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Abstract

This article reports recent advances in thermally induced phase separation
technology in fabricating microporous scaffold polymeric membranes as
devices suitable for the controlled release of insect repellent. The key aspects,
such as the crystallization behavior and morphological study of the polymeric
membrane-based repellent, were reported and discussed. Studies demonstrated
that trapping of such repellents into microporous polymeric materials can be
achieved by spinodal decomposition of the polymer/liquid repellent system.
Usually, solubility is enhanced at elevated temperatures. Rapid cooling of such
solution below the UCST leads to the formation of cocontinuous phase struc-
tures by decomposition. The polymer then forms an open-cell structure with
the repellent trapped inside. Approaches to forming such an open-cell polymer
structure containing mosquito repellent were successfully performed and con-
firmed with the SEM and POM techniques. It showed the structure of a poly-
mer and liquid repellent prepared by spinodal decomposition, providing proof
that thermally induced spinodal decomposition is a route to trap liquid mos-
quito repellent into a microporous polymer matrix. Additionally, the effects of
polymer type, repellent nature, cooling conditions, and fillers on the morphol-

ogy and performance of TIPS membranes are also discussed. Finally,

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited and is not used for commercial purposes.
© 2024 The Author(s). Journal of Polymer Science published by Wiley Periodicals LLC.

J Polym Sci. 2024;1-27.

wileyonlinelibrary.com/journal/pol


https://orcid.org/0000-0003-3824-5356
https://orcid.org/0000-0002-2739-202X
https://orcid.org/0000-0002-0007-2595
https://orcid.org/0000-0003-4670-1171
https://orcid.org/0000-0003-4124-3917
mailto:rsuprakas@csir.co.za
mailto:ut@ucalgary.ca
http://creativecommons.org/licenses/by-nc/4.0/
http://wileyonlinelibrary.com/journal/pol
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fpol.20240232&domain=pdf&date_stamp=2024-08-27

2 (o] (o]
2 | WILEY— roun ma g

MAPOSSA ET AL.

KEYWORDS

1 | INTRODUCTION

Microporous polymer development and its application in
biomedical/tissue engineering through the making of
scaffolds, such as filtration membranes or liquid reser-
voirs, have gained great interest in recent times."” The
most popular and efficient technique that has been
employed to produce microporous polymer materials is
thermally induced phase separation (TIPS).>” TIPS is a
phase separation method for liquid-liquid (L-L) and
solid-liquid (S-L) phases with the capacity to precisely
control the release of active substances and create com-
plex porous structures.”” During the TIPS procedure, a
polymer substance /blend is heated to a sufficiently high
temperature to allow melt-blending of the components
into a homogenous phase.®” Typically, the diluent is a
high boiling point, low molecular weight solvent that dis-
solves polymers at higher temperatures but not at room
temperature.*” In general, TIPS occurs based on the fol-
lowing steps: (i) a high-boiling, low molecular weight lig-
uid or solid diluent is melt-blended with the polymer to
create a homogenous polymer/diluent solution at a high
temperature; (ii) the polymer/diluent mixture is molded
into the required shape, such as tubes, hollow fibers, or
flat sheets; (iii), phase separation occurs through solution
cooling to cause thermal energy removal and solidifica-
tion of the polymer, and (iv) a microporous structure is
created by solvent extraction, which eliminates the
diluent.®®

In the fabrication of microporous polymer systems via
TIPS, when the homogenous solution is cooled, phase
separation is induced, leading to either an L-L or S-L
phase separation that creates two liquid phases, that is, a
solvent-rich and a polymer-rich phase.'® The temperature
at which the L-L phase separation occurs depends on the
concentration ratio and the chemistry of the polymer and
the solvent."" In microporous polymer systems, the phase
separations thermodynamics and kinetics govern the mem-
brane shape developed.®® Crystalline polymers undergo an
L-L phase separation followed by polymer crystallization,
and in the case of S-L phase separation, a spherulitic mem-
brane structure is formed.'”” The crystallization-free
enthalpy of the mixture solution also contributes to phase
separation in the development of microporous materials;
when a solution undergoes spinodal decomposition during

challenges in developing microporous polymeric membrane-based repellent
using TIPS technology are addressed.

crystallization and morphology, microporous, polymer, repellent, TIPS method

a thermodynamically unstable state, the liquid-liquid
phase separation happens spontaneously.* L-L phase sep-
aration occurs when a solution is cooled below the spino-
dal phase transition line, and remixing occurs when it is
heated. Crystal nuclei formation in S-L phase separation
conversely requires high supercooling; hence, the melting
and crystallization temperatures during cooling and succes-
sive heating tend to be different.” Nucleation and growth
mechanisms in microporous structure development are
linked to the cooling rate dependence. Polymer solution
demixing behavior can be obtained via the changes in its
optical appearance or cloud-point observations.® However,
instantaneous demixing mechanism information cannot
be obtained via cloud point measurements, but an alterna-
tive method used is differential scanning calorimetry
(DSC).*>'* In polymer systems, DSC can track change in
latent heat/enthalpy, giving a better understanding of the
phase separation of polymer solutions compared with
cloud point measurements. Recently, hot-stage polarized-
light microscopy has also been employed to describe the
S-L separation induced by crystallization due to cooling-
rate dependence in visualizing the crystals.

Motivated by the previous reviews published con-
ducted by (i) Ma et al.,"> where they reported the develop-
ment of polymeric membranes by TIPS method by going
over the membrane materials, effective preparation
parameters, mass transfer's role in the TIPS method,
modeling the membrane fabrication process, and the use
of TIPS membranes; (ii) Tang et al.'” provided a compre-
hensive review of the creation, research, and manufactur-
ing of PVDF microporous membranes using TIPS for use
in water treatment applications involving microfiltration
and ultrafiltration (MF/UF); and (iii) Liu et al.® summa-
rized the investigation of various microporous polymeric
membranes made using the TIPS technique, where they
focused on the relationships between the membrane struc-
tures and the polymer/diluent system thermodynamics,
the kinetics of crystallization and phase separation, herein
this current review discusses TIPS technology for polymer
devices based repellent productions to combat against
Malaria. It still remains the principal cause of hospital
consultations in tropical and subtropical endemic regions,
particularly in sub-Sahara Africa, which contributes to the
high number of mortalities.'® According to the latest
World Health Organization (WHO) report, in 2021,
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approximately 247 million malaria cases were reported,
with an estimated number of 61,900 mortalities.!® Most of
the reported cases include children younger than 5 years
and pregnant women who are considered most susceptible
to malaria."®'” During that year, the WHO reported that
approximately 76% of the total number of fatalities were
children.'”” Therefore, to develop polymer based-insect
repellent devices using TIPS technology for safe personal
protection against mosquito bites is required and
mandatory.

The reviews previously mentioned demonstrated suc-
cess in the fabrication of microporous membranes using
various diluents, such as mineral oil, diphenyl ether, liquid
paraffin, decalin, diisodecyl phthalate, dodecanol/soybean
oil (SBO), isoparaffin, soybean oil, and dioctyl phthalate.
However, to the best of our knowledge, a review of TIPS
technology in the fabrication of microporous polymer
membrane devices for slow repellent-delivery, with high-
lights on the crystallization and morphological studies, has
not yet been explored, which is therefore endeavored here.
It is important to note that this work focuses on the recent
advances in the use of insect liquid repellents as diluents
to fabricate microporous polymeric membranes for medi-
cal applications. Furthermore, studies on crystal growth
theories and the behavior of supercooled liquids to inter-
pret the morphology in terms of the independent variable's
crystallization temperature and polymer and repellent
fraction need to be further explored. This has also served
as the foundation for the present research to critically
examine the crystallization and morphological studies of
TIPS technology in fabricating microporous polymer
membranes as devices for slow-repellent delivery.

Finally, the information centralized in this work will
help readers learn more about this challenging field and
will be a useful reference in the future. Understanding
the procedure of preparation of microporous polymer by
TIPS technology as well the structure-function relation-
ship of the polymer and insect repellent is the key to the
effective design of a repellent delivery polymeric devices
to be used for slow-release rate of repellents and prolong-
ing the period of protection of people against mosquito
bites, reducing malaria transmission in endemic regions,
such as in Sub-Saharan Africa.

2 | OVERVIEW OF THE
MICROPOROUS POLYMER
MEMBRANE FABRICATION

Various methods, such as inversion phase, melt extru-
sion, controlled stretching, and electrospinning, can be
used to prepare microporous polymeric membranes
depending on the desired membrane morphology.'®'* To

POLYMER SCIENCE —WI ]_.EYJ—3

choose the best methods of preparing polymer scaffolds,
its application is a key requirement.”*>* Nowadays, the
inversion phase method, also called phase separation, is
widely used due to its scalability and versatility. Phase
inversion is a demixing procedure that yields a solid
membrane by the first phase-separating a polymer dope
solution into polymer-rich and polymer-lean phases, then
removing the solvent.”> Up to now, four principal types
of phase inversion techniques have been employed to
fabricate microporous polymer structures with intercon-
nected open-cell porous networks. These include solvent-
induced phase separation (SIPS), nonsolvent-induced
phase separation (NIPS), TIPS," and thermally assisted
evaporation phase separation (TAEPS).** Below in the
next sections, the TIPS method is carefully reported and
described. This is because this work investigates the liter-
ature studies based on the fabrication of microporous
polymer membranes as devices for repellent using the
TIPS method.

2.1 | TIPS technology

The first study, based on the preparation of a micropo-
rous polymer membrane, was conducted by Castro."
TIPS method presents more advantages in the fabrication
of microporous polymer membranes than previously
mentioned methods.®*® For example, with the TIPS
method, the defects are easy to control, and there is a low
propensity for its formation; TIPS is suitable for fabricat-
ing a diversity of quite thick isotropic microporous poly-
mer structures for slow-release drugs.”**’ Microporous
polymeric materials have gained interest in various fields
of applications, such as microfiltration, ultrafiltration,
catalysis, medication delivery, clean energy, gas separa-
tion, and storage media owing to the particularly high
porosity and surface area of these materials."”

Several polymers have been used to fabricate micro-
porous structures using the TIPs method. They are:
(i) polypropylene (PP)***?%; (ii) polyvinylidene fluoride
(PVDF)*>*!;  (iii)  poly(ethylene-co-vinyl  alcohol)
(EVOH)*?%; (iv) polystyrene®*>*; and (v) polyethylene
(PE).®?*>2%35737 The fabrication of microporous polyole-
fins has been widely investigated due to their cost and
excellent thermal and solvent resistance. The fabrication
of microporous polymer membranes using the TIPS
method occurs through the following steps: (i) at high
temperatures, the homogenous solution is formed by
the combination of the polymer with the diluent or lig-
uid (i.e., repellent). The liquid, in most cases, possesses
a high boiling point and low molecular weight, making
the polymer practically insoluble at room temperature>>;
(ii) After that, the mixture is rapidly cooled or quenched
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to cause S-L or L-L phase separation; (iii) after the sol-
vent extraction and drying the polymer strands initially
containing liquid-repellent (typically by evaporation to
guarantee the complete evaporation of solvent). The
result is a microporous polymer membrane with
the required structure.®*>>®

This work reports and describes in detail the informa-
tion searched in the literature about the fabrication of
microporous polymers as devices or reservoirs for insect
repellent using the TIPS method. Figure 1 shows a repre-
sentative phase diagram demonstrating the behavior of
the phase of the polymer and repellent combination.* As
can be seen in Figure 1, the metastable and unstable
regions and the stable single-phase separation are exhib-
ited by the system at an upper critical solution tempera-
ture (UCST). The phase diagram demonstrates how the
matrix of microporous polymer is highly achieved when
the amount of polymer is in a smaller phase than the
repellent. The Flory—-Huggins theory can be used to
describe the loci of the phase boundaries in the polymer/
repellent systems. This theory is described by the
thermodynamic models presented below. At elevated
temperatures above the UCST, the polymer/repellent sys-
tem is fully miscible. Under this temperature, the phase
separation takes place at a temperature that is influenced
by the amount of the component of the system.
In Figure 1, the two phases’ compositions in equilibrium
at any temperature. In the metastable region, the phase

160
Single phase region
140
Very rapid

23 120 cooling
il | . O OO Or
g 100 ....,..- .
2 80 Metastable
é binodal  .° Unstable

60 region - spn'lodal

region
40
20 F—————t+—F—t————t——rt

0.0 0.2 0.4 0.6 0.8 1.0
Volume fraction repellent ¢, (-)

FIGURE 1
demonstrated by the typical phase diagram. The binodal phase

Fully-miscible polymer/repellent system

boundary is defined by a solid line and the spinodal envelope is
represented by a broken line.* Reproduced with permission from
Elsevier Science Ltd.

separation occurred through nucleation and growth
mechanisms.* This is typical during L-L phase separa-
tion.” If the polymer represents the minor phase, it
results in the unintended creation of distinct polymer
particles that are deferred into a continuous repellent
phase.

The spinodal curves are an additional set of phase
envelopes that exist inside the two-phase area. This area
of the phase diagram represents the thermodynamic full
instability of a homogenous mixture. The solution divides
into two phases on its own, as opposed to the metastable
bimodal zone. Via a solvent-rich phase, a polymer-rich
phase, and spinodal breakdown. This method of phase
separation amplifies innate thermodynamic spatial com-
position changes through diffusion processes that result
in a finely distributed microstructure. In the end, this
cocontinuous structure might be stabilized by the poly-
mer of the polymer/rich phase crystallizing afterwards.
This implies that a substantial volume of liquid is trapped
in a microporous polymer/rich phase structure. As previ-
ously described, such microporous polymer structures are
frequently obtained through fast cooling of homogeneous
polymer/repellent solutions melt in a bath of cold water.*

2.1.1 | Modeling porous polymer membrane
obtained by TIPS technology

Thermodynamics and kinetics studies are fundamental
in modeling membrane performance. The kinetics of
phase formation, transfer rates, and thermodynamic
potential differences control the intricate multiscale pro-
cess of membrane development via TIPS.* It is challeng-
ing to observe and characterize the membrane formation
process via TIPS using experimentation techniques alone
due to the numerous variables, process speed, and com-
plexity of the interactions.® As a result, modeling is an
especially helpful technique for greatly advancing our
comprehension of membrane formation. Modeling of
membranes can be done using pore structure and pore
size distribution. In the TIPS process, solvent molecules
and polymer segments travel and interact at the molecu-
lar scale on length and time scales of nanometers
(nm) and nanoseconds (ns), respectively.'®*' The very
thin interfaces that membranes create enable the selec-
tive transfer of heat and mass between various phases.
Phase domains and various organized structures with
typical length lengths of 10-100 nm form at the meso-
scale during time scales of 10-1000 ns.'® Macroscale anal-
ysis reveals that fluid dynamics, heat transfer, and mass
transfer are three closely related transport phenomena
that should be involved in membrane formation via TIPS.
These three transport phenomena typically occur
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simultaneously in physics and engineering science, and
they can be described mathematically using similar tech-
niques.® The fundamental physical and chemical laws,
such as the laws of conservation of mass, energy, and
momentum, serve as the foundation for these mathemati-
cal models. These laws are typically expressed by various
types of continuity equations, which can be thought of as
a more powerful, local form of conservation laws.'©

Transport phenomena modeling in TIPS has been
carried out since 1998 to forecast the shape and charac-
teristics of the membranes as well as to characterize the
heat transfer and compute the concentration profiles of
various components.** In investigating the effects of vari-
ous process parameters on the membrane structure, stud-
ies by Lloyd et al. focused on PP/diluent systems through
a series of theoretical, modeling, and experimental stud-
ies. The casting film and bath were treated as finite and
infinite domains, corresponding to the different parts of
Figure 2. The variable 1(t) denotes the (moving) position
of the interface between them; continuity equations of
the system are described in Equations (1) and (2).

L2 (v, o

dp, _d dw,
7+(9_z(p2v) =9z (PDza 8—z> , (2)

where, subscripts 2 and 3 refer to the diluent and poly-
mer, respectively, D,; refers to the mutual diffusion coef-
ficient of the diluent, p and p; are the mass densities of
the membrane solution and component i, respectively. o;
denotes the weight fraction of component i, respectively,
and o is the mass average velocity.

As shown in Figure 2A,B, The Krantz and Greenberg
model (KG model) is used to model coupled heat and
mass transfer. However, only heat transfer is considered
when modeling the quenching process, whereas both

(A) Evaporation

Air (gas)
moving interface /(2)
"on
? “solvent .
polymer solution
z=0
substrate immobile interface

FIGURE 2

mass and heat transfer must be considered during the
evaporation stage.® This is because the polymer solution is
made at a high temperature and is cooled below the spino-
dal decomposition temperature in the presence of an
immiscible liquid to form the membrane after casting and
a brief period of solvent evaporation that creates a gradient
in the polymer concentration.”> Mass transfer does not
need to be considered at this point because the interac-
tions between the cooling liquid and the polymer solution
are negligible. Based on Fick's diffusion law of mass and
heat, the evaporation model. However, in the case of the
casting solution, Fourier's Law was used by the quenching
model, as shown in Equation (3). The temperature profile
evolution and component volume concentration were
computed and found to be consistent with the membrane
microstructure and thickness determined from the corre-
sponding experimental observation.'

aT T

Furthermore, research studies by Barton and
McHugh** on the prediction of the membrane pore mor-
phologies, was the first TIPS modeling work, which com-
puted the evolution of pore size gradients in the casting
solution using a combination of simple heat transport
and droplet growth rate kinetics. In the year 2016, Zhou
et al.** developed a modified Maxwell-Stefan model that
considers a cylindrical configuration to characterize the
mass and heat transfer in the air gap and coagulation
bath stages of the TIPS process.**** The temperature and
concentration fields of the system during the TIPS pro-
cess were calculated to reveal the governing factor that
determines the membrane asymmetry, and the model
form was like Equations (1)-(3). In 2017, Manzanarez
et al.*® used water as a solvent instead of conventional
organic solvents to develop a numerical model to investi-
gate optimal operating conditions for the polyvinyl

(B) Quenching process

immiscible liquid

f moving interface /(?)

Q

polymer solution

z=0

substrate immobile interface

Schematic of the casting polymer solution and the surrounding “bath” for the TIPS processes. (A) and (B) represent the

evaporation during the quenching period, respectively.'® Reproduced with permission from Elsevier Science Ltd.
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alcohol (PVA)/water system. The model was based on
the Flory-Huggins theory, a specific diffusion formalism
for dilute systems, and external mass transfer in free
convection.*>*°

During phase separation, the volume-averaged molecu-
lar concentrations are represented by continuous field vari-
ables that evolve in the phase field (PF) approach on time
and length scales. PF approach is a powerful tool for model-
ing membrane formation processes on the mesoscale.*’
These field variables offer details about the local composi-
tion of a given phase at any given location and the locations
of interfaces between distinct phase domains where concen-
tration changes from one value to another.'” The Cahn-
Hilliard (CH) equation, which evolves conserved field vari-
ables, is a fundamental component of the partial fraction
method. For multicomponent mixtures, the CH equation
functions as a diffusion equation based on a presumptive
thermodynamic model as shown in Equation (4).%'°

‘Z_‘fzv(Mv <3F3%;((”)—2KV2¢)>. (4)

As represented in Equation (4), ¢ is a conserved field
variable that usually denotes the local volume fraction of
polymer in a polymer-solvent solution in polymer mem-
brane formation research. The field variable's mobility is
denoted by M, while the parameter « scales the interfacial
energy at the hetero-phase interfaces. The thermody-
namic energy of mixing Fpix can be selected from a quan-
titative theoretical model, such as the Flory-Huggins
model, where Fpix(¢)=AGnix. The description of the
Flory-Huggins theory in polymer/repellent systems is
described below.

In addition, some microscale molecular-scale simula-
tion techniques, such as molecular dynamics (MD) and
dissipative particle dynamics (DPD), have a particular
advantage in simulating the membrane formation due to
the trajectories of these individuals, and the molecular
structure information can be directly involved.*” This is
because the molecular structure of the systems has a sig-
nificant effect on the membrane formation, and the two
methods (transfer and PF models) treat atoms and mole-
cules implicitly. Representations of structures, such as
membrane structure and pore size, are the results of
molecular simulations that can be examined in relation to
relevant phenomena.*® The formation of a phase inversion
membrane typically occurs over length scales of microns
and time scales in the order of seconds, so it is obvious
that an MD simulation cannot capture the entirety of the
process. Consequently, because of its limitations on spatio-
temporal scales, people tend to use the MD method to
reveal the interaction between system components and
calculate some important thermodynamic parameters, like

solubility parameters, to support and validate the experi-
mental results to optimize the membrane preparation
parameters rather than using it to simulate phase
separation.'%*®

A summary of the modeling study revised in this
work is displayed in Figure 3. The external field of the
polymer solution was altered, which brought a sequence
of changes, together with temperature and concentra-
tion alteration, phase separation, and phase inversion
(polymer solidification), which controls the porous poly-
mer membrane structure.

In conclusion, the membrane formation process can
theoretically be replicated in computers due to the inher-
ent differences in molecular simulation (of which DPD is
a representative example) and the assumptions made
regarding the forces or energetic interactions between
segments of matter. Nevertheless, the molecular simula-
tions' scales remain far from the real membrane because
of the computational power limitation. According to the
state of the most recent modeling research, it is antici-
pated that in the future, suitable multiscale modeling that
covers the benefits of large-scale modeling techniques
and has effective coarse-grained potentials derived from
molecular tools will be developed to replicate the pore
structures on specific systems of industrial interest.

In the field of polymer-based repellent delivery sys-
tems, Sungkapreecha et al.** and Akhtar and Focke®
reported the polymer/repellent systems' phase behavior
(i.e., LLDPE/Citronellal and PLA/DEET). The Flory-
Huggins theory has been used to investigate the phase
behavior of polymer/repellent systems. This theory is
based on the methods that authors®>*' proposed to char-
acterize the thermodynamic aspects of polymer solutions.
It's a lattice model where all solvent molecules and poly-
mer segments are thought to occupy exactly one lattice
site. Equation (5) of the Flory—-Huggins model describes
how variations in the size of the polymer and solvent or
diluent molecules affect the mixing entropy.

AGmix = RT[mIn¢; +nyIng, +nighoyl, (5)

where AGpix represents the mixing's molar Gibbs free
energy; n; and n, represent the solvent and polymer
moles that are present, respectively; ¢, and ¢, are the
solvent and polymer volume fractions, respectively; the
Flory-Huggins interaction parameter is represented by y;
R is the gas constant and absolute temperature is repre-
sented by T. Equation (5) can be rewritten as shown in
Equation (6).

AGix =RT[(1 = ¢,)In(1 = ¢p,) + (/%) Inh, + 5 (1 = ,) 5,
(6)
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FIGURE 3
with permission from Elsevier Science Ltd.

where the amount of mixing energy that Gibbs gives per
mole of lattice sites is represented by AGy;x, and x repre-
sents the proportion of the solvent's molar volume to the
polymer's (Equation 3):

x=(Mn2/p2)/(M1/p1)- (7)

To determine the Flory-Huggin's interaction parame-
ter (y) of the polymer/repellent systems as a function of
temperature, Equations (8) and (9) proposed by McGuire
et al.,>* have been applied by Akhter et al.>* and Matsu-
yama et al.*’ In TIPS processes, the diluent (liquid repel-
lent) is a key factor in controlling the microporous
polymer membrane structure. The thermodynamic prop-
erties have an immediate impact on the compatibility
between the polymer and the diluent, including the tem-
perature of crystallization and the binodal line.®

() = @ =m0/ (1-2)]
+-1/x)(a5-45),  ®)

In(¢/¢4)
+e-1)(#5-44), ()

x|(1-0) - -0’2

Temperaturelconcentration field

Solidification

Modeling study summarized demonstrating the formation of porous polymer membrane via TIPS technology.'® Reproduced

Formed

.

@ Mesoscale: Phase fi eld

where in the polymer-poor phase, the volume fraction of
the polymer is represented by ¢35, and the polymer vol-
ume fraction in the polymer-rich phase is demonstrated

by ¢’2’
x=A+BJT. (10)

An example of the Flory-Huggins interaction param-
eter for the systems LLDPE/Citronellal (Figure 4A) and
PDLLA/DEET systems (Figure 4B) conforms with the
linear behavior recommended by Equation (6) where
UCST phase behavior is well explained by Flory-Hug-
gins's theory with the interaction parameter y exhibiting
the following temperature dependence. The application
of all equations above described the coexistence curves of
binodal and spinodal coexistence are calculated and was
previously shown in Figure 1.

3 | CRYSTALLIZATION STUDIES
OF POLYMER IN SOLUTION WITH
THE INSECT REPELLENT

As previously discussed, the phase separations between
S-L and L-L display diverse kinetics studies to be used to
identify the mechanism of separation. For example, for
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spinodal decomposition, which occurs when the solution
is thermodynamically unstable, the L-L phase separation
is quick since the process is spontaneous.” L-L phase sep-
aration on the cooling of a solution under the spinodal
phase transition line and remixing on heating takes place
at similar temperatures.”'*>*> On the other hand, crystal-
lization in an S-L phase separation needs relatively high
supercooling to produce crystal nuclei, and the crystalli-
zation and melting temperatures on the cooling and fol-
lowing heating are frequently not similar.*®

There is often a dependence between the temperature
of crystallization and the cooling rate due to the nucle-
ation and growth mechanism.”>* The demixing behavior
of polymeric materials solutions can be visually observed
by cloud-point measurement. The measurements give
details of the solution change in its optical appearance,
commencing from clear toward turbid. The light scatter-
ing at phase boundaries is what creates the turbidity.>>
The limitation of the cloud-point measurement is that it
does not give rapid details about the demixing mecha-
nism (i.e., L-L and S-L phase separation). In general, the
crystallization's kinetics, such as nucleation and growth
mechanism, are discussed using Avrami Lauritzen and
Hoffman's approaches.®® The crystallinity's changes as a
function of time and is estimated using the Avrami Equa-
tion, shown in Equation 11."> Therefore, this equation
can be used to ascertain the degree of crystallization of
the polymer-based repellent system.

X =1-exp(—Kt"), (11)
In[—1In(1—X,)] =nln(t) + In(K), (12)

where the polymer's volume fraction crystallized is repre-
sented by X at t, which represents time, a rate constant,
which is dependent on temperature and relates to the
rates of nucleation and crystal growth, is represented by
K, and the parameter relating to the crystal geometry
known by Avrami exponent is demonstrated by n.

1000/T (1/K)

The parameters of Avrami, such as n and
K are obtained from the slope and intercept of an
Avrami plot of In[—In(1—X,)] in contrast to In(¢). For
isothermal crystallization, the K is determined by
Equation (13).

K =1n2/t}),, (13)

where t;/, is the half time. This is the time that is
required for 50% of the total crystallization to take place.
On the other hand, the phase separation of polymeric
solutions and the crystallization behavior of fully biode-
gradable or nonbiodegradable polymers have been stud-
ied by calorimetric and microscopic techniques.’’ DSC
analysis has been employed to investigate the crystalliza-
tion/S-L phase separation temperature of the polymer/
liquid repellent systems and temperatures for phase sepa-
ration (L-L) of polymer-based repellent systems. The
polarized-light optical microscopy (POM) method has
been used to investigate the crystallization behavior
induced by S-L or L-L phase separation for systems of
polymer-based repellents by visualizations of spherulite
formation. The crystallization of polymers occurs in sev-
eral steps; the process is preceded by crystal nucleation
and primary and secondary crystallization.*® The primary
crystallization is characterized by quite quick space-
filling spherulitic growth of crystals or lamellae. On the
other hand, a secondary crystallization process is charac-
terized by the existence of a slow perfection of crystals,
with additional production of small crystals into the
amorphous phases between the growths of crystals
through primary crystallization, named by crystallization
of insertion.”®>® Various authors demonstrated that a bio-
degradable polymer known as polybutylene succinate
(PBS) crystallizes abstemiously quickly under the equilib-
rium melting temperature (T,,0) approximately at
130 °C.°% The time interval of crystallization was
approximately 1-10s higher than the ambient tem-
perature.®*®> At supercooling, the melt-crystallization
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proceeded by the growth of lamellae and the spherulite’s
formation.”®®® The maximal crystal fraction is less
than 50% because the molecular segments cannot diffuse
into the intracrystalline chain-sliding.*®®" Suppose crystal
rearrangement is sped up by rapid heating; in that case,
lamellae are formed at low melt-supercooling melt within
a few degrees Kelvin above the crystallization tempera-
ture with a thickness below 10 nm.*>"”° Otherwise, crystal
melting and lamellar thickening, then melt-
recrystallization, occurs during slow heating.

Crystallization studies of biodegradable polymers,
such as PBS and polylactic acid (PLA) at low melt-
supercooling, have been well studied. This has been dem-
onstrated by morphological information, such as pores
size, crystal organization, and structure. Therefore, this
information may be crucial since conventional melt-
processing of biodegradable polymer (i.e., PBS) using
extrusion, injection molding, or blow-molding usually
consists of quick cooling or quenching using ice-bath
water and solidification at low temperatures.”®”""”3

In conclusion, by reducing the temperature until it is
below the crystallization curve of equilibrium, all the
products developed by TIPS can be frozen. The polymer
crystallization rate and, in turn, the final polymer mem-
brane structure are determined by the depth of the tem-
perature reduction.'> Upon crystallization of the phase
rich in polymers when lamellae initially form and then
grow in a spherulite structure. The diluent, or repellent,
is moved from the growth front to the interlamellar
areas—the spaces between the lamellae—as the lamellae

(A)

- 000 §0
B)

o -00-0 @O
(C),\“ y i
0000 @)
D)

o0 00 @)

FIGURE 5

Polymer-lean droplet
in the L-L phase

Polymer-lean droplet
in the inter-lamellae

Polymer-lean droplet
in the inter-lamellae
and intra-spherulites

form. Some droplets may be prohibited from the spheru-
lites and form cavities between spherulites (interspheruli-
tic areas), while others may be tricked between lamellae
inside the spherulite (intraspherulitic or interlamellae
areas), based on how quickly spherulites grow in relation
to the diluent-rich droplet's mobility or diffusivity.'>>*7”3
Impregnating by adding a suitable element or nanoparti-
cles to a polymer-based diluent system is a typical tech-
nique for preparing Polymer blend TIPS membranes. A
small number of nanoparticles added to polymer solutions
act as nucleation sites, influencing the rate of crystalliza-
tion and subsequent growth. These factors have a signifi-
cant impact on the mechanical strength of the final
polymer membrane, the porosity of the polymer, and the
morphology of the crystals, particularly in S-L TIPS pro-
cesses.'” In general, Figure 5 shows four possibilities when
the polymer-rich phase commences crystallizing: (a) two
forthcoming spherulites interrupt and origin the deforma-
tion of a droplet (Figure 5A); (b) two droplets drive to each
other at the growth of the spherulite (Figure 5B); (c) the
movement of fluid origins a convective flow amid the
spherulites (Figure 5C); and (d) droplet displacement pro-
duces huge micro voids (Figure 5D)."

Recently, studies on the crystallization behavior of
polymers/repellent solutions prepared by TIPS technol-
ogy have attracted more attention from researchers. For
example, the crystallization studies of PBS in the pres-
ence of repellent DEET performed by DSC (Figure 6A,B)
and POM (Figure 6C) were conducted by Yener et al.**
Crystallization-controlled TIPS and the fabrication of a

B KR

The schematic illustration demonstrates the deformation of a diluent-rich droplet during the effect of spherulitic boundaries

(A); two drops coalescing amid two spherulites (B); a convective flow obtained between forthcoming spherulites (C); and the creation of
huge macro voids in the connection amid spherulites (D). (E) Schematic description of polymer-lean droplets locking in the polymer
membrane throughout polymer crystallization; and SEM images of polymer membranes.'® Reproduced with permission from Elsevier

Science Ltd.
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spherulitic superstructure occurred when cooling the
PBS/DEET solutions. The POM morphology was affected
by the cooling conditions (Figure 6C). The influence of
cooling rate on crystallization due to the general con-
cepts, such as the interdependency of nucleation rate on
temperature was affected; there was an enhancing quan-
tity of nuclei/spherulites detected when the rate of cool-
ing increased, this means whether -crystallization/
nucleation takes place at the elevated supercooling sys-
tem. In addition, the concentration of polymers did affect
spherulites/crystalline structures. For example, a higher
quantity of spherulites/crystalline fraction was observed
with increasing the amount of polymer.

In summary, the POM micrographs of PBS/DEET
solutions led to the intermeshing of spherulites, aiming
to produce mechanical stability instead of a rather liquid-
like behavior, which was only detected for samples with
30 m% of PBS and, after quick cooling. Figure 6A,B
shows the DSC quantitative results regarding transition
temperatures in nonisothermal crystallization experi-
ments as a function of the content of PBS. Several data-
sets, which were characterized with symbols/colors,
demonstrated the influence of the rate of cooling and
revealed the kinetics of the crystallization process. The
reduction in the crystallization temperature was observed
with enhanced concentration of repellent DEET. This
was attributed to the equilibrium-melting temperature
depression and the effect of dilution, slowing down both
homogeneous nucleation and crystal's growth.**”*7

m% PBS ——»

FIGURE 6 (A, B) showing
DSC curves at transition
temperatures in nonisothermal
crystallization and (C) showing
the POM morphology
micrographs due to the rate of
cooling.** Reproduced with
permission from Springer.

Poly (L-lactic acid) (PLLA) is a polymer that dissolves
into repellent DEET at high temperatures and crystallizes
on cooling or quenching under concentration-dependent
equilibrium melting temperature, producing scaffolds.
Using DSC and POM techniques, the nonisothermal and
isothermal crystallization behavior of PLLA/DEET solu-
tions was investigated.”” The nonisothermal (Figure 7A,B)
and isothermal crystallization studies (Figure 7C) demon-
strated that the crystallization behavior of the PLLA/
DEET solution was quicker compared with the pure
PLLA. However, the maximum rate of crystallization
decreased with the reduction in PLLA concentration. The
reduction in the crystallization rate as a function of the
repellent DEET amount was attributed to the growth of
the crystals reduction rate (Figure 7D) and the nuclei den-
sity. It was assumed that the presence of DEET contrib-
uted to the strong reduction of glass transition (Tj), and
the increase in the mobility of chain segments of PLLA
was considered the principal cause of the enhanced rate of
crystallization compared with melt-crystallization of pure
PLLA. However, the advantageous influence of enhanced
mobility of chain segments is progressively compensated
by the effect of dilution, which lengthens the needed diffu-
sion path for the crystal's growth.

Figure 8A shows micrographs of different samples
with 10-50 wt.% concentrations of PLLA. As can be seen
in Figure 8A, spherulitic crystallization was observed, but
regular variations were observed in the size of the spher-
ulite and structure when changing the rate of cooling and
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concentration or composition of PLLA and DEET. In
addition, the POM method was explored to investigate
the morphology of the PLLA/DEET system after isother-
mal crystallization at three different temperatures (60, 70,
and 80 °C) (Figure 8B). The POM micrographs of the
samples revealed important information, such as: (i) For
certain compositions, the nuclei density increased with a
reduction in the temperature of crystallization; (ii) The
nuclei density decreased with a reduction in the amount
or concentration of PLLA at a certain temperature of
crystallization. As a result, at room temperature, the
remaining liquid solution after crystallization may form a
distinct continuous interspherulitic phase or be confined
between spherulites.”’

4 | MORPHOLOGICAL STUDIES
OF POLYMER DEVICES OF INSECT
REPELLENTS

The microporous polymer membranes applied in the drug
delivery field in tissue engineering, the ideal scaffold should
be three-dimensional (3D), extremely porous, and have a
permeable structure containing a homogenously distributed
and interconnected open-cell porous network.”**® Further-
more, suitable pores (size, shape, and wall morphology) are

100 125 0 50 100 150 200
Crystallization temperature (°C)

required. Overall, morphological properties (pore size and
porous structure) of polymer membranes are highly depen-
dent on the quenching or cooling conditions. Quick cooling
provides a range of nuclei and reduces the amount of time
needed for crystal growth, while slow cooling offers
extended times for crystal growth, ensuing in polymer
membranes fabricated by L-L separation with crystalliza-
tion step following. Generally, a porous, cellular-like,
and/or continuous structure is most often formed.*" On the
contrary, the microporous polymer membranes obtained
through S-L phase separation have demonstrated spheru-
litic structures.®’ Recently, Focke's research group has
developed an approach to fabricate microporous polymeric
materials-based insect repellents by melt blending using
TIPS technology. Several problems related to the low inter-
connectivity, low void volume, inadequate control over the
size and distribution of pores, and challenges in obtaining
materials with consistent porosity of the polymeric mate-
rials have been resolved by the research group.

4.1 | Morphological study of polyolefin
devices of insect repellents

Polyolefin is a low-cost polymer considered to be physi-
cally, chemically, and thermally stable, with good
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FIGURE 8

POM micrographs show (A) PLLA/DEET systems with various concentrations (10-50 wt.% PLLA) obtained after cooling at

rates of 2, 10, and 30 K/min; (B) PLLA/DEET systems containing different concentrations of PLA (10-50 wt.%) produced after isothermal
crystallization at 60, 70, and 80 °C.”” Reproduced with permission from Wiley.

mechanical properties. Nowadays, polyolefin is widely
used to produce membrane materials for several applica-
tions.®? However, with contact angles between 100 and
120 °C, their membranes have low hydrophilicity, neces-
sitating improvement of their surface wettability.'> Con-
ventional diluents have poor eco-toxicological profiles
because of the nature of the polymers that are exten-
sively used for the TIPS process. Several research
works have demonstrated a success in fabrication of
microporous membranes using main diluents such as
mineral oil (MO),** diphenyl ether (DPE),**"®° liquid
paraffin (LP),>”**87"°! decalin,®**' diisodecyl phthal-
ate (DIDP),**°? dodecanol/soybean oil (SBO),*®
isoparaffin,®® soybean oil (SBO),*® dioctyl phthalate
(DOP), dioctyl phthalate (DOP)/polytetramethylene
glycol (PTMG), soybean oil (SBO)/poly(tetramethylene
glycol) (PTMG).”* The common polyolefins used in the
fabrication of microporous polymer membranes
include LDPE, HDPE, UHMWPE, EVA, and PP.*
Scanning electron microscopy (SEM) is the most
important method of analysis used to investigate the mor-
phology in the polymer field. Therefore, in the case of

polymer-based repellent devices, the morphological stud-
ies can give enough information on how the microporous
structure known as reservoirs trapped large amounts of
the liquid repellent and how the concentration of poly-
mer, repellent, and type of polymer, repellent, and fillers
as well as cooling rate which can influence on the mor-
phology of the polymer membrane devices.

The first study regarding the fabrication of micropo-
rous polyolefin membranes as devices for insect repellent
citronellal using the TIPS method was done by Akhtar
and Focke.*® The system of LLDPE/Citronellal was
obtained by a simple melt method where the samples
were placed in an oven at 150 °C to permit its homogeni-
zation state. After that, the LLDPE matrices containing
citronellal were quickly submerged in ethanol and ethyl-
ene glycol mixtures containing crushed dry ice to
quench-cool them. Different quenching solvents, such as
ethanol ethylene glycol, were chosen to obtain quenching
temperatures of —18, —14, and 5 °C.”* Liquid nitrogen
was used to quench another sample (ca. —170 °C). It is
important to note that this study demonstrated that an
effective way to change the heat rate and mass transfer
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during the quenching period of a TIPS method is by add-
ing a solvent to the quenching bath. These solvents have
the property of increasing the bath's viscosity, resistance
to heat transfer, and rate of solvent-nonsolvent exchange.
For microporous polymer membranes prepared via TIPS
technology, the porous structure happens throughout the
formation of the polymer membrane. The solvent differ-
ence between the polymer/diluent solutions and the
quenching bath can be minimized by adding solvent to
the latter and may consequently affect the TIPS process,
altering the relatively large quantity of the equivalent
structures in the final membrane.’> Quenching homoge-
neous melt mixtures results in a microporous structure
with submicronic pores (Figure 9). Because the liquid cit-
ronellal was trapped inside the polymer framework and
held there by capillary forces, it was effectively solidified.
The impact of quenching temperature on LLDPE/
Citronellal system morphology (40 wt.%/60 wt.%) was
confirmed using SEM analysis (Figure 9). The tempera-
ture of quenching used varied from 5 °C to that of liquid
nitrogen. There is a correlation between the cooling rate
and the quenching bath temperature. In the TIPS tech-
nology, this causes phase separation and regulates the
development of the microporous polymer membrane.
According to recent research based on the TIPS process,
the temperature at which the polymer is quenched affects
mass and heat transfer, which controls the membrane
structure, including bi-continuous and macro void struc-
tures in various regions.'>**%°

Furthermore, by modifying the bath's composition
(such as adding an organic solvent), the mass transfer in
the TIPS method can be precisely controlled. Further-
more, considering the need for environmentally friendly
industrial processes and the restricted environment strat-
egy, the use of green and eco-friendly additives has been
highly recommended. Considering sustainability and the
promotion of green chemistry principles, this research
path merits more attention."”” According to SEM micro-
graphs, it was possible to observe that over that tempera-
ture range, all samples presented a different morphology.
The cocontinuous structure seen by SEM suggested that
spinodal decomposition was, in fact, the cause of the
phase separation (Figure 9A-D). For all the samples
investigated, the typical pore sizes were less than 1 pm.
Therefore, as capillary forces increase with decreasing
pore diameter, it is likely that they effectively retain the
liquid repellent in the fine open-cell polymer foam.

Additionally, hot-stage optical microscopy is used to
determine the cloud point and the behavior of crystalliza-
tion of the LLDPE/Citronellal system (Figure 9E-G). The
LLDPE/Citronellal formulations were heated above
the melting temperature of LLDPE to obtain full miscibil-
ity between LLDPE and Citronellal; afterwards, these

FIGURE 9 SEM micrographs of LLDPE/citronellal

(40 wt.%/60 wt.%) were prepared using the TIPS method. Different
morphology of the polymer-based repellent was obtained by
different quenching temperatures: (A) —171 °C (liquid nitrogen);
(B) —18 °C; (C) —14 °C, and (D) 5 °C. Optical micrographs of the
phase changes LLDPE/Citronellal (70 wt.%) showing (E) a
Homogeneous mixture at 140 °C; (F) the appearance of turbidity at
108 °C, and (G) the solidified crystalline material at 80 °C.'?
Reproduced with permission from Elsevier Science Ltd.

were cooled at a constant rate (10 °C/min). The micro-
graphs showed that various spots were observed at the
cloud point. Furthermore, after cooling, the crystalliza-
tion in the LLDPE/Citronellal mixtures took place.

From the work done by Akhtar and Focke, new
advances in the development of microporous polyolefin
strands as slow-release devices for repellent via the TIPS
method using synthetic repellents (DEET and Icaridin) as
a diluent were conducted by Mapossa et al.* The extrusion
compounding was used to fabricate linear low-density
polyethylene (LLDPE) devices for repellents. The extruded
strands were quickly cooled in an ice water bath to allow
the microporous polymer fabrication. The effect of the
repellents DEET and Icaridin on LLDPE strands was
investigated by SEM analysis. Additionally, additives
(fillers) such as Dellite 43B organo-modified clay and pyro-
genic silica were added into LLDPE polymer, and their
impact on the polymer matrix was investigated using SEM
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analysis. The effect of the repellents’ nature and their con-
centration on the phase morphology of LLDPE, evidenced
by the solvent extraction method, was presented in
Figure 10. The SEM micrographs showed that the nature
of the microporous LLDPE strands observed was uniform
with the anticipated cocontinuous structure when spino-
dal decomposition caused the phase separation.
Nevertheless, it was evident from the SEM micro-
graphs presented in Figure 10 that the type of insect repel-
lent and its concentrations incorporated into LLDPE
strands greatly affected the final microcellular
LLDPE structure. According to the authors, these had dif-
ficulties in describing the spatial organization of these
open-cell foams. The LLDPE-based-DEET samples pre-
sented a scaffold highlighting a filamentous structure
(Figure 10A,B). For samples based on the LLDPE/Icaridin
system, its microstructure is demonstrated to have a more
cellular appearance containing close spherical cavities uni-
fied through smaller avoids (Figure 10C,D). In summary,

FIGURE 10 SEM
micrographs demonstrating the
effect of type of insect repellent
and its concentration on the
morphology of LLDPE strands
containing: (A) 20 wt.% DEET;
(B) 30 wt.% DEET; (C) 20 wt.%
Icaridin; (D) 30 wt.% Icaridin. A
5 wt.% of clay was added to all
LLDPE strands. Influence of
silica and type of repellent on
the morphological structure of
LLDPE strands contained:

(E) 30 wt.% Icaridin; (F) 30 wt.%
DEET. A 5 wt.% of silica was
added to all LLDPE strands.”*
Reproduced with permission
from Elsevier Science Ltd.

for all samples, the scale of cavities or holes was in the
order of a few micrometers.

A remarkable observation was that, in all samples,
there were no clay platelets observed on microporous
LLDPE devices, which suggested that the filler platelets
had been restricted to the microporous scaffold structures’
polymer-rich phase (Figure 10E,F) showed the effect of
fumed silica and the nature of repellent on the morphol-
ogy of the extruded LLDPE matrix. The SEM micrographs
of the LLDPE matrix changed when the fumed silica was
added, thus affecting the structure of the microporous
polymer strand. Additionally, the micrographs indicated
the presence of fumed silica particles that were aggregat-
ing inside. This suggested that the fumed silica mainly
existed in the repellent-rich phase after phase separation
was complete. This behavior was most visible for the
strands based on LLDPE with Icaridin (Figure 10A,B),
where the pore sizes are bigger than those of LLDPE with
DEET systems (Figure 10C,D).*
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FIGURE 11 Illustration of the exfoliation of the clay platelets
into the polymer matrix to control the effective repellent diffusion
path.”® Reproduced with permission from Springer.

In summary, it is important to understand that addi-
tives/fillers interactions meaningfully influence the solu-
tion demixing phenomena, hence influencing the
microporous polymer membrane morphology and its
activity.”® For example, additives influence the binodal
line location, which brings a thermodynamic effect by
either initiating or delaying the crystallization behavior
of the polymer (kinetic effect). The polymer membranes
can be affected by additives in ways such as: (i) They can
form pores that improve the membrane permeability;
(ii) They can alter the surface properties, changing the
hydrophilicity or hydrophobicity of the membranes;
(iii) Lastly, additives can improve the membrane
mechanical properties.”® The filler of 5 wt.% Dellite 43B
clay was added in all samples to obtain the full exfolia-
tion of the nanoparticles into the polymer matrix to con-
trol the volatility of the repellents from the membrane
polymer structures to the outer surface of the micropo-
rous polymer-based repellent known as a reservoir for a
large quantity of active ingredient (Figure 11).°° The
addition of clay (<10%) in the polymer matrix results in
the improvement of the mechanical, thermal stability,
and permeability properties and improves the compatibil-
ity of the active ingredients into the polymer.'®"” These
improvements are beneficial in the pharmaceutical
industry.

As the idea of the research work by Mapossa et a
was to develop LLDPE as devices to control the release
rate of insect repellent to be used to control malaria trans-
mitted by mosquitoes in endemic regions, the SEM analy-
sis was used to investigate the existence of membrane and
the thickness of the membrane that covers the polymer-
based repellents strands. SEM micrographs in Figure 12
showed the morphology (outer surface) of an LLDPE
strand primarily containing DEET. The noticeable border
observed in the cross-section view (Figure 12A), the side-
view (Figure 12B), the smooth outer surface
(Figure 12C,D) and the presence of a skin-like membrane
that covered the microporous LLDPE strands were

1'96

FIGURE 12

SEM micrographs showing: (A) a Cross-section of
the extruded LLDPE strand; (B) a side-view of the cut strand;

(C) the appearance of the microporous inner surface contrasted
with (D) the outer surface appearance of the polymer skin.*
Reproduced with permission from Elsevier Science Ltd.

observed by SEM. The observation suggested that the high
quantities of repellents, such as DEET and Icaridin can be
well trapped in the microporous LLDPE, and it can be
controlled by its release by the membrane of LLDPE. This
is an advantageous aspect since the work was designed to
fabricate microporous polymer membranes capable of
guaranteeing effective protection of people against mos-
quito bites for an extended period.

According to research by Akthar and Focke® and
Mapossa et al.,* temperature has a significant impact on
the morphology of product-based polymer/repellent sys-
tems. Raising the temperature of the polymer/repellent
system causes its viscosity to decrease and the tempera-
ture of the gradient to rise via the TIPS process, which
influences phase separation and promotes heat transfer.
Yet, because most repellents have boiling points above
200 °C and above the cloud point, the drug (repellent)
TIPS processes typically have temperature restrictions.
Rather, it ought to be between 25 and 200 °C below the
boiling point of the repellents (diluents).”” To achieve
high performance of LLDPE membranes in systems with-
out a cloud point, the profile of extrusion temperature
should be higher than the polymer-based repellent solu-
tion's crystallization temperature.*

By adjusting the solution's temperature, the structure
and activity of the microporous polymer membrane can
be modified. Therefore, in the TIPS technique, high dilu-
ent evaporation at the air gap during the membrane
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preparation process due to an elevated temperature (typi-
cally >200 °C) enables an increasing polymer surface
concentration. This induces the formation of a dense
layer on the membrane surface, which significantly
reduces the membrane permeability. Furthermore, the dil-
uent evaporation similarly affects the membrane sub-layer,
resulting in the formation of a dense structure.'>”®
Although there are some traditional methods capable of
addressing this issue, such as decreasing the air gap dis-
tance, increasing the temperature at the air gap, and
increasing the extrusion rate, the membrane surface and
sub-layer morphological structures (e.g., bi-continuous
network density, spherulitic size, and lamellae thickness)
are difficultly engineered to achieve some specific applica-
tion requirements.”® A denser outer surface of the micro-
porous LLDPE strands with reduced membrane
permeability was produced by Mapossa et al.* (Figure 12).
Additionally, the LLDPE-based repellent systems prepared
by extrusion demonstrated greater consistency of the
porous where the cocontinuous porous was formed.

Due to some advantages of EVA compared with
LLDPE, such as its special molecular structure and modi-
fiable characteristics associated with vinyl acetate
content,””'® EVA produces soft material membranes
that can be applied as potential devices of repellent due
to the materials being more comfortable for wearing.
Because EVA is a commercially available, biocompatible,
and nontoxic polymer, it is also frequently applied as a
biomaterial’®" for medical applications.”® Additionally,
because of its stability, EVA is a popular scaffold material
for drug delivery (i.e., repellents) over an extended
period. With the consideration of the advantages associ-
ated with EVA, Sitoe et al.®®> demonstrated, via TIPS, the
possibility of fabricating microporous EVA with DEET
using extrusion compounding. The produced EVA
strands-based repellents were to be applied in malaria
control. The visualization of microporous EVA strands
was done using SEM analysis, and it was an important
task as open cells could act as reservoirs for large quanti-
ties of repellents. Thus, SEM micrographs of EVA pri-
marily contain 20 and 40 wt.% of DEET and 30 wt.% of
Icaridin are shown in Figure 13A-C. The nature of the
repellent and the type of fillers (clay or silica) also did
affect the morphology of the EVA matrix.

The extruded strands had a translucent appearance; this
was the case before the extraction of repellent from the
EVA matrix using solvent dichloromethane. However, after
the extraction of DEET from the EVA matrix by solvent and
drying the EVA matrix, the strands appeared to be dense
white for EVA-based DEET with clay. This suggested there
was the uniformity of open cells with the interconnection of
porous structures into the EVA matrix. This was confirmed
by SEM analysis (Figure 13A). Furthermore, the clay

platelets were also clearly visible in the EVA matrix
(Figure 13A). The SEM micrographs of EVA strands initially
containing 40 wt.% DEET and added pyrogenic silica as the
nanofiller is shown in Figure 13B. The agglomeration state
of silica into the EVA matrix was well visible along the EVA
structure where the open cells were not uniform, demon-
strating that the filler was related to the DEET-rich phase.

In the case of EVA samples initially containing Icari-
din, a dense with no uniform porous structure was
observed (Figure 13C). This was caused by a high degree
of shrinkage of the EVA scaffold observed after leaching
the Icaridin by solvent.*

Recently, a study on the preparation of LLDPE and
EVA impregnated with plant-based repellents (essential
oils, that is, carvone and spearmint essential oil) was con-
ducted by Phala et al.'® The aim of the investigation was
to use LLDPE as a device to trap essential oils for antibac-
terial applications. The authors followed the methodology
used by Mapossa et al.* to prepare LLDPE strands. The
effect of the repellent type, concentration, and type of
polymer on the morphology of the prepared polymer
matrices was evaluated by SEM analysis, as shown in
Figure 14. As demonstrated in Figure 14A-I, high quanti-
ties of porous structure with different pore sizes were
observed on the surface morphology of all extruded poly-
mer strands. These pores serve as evidence that spinodal
decomposition phase separation can produce a homoge-
nous polymer and active ingredient-rich mixture. Addi-
tionally, it is likely that the outer layer of dense skin acts
as a diffusion barrier to regulate the release of the active
ingredient at sufficient levels over prolonged periods of
time. The differences between the microporous nature
of the two polymer strands and the type of repellents used
were observed. The SEM micrographs demonstrated that a
more interlaced structure with well-defined pore sizes was
produced for the extruded LLDPE strands.

On the other hand, interlaced cavities with various
sizes arbitrarily distributed into the extruded EVA matrices
were observed. In summary, the type of polymer and repel-
lent did influence the final morphology (i.e., microporous
structure) of the polymer. In addition, also it was found
that the concentration of repellent contributed to the differ-
ence in microporous structures of polymer matrices. In all
extruded LLDPE and EVA-based repellent strands, the clay
was added.

4.2 | Morphological study of
biodegradable polymer devices of insect
repellents

Although the studies mentioned by researchers above
have demonstrated success in the fabrication of
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FIGURE 13 SEM micrographs showing the internal structure region of extruded EVA strands. (A) 20 wt.% DEET with 5 wt.% of clay;
(B) 40 wt.% of DEET with 5 wt.% silica; (C) 30 wt.% of Icaridin containing 5 wt.% of Dellite 43B clay.”® Reproduced with permission from
Wiley.

FIGURE 14 SEM micrographs showing the carvone or spearmint effects on the structure of the internal microporous region of
extruded EVA and LLDPE strands. (A) EVA/carvone (20 wt.%), (B) EVA/spearmint (20 wt.%), (C) EVA/carvone (30 wt.%), (D) LLDPE/
carvone (20 wt.%), (E) LLDPE/spearmint (20 wt.%), (F) LLDPE/carvone (30 wt.%), (G) LLDPE/spearmint (30 wt.%), (H) outer surface of
extruded EVA strand appearance and (I) membrane covering extruded LLDPE filaments.'® Reproduced with permission from Elsevier
Science Ltd.

microporous polyolefin as devices for insect repellents via mismanagement of waste in the world is already affecting
the TIPS method, these are nonbiodegradable polymer- human and environmental health. Scientists have maxi-
based-petroleum. Therefore, the concern related to the mized their efforts in using biodegradable polymers in
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their research as potential alternatives to replace nonbio-
degradable polymers in several fields (i.e., drug deliv-
ery).”®*+%©192 Nowadays, PLA has attracted a lot of
interest from researchers in the preparation
of scaffolds'®'**> and foams'®® because of its peculiar
property profile. Cellulose acetate (CA) is another note-
worthy bio-based polymer. It is commonly utilized as cel-
lulose triacetate (CTA) and has potential uses in
medicine because of its high hydrophilicity, plenty of pre-
cursors, and biodegradability.'**

PLA is an aliphatic polyester that is environmentally
friendly and obtained from short-term renewable
resources. PLA can be applied in different fields due to its
compost ability, food safety compliance/FDA approval,
and biocompatibility.'”” "% PLA is produced from lactic
acid from two optically active forms, such as L- and
D-lactides, allowing the production of PLLA homopoly-
mer and random (D, L-lactide) copolymers (PDLLA).’
On the other hand, PLLA is considered an active form of
PLA that is capable of partially crystallizing. The exis-
tence of D-isomer counits in L-isomer-rich chains deteri-
orates crystallization and leads to a decrease in the
maximum reachable crystallinity; PLA with more than
10% D-isomer counits is amorphous or displays only
insignificant crystallinity.”®*''° As crystallinity controls
bio-resorbability, special, noncrystallizable random
PDLLA grades have been employed in the biomedical
field.”

Previous studies have demonstrated that porous PLA
can be formed by the TIPS method using organic sol-
vents, such as dioxane/water,'*® chloroform/methanol,*
tetrahydrofuran (THF),'*® or dichloromethane/hexane.
Concerning efforts to create phase diagrams for solvent-
rich systems of the PLA/dioxane/water system, it was
confirmed that a liquid-liquid (L-L) phase separation
takes place at a high ambient temperature through the
demixing temperature, enhancing the concentration of
the polymer.'* For crystallizable PLLA, the L-L phase
separation leads to the crystallization temperature
throughout cooling or quenching. Additionally, in the
PLA/chloroform/methanol systems, it was suggested
that, because of the elevated activation energy required
for crystallization, the L-L demixing frequently leads to
solid-liquid (S-L) demixing; nevertheless, the order can
be changed by the selection of the optimum conditions,
such as cooling or the concentration of the polymer.'*

Until the year 2016, there was no study explored
regarding the miscibility and demixing of the biodegrad-
able polymer (i.e., PLA/DEET) system as a carrier for
repellent in the biomedical field. Therefore, the first
study regarding the fabrication of microporous biode-
gradable polymer membranes as devices for insect repel-
lents using the TIPS method was conducted by

111

Sungkapreecha et al.” The phase diagram of the
PLA/DEET binary systems, where the aim was to investi-
gate the potential application of biocompatible and biode-
gradable PLA as a reservoir device for large amounts of
insect repellent known as DEET was established by Sung-
kapreecha et al.” The production of PLLA spherulites and
solid structure on slow quenching/cooling of the PLLA/
DEET system from 150 °C to ambient temperature is
shown in Figure 15. The SEM micrographs demonstrated
in Figure 15A-C are large spherulites corresponding to
50-100 mm. Similar sizes were confirmed with the POM
micrograph, as shown in Figure 16. The SEM micro-
graphs show the PLA crystals in which spherulites are
growing with slow quenching or cooling of the solution
of the PLLA/DEET system. Therefore, an intraspherulitic
scaffold-like structure (i.e., pore size less than 10 mm)
was formed, but the scaffold structure was lost at the
spherulite boundaries. It is important to note that
the PLLA/DEET system was prepared on a very small
scale, where the polymer/repellent mixture was placed
into the glass vial and closed. The dissolution was exe-
cuted at 150 °C by a Thermo Scientific Reacti-Therm
block heater/stirrer.

The creation of spherulites, for instance, which grew
from point-like nuclei, is clearly seen in the POM micro-
graphs, as seen in Figure 16.” The samples show multiple
of these spherulites within the field of view, but they are
all separated from one another at their edges. This sepa-
ration is probably caused by the solution's lack of crystal-
lizable polymer, particularly in the sample with just
5 wt.% PLLA (Figure 16A), the low concentration of poly-
mer in the solution only permits dendritic-like crystal for-
mation, even near the nucleation spot. Dendritic growth
is less likely to occur at greater PLLA concentrations;
however, it is still noticeable in the spherulites’ outer por-
tions. However, no qualitative variations in the spherulite
structures were found for these samples.” The decrease in
PLLA concentration in the remaining solution during the
crystallization process resulted from a change in
the spherulite structure during growth, as demonstrated
on an enlarged micrograph of the sample PLLA/DEET
10/90, shown in Figure 16. This is a characteristic of the
spherulites obtained in samples containing 10, 20, and
30 wt.% PLLA. It is assumed the solution is relatively rich
in PLLA macromolecules during the early stages of the
nonisothermal crystallization process. This takes place at
high temperatures, allowing the formation of relatively
dense central parts within the spherulites, with a struc-
ture that may be like that of melt-crystallization, as
shown in Figure 16. As the spherulites continue to grow,
the solution's falling PLLA concentration and dropping
temperature cause dendritic crystallization and frequent
branching, which significantly reduces the concentration
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FIGURE 15
Adapted with permission from Elsevier Science Ltd.

and quantity of crystals per unit volume. Finally, growth
stops if the content of PLLA macromolecules falls below
a certain value or zero.’

In a novel approach that goes beyond earlier research
on the utilization of various technologies to produce
microporous PLA/DEET devices, the TIPS technique was
utilized in 3D printing to fabricate the microporous
PLLA-based IR3535.''> The authors' first investigation
into the field of polymer/repellent system 3D printing
was in this study. Owing to its potential benefits, includ-
ing increased productivity, multiple dosages and a com-
plicated drug release profile, a single, low-cost process,
and customization/personalization of drug delivery, 3D
printing technology is widely used for pharmaceutical
products and has drawn significant interest from both
the drug industry and academia.''*''* This updated tech-
nology is a very helpful tool for more accurate medication
dispensing and customized drug release to meet each
patient's specific needs. Furthermore, according to Moha-
patra et al.,'** personalized medicine presents an unpar-
alleled chance for 3D printing to address the difficulties
associated with treating a variety of diseases. Because it is
inexpensive, 3D printing, a computerized technique, has
significant uses in customized medicine dosage. Accord-
ing to published literature,"* > scaffolds with precisely
controlled micro/nanostructures and designed shapes
can be fabricated. As an alternative, 3D polymeric scaf-
folds ought to possess appropriate mechanical and biolog-
ical  characteristics along  with  hierarchical
structures.'**'** Fused deposition modeling (FDM),
Polyjet, selective laser sintering, direct ink writing,
stereolithography, and digital light processing are the
main 3D printing technologies currently in use.'*® They
can create scaffolds with linked macropore structures
that are repeatable. Customized implants are made to
precisely fit the patient's anatomical structure and the

ESEM micrographs of PLLA/DEET system with 10 wt.% PLLA, after removal of the repellent using vacuum drying.’

size of the defect.**'** Improving the mechanical quali-
ties of scaffolds while preserving their proper porosity is
the primary challenge of 3D printing.

Furthermore, products with less than 10 pm of micro-
porosity are generally not printable with 3D print-
ing."'®'** In contrast, products with multiple microns of
microporosity can be created using gas foaming. Multi-
functional microporous scaffolds for drug delivery appli-
cations and bone tissue engineering can be prepared
using this adaptable and hygienic method.'**"*® From
the SEM analysis, the fabrication of intraspherulitic and
interspherulitic pores, which acted as hosts of large
amounts of repellent or a repellent-rich phase solution,
was confirmed. Therefore, the effect of crystallization
temperature on the structure of PLA samples initially
containing 90wt.% of 1IR3535 was investigated
(Figure 17A). It was observed that the reduction of crys-
tallization temperature affected the structures of PLA-
based IR3535 samples, and this can be attributed to the
number of spherulite growth.''? In addition, the effect of
concentration (10, 20, 30, and 40 wt.% of PLA) on the
morphology of PLA and the crystallization temperature
was evaluated (Figure 17B). For all the composition, the
double distribution of cavities, interspherulitic and intras-
pherulitic, was clearly observed and visible.

Nevertheless, the SEM micrographs revealed that an
increase in the concentration of polymer affected the
intraspherulitic pore size. This means the size of
the pores is reduced, seemingly deterring the solvent into
interspherulitic areas to a larger level compared with
compositions with low polymer contents. On examining
a larger set of SEM micrographs, it appeared that the
intraspherulitic pore size might be especially controlled
by the concentration of polymer and temperature of crys-
tallization. In addition, from these studies, numerous
publications have documented the importance of PLA in
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the fabrication of microporous scaffolds for the biomedi-
Cal ﬁeld.49’77’112’127’128

It is evident from the SEM micrographs published in
several publications®'®>!? that the physical characteris-
tics of the final microporous polymer membrane are
largely determined by the concentration of polymer in
the repellent system. The phase diagram indicates that
when the concentration of the polymer is below the
monotectic point (Figure 1), L-L phase separation and a
cocontinuous polymer membrane morphology can be
anticipated.* High permeability is demonstrated by the
cocontinuous polymer membrane structure that was cre-
ated using L-L phase separation.'” Alternatively, if the
polymer concentration is high enough to reach

FIGURE 16 POM micrographs of
slowly cooled of the PLLA/DEET system
with 5 (A) 5 wt.%, (B) 10 wt.%,

(C) 20 wt.%, (D) 30 wt.% of PLLA.

(E) POM micrograph of a slowly cooled
of the PLLA/DEET system with 10 wt.%
PLLA was taken in transmission mode,
using crossed polarizers and a
Mretardation plate.” Reproduced with
permission from Elsevier Science Ltd.

the monotectic phase, spherical polymer morphology for-
mation will occur, which is driven by S-L phase separa-
tion. As a result, increasing the polymer concentration
imposes stricter restrictions regarding the packing of
spherulite structures and the polymer-lean phase, result-
ing in a tougher polymer membrane with denser surface
structures (Figure 12D). On the other hand, a high con-
centration of polymers also raises the viscosity of the
polymer/repellent system, which impacts the material's
processability. When Mapossa et al.”® prepared the PLA-
based DEET/or IR3535 repellents using a melt-extrusion
process, they noticed this behavior. Furthermore, the
mechanical characteristics of the extruded polymer mem-
branes were affected by the system's high polymer
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10 m% PLLA

FIGURE 17 (A) SEM micrographs of the PLLA/IR3535 systems, primarily comprising 90 wt.% IR3535 crystallized at temperatures of
25, 50, and 75 °C. (B) SEM micrographs of the PLLA/IR3535 systems with 10, 20, 30, and 40 wt.% of PLLA crystallized at a temperature of

75 °C.M? Reproduced with permission from ACS.

concentration.’>'?° In conclusion, it is critical to remem-
ber that numerous studies have demonstrated that
liquid-liquid phase separation takes place when the poly-
mer concentration falls below the monotectic point.’> To
enhance certain properties, such as mechanical proper-
ties, without temporarily changing the monotectic point,
the authors advise increasing the polymer concentration
to the maximum extent feasible.

In terms of the rate at which repellents were released
from 3D-PLLA devices, the samples under investigation
showed that at room temperature, the IR3535 was
released from PLLA for a minimum of 10 days, irrespec-
tive of the initial concentration of repellent. The mate-
rials based on PLA/IR3535 will not work in tropical
countries where malaria is endemic due to temperatures
exceeding 45 °C, which makes the results inadequate.
The biological activity of 3D-printed scaffolds is typically
low, so surface modification technology is needed to
increase it. Several techniques, including hyaluronic acid,
collagen surface modification, surface peptide modifica-
tion, and surface roughening, have been studied to
address this issue.'*>'*°

PBS is an aliphatic polyester produced from both fossil
and renewable resources.'*! Furthermore, it is also pro-
duced via the polymerization of 1,4-butanediol with mono-
mer succinic acid."**'** PBS is the most commercially

competitive biodegradable polymer, which has increased
its importance in several applications such as implants,
packaging, or mulching films.**'**'3® PBS has also been
employed as an interesting polymeric material for the fab-
rication of scaffold structures for its application in bone tis-
sue engineering.''*'*""*° The advantages of using PBS as
a drug delivery system are that it can be easily prepared,
extended, and controlled and can provide a consistent
drug release. The polymer PBS is electrospun from solu-
tion to create nanofibers or emulsion polymerized to cre-
ate microcapsules for use in biomedical applications.**!4*

Till the year 2020, no study regarding the miscibility
and demixing of the system PBS/DEET as a carrier for
repellent for biomedical field applications had been
explored. Therefore, studies regarding the use of PBS as
a carrier of drug (i.e., repellent DEET) were first intro-
duced by Yener et al.** The micro-/nano-porous biode-
gradable scaffolds suitable based on PBS devices for
slow-release of insect repellent N, N-diethyl-
3-methylbenzamide (DEET) was successfully prepared
by TIPS method. SEM micrographs confirmed the
microporous structure with interconnected pores or
intraspherulitic features of the polymer. Spherulites
ceased to be space-filling at higher crystallization tem-
peratures of 30 and 60 °C due to the DEET-rich phase
being positioned outside the spherulites.
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The right column's higher-resolution pictures in
Figure 18 provided evidence regarding the solid intras-
pherulitic scaffold's structure obtained by lamellar PBS
crystals. TIPS method at a temperature of 0 °C has led to
a space-filled spherulitic morphology, that is, the DEET-
rich phase (>70 wt.%) was filled into spherulites. The
SEM micrographs formed at higher magnification (right
side (10 pm) Figure 18) revealed intraspherulitic pores
where DEET was hosted. In conclusion, it was noted that
crystallization temperatures affected the structure of the
PBS matrix. Additionally, from this study, additional
works demonstrating the importance of PBS matrix in
the formation of microporous structures for medical
application have continued to be explored by the same
researchers® and other groups of researchers.'**

The impact of the polymer-diluent relationship
(i.e., repellent) is important in TIPS technology. For
example, choosing an appropriate diluent (repellent) is
one of the main criteria for the TIPS technique. The
right repellent should be low in molecular weight, high
in boiling point, low in toxicity, and low impact on the
environment, be inexpensive and be judiciously compat-
ible with the polymer materials for a high range of tem-
peratures and concentrations.*®

Furthermore, the process of phase separation and the
membrane morphology are significantly influenced by the
good compatibility of the polymer and diluent, which has

FIGURE 18 SEM
micrographs of PBS/DEET
systems with 30 wt.% PBS,
crystallized temperatures of
0, 30, and 60 °C, obtained at
various magnifications.**
Reproduced with permission
from Springer.

an impact on the microporous polymer membrane proper-
ties like pore size and distribution.'®** As a result of deter-
mining the polymer crystallization temperature of the
mixture and the location of the binodal curve, for instance,
the compatibility of the polymer and repellent form the sys-
tem's phase diagram. With declining compatibility, the
binodal curve swings to higher temperatures and vice-versa.
Phase separation and, consequently, the shape and func-
tionality of the microporous polymer membrane are influ-
enced by the polymer-repellent interactions, as was covered
in the preceding section. Consequently, L-L phase separa-
tion is caused by the repellent's low compatibility when
used as a diluent with the polymer. However, the high
repellent and polymer compatibility leads to S-L phase sep-
aration, which takes center stage in the system.’®'**!4°
When dealing with binary systems, which consist of two
diluents or repellents, it is critical to understand the differ-
ences between the two diluents, primary and secondary. A
polymer should exhibit good compatibility with a primary
diluent, while a secondary diluent should exhibit high com-
patibility with the primary diluent but less compatibility
with the polymer.* A change from liquid-liquid phase sep-
aration to solid-liquid phase separation can be caused by
the existence of a secondary diluent, which raises the poly-
mer/diluent system's cloud point curve. Considering this,
the polymer membrane’s morphology gradually changes
from spherulitic to continuous.'>*>'4°
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The compatibility of polymer with diluents
(i.e., repellents) can be estimated using Hansen's solubil-
ity parameter method. The parameters of the components
of solubility are found in the literature and are applied to
determine the total solubility of the parameters of the
compounds according to Equation (14).'%

Sy =1/65+ 85+ 82, (14)

where Jp is dispersion, ép represents the polarity, and dy
is a hydrogen bonding interaction.

Using Hansen's method, a roughly spherical solubility
area can be transformed into a three-dimensional coordi-
nate system, where the solubility parameters define the
axes. The interaction radius (Ry) is the radius of this solu-
bility sphere that is used to estimate the solubility of the
polymer and diluent (i.e., repellent)."*” R, establishes
the line that divides good diluents from bad diluents,
with diluents inside the sphere having satisfactory com-
patibility with the polymer. People who are not in the
sphere make bad solvents."*® How well cellulose diace-
tate works as a repellent citronellol, terpineol, and
methyl salicylate was described by'%* using Equation 15:

1
2

Ra = |:4(5Ds - 5Dp)2 + (5Ps - 5PP)2 + (6H5 - 5HP)2:| ! (15)

From Equation (15), good polymer-repellent compat-
ibility is most possible when R, < Ry, while the poor com-
patibility of polymer-repellent is then shown by
R, > R0.149’150

As previously mentioned, the cooling rate is one of
the key factors impacting the polymer-repellent system's
crystallization and phase separation process during the
TIPS technology. It is crucial to remember that various
variables, such as altering different cooling rates, could
be caused by the temperature of the coagulation solution,
bore fluid, or quenching.'® Different cooling conditions
result in different times for phase separation and crystalli-
zation to develop because they are both induced by tem-
perature change, which inevitably changes the membrane
structure; for the system involving an L-L phase separa-
tion process, an enhanced cooling rate led to smaller pores
because the polymer-lean crystals grew faster. A higher
quenching temperature produces a spherulitic structure
with a larger crystal size, more porosity, and lower tensile
strength for a system that solely uses an S-L phase separa-
tion process.'**>*"'>* Porous membranes have always had
limited mechanical strength because of this. According to
Gu et al. findings,'>* the membranes' high crystal potential
and rapid cooling caused the crystallization to occur
extremely quickly without coarsening.'>* The size of the

spherulitic structure was measured at room temperature
with a reasonably slow cooling and crystallization rate.

Additives can significantly alter the phase separation
process, which in turn can alter the structure and activity
of the polymer membrane. Despite the benefits associated
with microporous polymer membranes (i.e., PE), which
are highly hydrophobic and hence prone to catching,
Some, such as PLLA, cannot be used in high-pressure
systems due to their limited mechanical properties."
However, because they often take on noncontinuous
morphologies, polymers like PLLA and PBS tend to result
in membranes with undesired pore structures. Numerous
additives, such as nucleation agents, macromolecule
modifiers, and nonsolvent additives, have been added to
the polymer membrane matrices to encourage a transi-
tion from S-L to L-L phase separation, increase mem-
brane permeability, and increase mechanical resistance.
In the diluted systems, certain additives are used to regu-
late the produced membranes’ porous structure and sepa-
ration performance, as previously mentioned (Figure 12).
They are typically added for three different purposes, as
illustrated in Figure 11, depending on their impact on the
formation of the polymer membrane: to adjust pore for-
mation, to support crystallization and growth by acting
as nucleation sites, and to regulate nonsolvent inflow.
The kinetics and thermodynamics of diluent-rich droplet
growth can also be influenced by additives in the first
group, which can change the equilibrium between L-L
and S-L phase separation."”

5 | CONCLUSION AND OUTLOOK
CHALLENGES

This review presents the recent trends and challenges for
the emerging materials class of microporous polymers as
devices of insect repellents produced by TIPS methods.
The topics described in this article are certainly chosen in
a highly subjective manner; however, the authors tried to
focus mainly on crystallization behavior and morphologi-
cal studies of polymeric membrane materials-based repel-
lents performed by DSC, SEM, and POM techniques.
Several studies have confirmed that semi-crystalline mor-
phologies are qualitatively different from morphologies
obtained after crystallization at high temperatures, affect-
ing properties. For many different polymers, crystallization
at low temperatures frequently proceeds by homogeneous
crystal nucleation. It is important to note that the effect of
repellent type and type of polymer, amount of repellent
and polymer, as well as the additive (filler), have affected
the crystallization behavior and morphology of the poly-
mer/repellent systems. However, the possibility of produc-
ing repellent-processable microporous polymers or
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generating extruded polymeric materials containing repel-
lent via the TIPS method to be used for long periods as a
reservoir for large amounts of repellent in medical applica-
tions makes microporous polymers an exciting field for
further research. With all the options at hand, it is antici-
pated that more membrane technology applications will
be made possible by the development of porous polymeric
membranes with excellent permeability, good stability,
and well-controlled morphology.

These scientists worked on creating a polymer product
that traps more repellents into a polymer device, serving
as a reservoir for those appropriate repellents. A blooming
mechanism may then be used to release the active ingredi-
ent. A disadvantage of this method, nevertheless, would be
an exponential decay of the release rate over time, primar-
ily being high but later, when needed, being insufficient.
The limited solubility of the liquid active in the polymer
matrix and swelling of the polymer if the repellent dis-
solves in the matrix present another difficulty for this strat-
egy. In the latter case, the product's dimensional stability
will be impacted as the polymer gradually shrinks as the
active ingredient is released. Another challenge is the
price, which remains the main concern for biodegradable
polymer implementation. This has resulted in delayed leg-
islation due to push back from increasing consumer goods
prices in the future. Additional investigations, which
include the thermodynamic aspects and microporous poly-
mer membrane fabrication procedure, are required to
make controllable microporous polymer membrane prepa-
ration with improved performance.

Additionally, the microporous polymer membrane
fabrication procedure is vital in improving the
membrane structure; a minor adjustment can affect the
positivity of the membrane performance. In the next
studies, scientists can also focus on developing new tech-
niques to realize development and industrialization,
which would also comply with the research routine
offered by this work. Therefore, this article would be a
useful reference for investigators focusing on the
manufacturing and development of microporous poly-
meric membranes as devices for drug delivery using TIPS
technology.

Although works are reporting the thermodynamic
aspects, particularly Floy-Huggin's theory for polymer/
repellent phase systems with successful results, in the
future, to realize controllable the formation of the mem-
brane with superior performance, fundamental evolution
will emerge both in the thermodynamic research and
membrane formation procedure. For the thermodynamic
aspect, although at least three criteria introduced in this
manuscript can be followed to find new repellent (dilu-
ent) systems, researchers occasionally feel confused
because of the lack of basic physical parameters.
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