surface by SEM image processing (%) 67 50 56
Polymer fraction at the top cross-sectional surface by thermo-kinetic simulation (%) 60 59 59
Average polymer fraction of internal cross-section by SEM image processing (%) 20 31 25
Average (steady-state) internal polymer fraction by thermo-kinetic simulation (%) 16 36 28

membranes agrees with the theoretical concept proposed by
Khansary et al. [30]

The polymer fraction profile attained with the SEM image
processing tool shows an irregular profile in all the membranes.
This variability is expected, due to the natural stochastic orga-
nization of the porosity in real membranes. However, the
experimental polymer fraction variability is particularly high
in M-IPA, where the polymer volume fraction varied between
0.6 and 0.05, leading to deviation errors as high as 87% between
the specific positions of experimental polymer profiles and the
simulated curve with the thermo-kinetic model. However,
overall it can be observed qualitatively that the M-IPA mem-
brane presents a homogeneous membrane morphology in the
SEM image. Due to the fracture of the membrane, the cross-
section SEM image presents different planes. The SEM image
processing tool is biased by the different contrast of the image
and considers the deeper planes as a big pore causing artifacts
in the quantitative values estimated. Therefore, the quantitative
data of the experimental profile of polymer volume fraction
estimated by the SEM image processing tool must be carefully
considered and the point-by-point results cannot be considered
as the sole basis for determining the validity of the mathemati-
cal model predictions. Nevertheless, the average values attained
with the SEM image processing tool are of utility for the semi-
quantitative analysis of the polymer fraction profile and its
comparison with the simulated values. The porous fraction
profiles analyzed from SEM images reported by Wang et al.
[21] in poly (latide-co-glycolide) membranes synthesized by
NIPS using W as coagulant are fairly similar to our M-W
membranes, presenting a finger-like morphology and porous
fraction profiles decreasing from ~0.45 in the membrane sur-
face down to 0.15 in-depth of the membrane cross section.

Average quantitative results of the polymer fraction profiles
achieved with the SEM image processing tool (Figure 4d—f) are
collected in Table 3. The bulk porosity determined by densi-
metry and SEM image processing showed similar results, rang-
ing between 71% for M-IPA and 79% for M-W. The
experimental values fall within the range of values of mem-
brane porosities synthesized by NIPS typically reported for
different polymers (PES, PVDF, PCL, etc.), that could be
between 30% up to 85% depending on the polymer concentra-
tions and systems employed [3, 5, 31]. The presence of finger-
like macropores in M-W membranes is aligned with a higher
membrane bulk porosity.

As it can be observed (Figure 4g—i and Table 3), the semi-
empirical thermo-kinetic model developed in the present study
predicts acceptably well the average polymer fraction profile
attained through SEM image processing for ternary and qua-
ternary systems. The polymer fractions at the membranes top
surface correspond to maximum values of the polymer profiles
as expected. As shown in Table 3, top layer polymer fractions
were ranging between 59% and 60% in the simulations of the
thermo-kinetic model, and between 50% and 67% with the
SEM image computational analysis. The polymer fraction in
the top surface is strongly affected by the kinetic contribution of
the solvent/nonsolvent exchange at the initial moment of con-
tact, that depends on the diffusivities, whose values are very
similar in the present work. Therefore, similar polymer frac-
tions in the top layer were simulated for the three membranes
(59% and 60%). Improvements on the predictions of the model
could be made by incorporating an equation describing the
polymer convective displacement inward the membrane
domain. Conversely, the internal polymer fractions of the three
membranes increase progressively as the BC of the systems
shifts to the right of the diagram as follows: 20% by SEM image
processing versus 16% attained by simulation with the thermo-
kinetic model for the M-W membranes; for the M-GO system
the values were 25% versus 28%, and for the M-IPA 31% ver-
sus 36%.

As has been observed, all membranes present a decay in
polymer fraction between the values at the top layer to those in
the internal cross section. The most abrupt polymer fraction
decay (44% decay from the simulated data and 47% by SEM
analysis) corresponds to the M-W membrane with a clear
asymmetric finger-like pore morphology (classical instanta-
neous demixing) that also presents the shortest elapsing simu-
lation time (3.75s). M-IPA presents the most homogeneous
polymer profile between the top and internal cross section
(23% decay simulated vs. 19% by SEM analysis) and the largest
elapsing simulation time (37.42 s). Finally, M-GO presented an
intermediate drop in polymer fraction and elapsing simulation
time (31% decay both by simulation and SEM image processing
and 9.28 s of elapsing time). It is worth noting the fair agree-
ment between simulated and experimental elapsed times for
membrane precipitation. These comparisons demonstrate the
validity of the model predictions in terms of polymer fraction
and porous profile for ternary and quaternary PCL-based NIPS
systems despite the important mechanistic simplifications
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assumed and the inability of mathematical models applying
finite difference methods to describe realistic irregular mem-
brane morphologies.

The fair predictive results could be attributed to the positive
impact that the kinetic model receives when coupled to the
experimentally adjusted thermodynamic phase-separation
curves. This might be caused as the different locations of the
BC in the pseudoternary system will directly impact the onset
time of phase separation in the internal polymer structure and
the consequent instantaneous or delayed demixing character of
the phase inversion. Therefore, the nonrigorous model presented
in this work was able to fairly determine semiquantitatively the
porosity profiles of the membranes and instantaneous-delayed
demixing character (linked to the asymmetric or symmetric
porous structure of the membranes), which was valid not only
to ternary systems, but also to quaternary systems containing
GBNss to produce polymer-graphene composite membranes.

5. Conclusions

A new thermo-kinetic mathematical model to describe the
membrane porous morphology attained by NIPS has been
developed. The model has been validated using a PCL/GO/
NMP/IPA quaternary system with important application for
cell culture scaffolds in TE. The BC (ternary systems) and SC
(quaternary systems) were modeled with the FH theory. The
incorporation of a linearized expression of the phase equilib-
rium curves (binodal or spinodal for ternary or quaternary
systems respectively) in a kinetic diffusive model allowed a
reasonable description of the cross-sectional polymeric fraction
profiles of membranes produced by NIPS with instantaneous
demixing represented in the PCL/NMP/W system, delayed
demixing represented in the PCL/NMP/IPA and intermediate
demixing observed in the quaternary PCL/GO/NMP/IPA sys-
tem, as a consequence of the impact of the location of the BC on
the phase-separation onset time.

Importantly, the contribution of the present model is the
ability to fairly predict, with a computationally facile and rapid
method, a broad range of porous membrane morphologies
applicable not only to ternary systems, but also to quaternary
systems. Significantly, the major benefit of the present thermo-
kinetic model would be the simplification on the number of
NIPS component combinations to be experimentally tested,
then reducing the subsequent membrane characterizations.

Future improvements could be directed toward the incorpo-
ration of this thermo-kinetic coupled approach into phase field
or dissipative particle dynamics models, as well as the use of a
CahnHilliard kinetics and the description of the convective
movement of the polymer. Despite the extra computational
cost, these improvements would allow a more rigorous phenom-
enological description of the NIPS phenomena and therefore a
more realistic prediction of the membrane morphology, that
could account for the variability of the polymer fraction values
observed in the SEM image profiles of real membranes.
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