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Abstract: Xylitol, a natural crystalline polyol, presents a cooling effect due to its negative heat of solution at 35 °C
supported by humidity absorption, contributing to a fresh sensation when it dissolves. Since this material is sometimes in
a liquid state, it cannot be incorporated in or onto a substrate without being protected. One of the strategies to protect the
active substance may be forming a barrier layer at its surface, i.e., microencapsulation. The present work is devoted to
studying the effect of continuous phase parameters affecting on encapsulation of xylitol with a poly (urea-urethane) shell
through a two-step microencapsulation process. The first step is liquid-liquid dispersion either in toluene or Miglyol 812N,
and the second step is microencapsulation by interfacial polymerization. The process can be used to control the size
distribution of the microparticles, the thickness, and the chemical nature of the shell, which influences the release rate of
the active substance. The choice of the continuous phase solvent (toluene or Miglyol 812N) required some changes in
the formulation of the system, especially the HLB of the surfactant mixture, to obtain a stable emulsion with a narrow
particle size distribution. The thermo-chemical and morphological characteristics of microparticles were studied by
Fourier transform-infrared spectroscopy (FT-IR), differential scanning calorimetry (DSC), enthalpy of dilution, and
scanning electron microscope (SEM). The microparticle size is governed by the emulsion step and the chemical
composition of the organic phase. Most of the thermal properties are related to their porous structure and their chemical

shell formation during the interfacial polymerization step.
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1. INTRODUCTION

Microencapsulation has been recognized as a
helpful tool to protect sensitive active substances
allowing to implement it on or in various substrates to
design smart materials [1]. This technology allows the
synthesis of tiny particles, which find their applications
in various industrial fields [2]. Nevertheless, for a textile
application, the particles need to meet several criteria
allowing their implementation, i.e., a narrow particle
size distribution, a mean diameter between 1 to 15 ym
to avoid any breakage during the finishing treatment
suitable thermo-mechanical properties [3]. In recent
years, research efforts have been made to design
cooling textile structures that interact with the
microclimate conditions between the skin of the wearer
and the first textile layer [4]. This textile type improves
comfort when worn and interacts with the excess sweat
of the user in hot conditions or physical effort [5]. The
principle is based on the diffusion of the humidity within
the microparticles, the latter act as a microreactor [6].
These particles store the sweat in the liquid form to
react chemically with the active ingredient [7].

As a natural polyol, xylitol has a cooling effect due
to its negative heat of solution at 35 -C (-36.5 kcal-kg™)
supported by humidity absorption, contributing to a
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fresh sensation when it reacts with water [8]. The
encapsulation step allows protecting this active
compound, whatever its physical state may be. The
obtained microparticles can act as a microreactor if the
outer shell is semi-porous to avoid any leakage of the
core substance. Thus, the microencapsulation
technology protects the active substance during the
manufacturing of the smart material and brings up new
functionality. Nevertheless, the functional performance
of the microcapsules depends on the morphology, the
chemical nature, and the surface characteristics of the
polymeric shell influenced by the process parameters
[9]. Thus, many factors such as monomers, pre-
polymers, and polymer nature and their concentration
(1), emulsifiers concentration (2), stirring speed (3),
temperature (4) were selected as parameters
controlling the encapsulation efficiency [10]. The
thermodynamic and kinetic parameters govern particle
formation and its properties during the synthesis. In this
context, the main microencapsulation processes used
in the textiles fields can be divided into two main
categories, i.e., (i) physicochemical processes, which
include mainly simple and complex co-acervation and
solvent evaporation, and (ii) chemical processes in
which sol-gel processes, in situ and interfacial
polymerization, are the leading used technics [3].

The choice of a particular process is determined by
the solubility characteristics of the active compound,
the shell material, and the desired shell properties [11].
Therefore, to design a semi-porous shell, interfacial

© 2020 Avanti Publishers



The Effects of the Solvent Choice of the Continuous Phase

Journal of Chemical Engineering Research Updates, 2020, Vol.7 25

polymerization appears as a suitable process. Among
the various polycondensates, polyurethane-urea seems
of particular interest with general characteristics by
molecular composition [12]. In the water in oil
polycondensation system to prepare polyurethane
network, it is known that the reaction of isocyanate
groups with water molecules during the capsule
formation also forms urea crosslinking [13]. This
formation depends on the water molecules diffusion
through the polyurethane network and influences the
thermal properties, controlling their permeation
properties. The release rate of the active agent from
the microparticles can also be affected by the shell's
chemical nature, thickness, and mean diameter.
Furthermore, Jabbari et al. have underlined that the
porosity and the pore size of the surface were
significantly affected by the amount of chain-extending
agent [14]. The interfacial polycondensation reaction
involves a step-growth polymerization between two
monomers, each dissolved in a pair of immiscible
phases. The reaction occurs at or in a thin region
adjacent to the interface between the dispersed and
continuous immiscible phases. The polymer product,
being insoluble in both phases, accumulates as a film
at the surface of contact between the two phases
[15]. In our previous work, we have observed that the
state of the surface of the microcapsules depends on
the rate of polymer precipitation at the interface [6].
Thus, their surfaces are generally smooth when the
polymer precipitates slowly due to the slow removal of
the organic solvent. A resulting porous morphology was
obtained with relatively faster precipitation of the
polymer [11]. Furthermore, better thermal stability at
high temperatures and thermal degradation were
strongly influenced by the loading content and the
surface roughness. On the other hand, the shell film
microstructure and consequent properties such as film
density and permeability are affected significantly by
the polymer precipitation mechanism [16].

Nevertheless, the developed system implies using
toluene as solvent of the continuous phase and taking
into account the latest regulations in vigor and a
concern of research of more "green" process. It is
necessary to find an alternative to this solvent [17].
Therefore, in this work, Miglyol 812 (triglycerides of the
fractionated plant fatty acids Cg and C4o) was selected
to be used in the continuous phase. The effects of the
chosen solvent on the capsule morphology and the
entrapment efficiency of water-soluble materials were
investigated to determine the best chemical conditions
to obtain microcapsules with good water permeation

properties and better understand the influence of the
continuous phase on the chemical and thermo-
mechanical properties of the shell structure.

2. EXPERIMENTAL

2.1. Materials

Xylitol (Roquette Fréres, content>99%) (CsH4205),
polyhydric alcohol was employed as the core material
and used as a shell-forming monomer. Diphenyl
methylene diisocyanate (MDI) (Suprasec 2030,
Hintsman ICI; blend of MDI isomers, 4,4'-diphenyl
methylene diisocyanate principally) used as second
shell-forming monomers was obtained from Aldrich and
Huntsman ICI. Nonionic surfactant, Span® 85 (sorbitan
trioleate), and poly (ethylene glycol)dioleate (PEG 400
dioleate) were purchased from Aldrich and used as an
emulsifier. Toluene was of reagent grade and used
without further purification. Miglyol 812N, a mixture of
medium-chain triglycerides, was purchased from Sasol.

2.2. Preparation of Microparticles

According to the following method, the preparation
of microparticles containing xylitol was carried out in a
250 ml three-neck round-bottomed flask equipped with
a mechanical stirrer via interfacial polymerization. 60 mi
of an aqueous solution containing 70 %-wt of xylitol
previously solubilized in water at 80°C was emulsified
in 120 ml of an organic phase containing toluene or
Miglyol and 4 %-wt of a binary mixture of PEG 400
dioleate and Span® 85 at 13500 pm with a
homogenizer (ultra turrax®, lka, Germany). After 20
min, when the emulsion's expected droplet size was
reached, the polymerization reaction was carried out by
drop-wise addition of a solution containing from 20 %-
wt of MDI in 10 ml of toluene or Miglyol. The mixture
was stirred continuously using a blade stirrer at 400
rpm at 80°C to complete the crosslinked polyurethane
shell formation over 90 minutes. The resultant
microparticles were recovered by filtration and washed
once with the organic solvent to remove the remaining
MDI, and twice with water, and then dried at 60°C for
one night.

The encapsulation vyield was calculated as the
recovered mass of microparticles and the weight of
monomers and water introduced. It can be expressed
as follows:

mmicroparticles
n (%)= —neremrides 100

Z mmonomers (1 )
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2.3. Characterizations

2.3.1. Chemical Analyses
2.3.1.1. Infrared Spectra Analyses

The samples' chemical structure was analyzed by
infrared spectra in an absorbance mode and recorded
using Nicolet Nexus, connected to a PC. The number
of scans was 256, and the resolution was 0.5 cm™.
Samples were grounded and mixed with KBr to make
pellets.

Their deconvolutions were performed using Peakfit
4.0 software (Jandel, San Rafael, CA) in the 1575-1800
cm’” region into Gaussian peaks to analyze the FTIR
spectra. These wavenumbers were used as initial
parameters for curve fitting with Gaussian component
peaks. Position, bandwidths, and amplitudes of the
peaks were varied until (i) the resulting bands shifted
by no more than 4 cm” from the initial parameters, (i)
all the peaks had reasonable half-widths (< 20-25 cm’
1), and (iii) good agreement between the calculated
sum of all components and the experimental spectra
was achieved (r* > 0.99). The results of four
independent experiments were averaged.

2.3.1.2. Solid-State NMR

Solid-state NMR: 13C NMR measurements were
performed on a Bruker ASX 100 low field spectrometer
at 25.2 MHz with magic angle spinning (MAS), with
high power 1H decoupling and 1H-13C cross-
polarization (CP) using a 7 mm Bruker probe. The
Hartmann—-Hahn matching condition was obtained by
adjusting the power on the 1H channel for a maximum
13C FID signal of adamantane. All spectra were
acquired with a contact time of 1 ms. The repetition
time was 5 s, and the reference used was
tetramethylsilane (TMS).

2.3.2. Thermal Analyses
2.3.2.1. Differential Scanning Calorimetry

The particles' thermal behavior was recorded using
a TA instrument type DSC 2920 piloted on PC with TA
Advantage control software. Indium was used as a
standard for temperature calibration, and the analysis
was made under a constant stream of nitrogen (50
ml.min-1). Samples were placed in aluminum pans
which were hermetically sealed before being placed on
the calorimeter thermocouples. The sample space was
purged with nitrogen at a constant flow (50 ml.min-1)
during the experiments, and the temperature range
was from -30 to 150°C. Transition temperatures and

enthalpies were obtained by averaging the results of a
series of four independent experiments on (5.0 £0.2
mg) samples with a scanning speed of 1K.min™".

The content of xylitol in the microparticles can be
estimated according to the measured enthalpy:

AH i ticl
mcgopar cles %x100%

xylitol (2)

xylitol  content =

AH 0
Where Wil gre the melting
enthalpy of microparticles and xylitol, respectively.

microparticles and

2.3.2.2. Enthalpy of Dilution

The absorption of water, its mass transfer in the
microparticles, and the enthalpies of dilution were
determined with an isothermal calorimeter Setaram
C80, equipped with a reversible mixing cell. A
determined weight (ms) of raw xylitol (or microparticles)
was introduced in the bottom part of the mixing cell
closed by a stopper, a determined amount of distilled
water (mw; mw=ms for xylitol sample; and mw= ms/2
for microparticles samples) was then added. A mass
(ms + MW) of water was introduced in the reference
cell. The two compartments were introduced into the
calorimeter, and when the baseline was stable, the
acquisition was started for 3 hr. After approximately 12
minutes, C80 was mechanically turned over ten times
to mix water and the powder at 35°C. The active
loading content of xylitol in the microparticles can be
estimated according to the measured enthalpy of
dilution:

: : 04 — AdiI Hmicroparticles )
active xylitol (%) =——7——x100%

dil * " xylitol (3)
Ay AgHY,
Where dil dil * " xylitol are the

melting enthalpy of microparticles and xylitol (161.3 J.g"
'), respectively.

microparticles and

2.3.3. Mean Diameter and Morphology of the
Microparticles

At least 200 microparticles were picked up from the
optical microscope photographs (OM, Axiolab Polar
Carl Zeiss) using a 40x objective lens. The diameters
were measured to obtain the average number diameter
of the microparticles. The photographs were captured
using the Perfect Image-Vision Clara. Three points in
the circular shape of each particle observed were
pointed to obtain the mean diameter. The form of the



The Effects of the Solvent Choice of the Continuous Phase

Journal of Chemical Engineering Research Updates, 2020, Vol. 7 27

microparticles was also observed by scanning electron
microscopy (SEM) (Philips XL30 ESEM / EDAX-
SAPPHIRE).

3. RESULTS AND DISCUSSION
3.1. Emulsion Step

3.1.1. Choice of Solvent for the Continuous Phase

The solubility and the amount of xylitol introduced in
the dispersed phase can be optimized by the
temperature rise of the binary mixture water/xylitol [18].
The synthesis temperature is chosen according to the
solubility of xylitol near its melting point. It was decided
to regulate all the syntheses in a glycol bath at 80°C.
The choice of the solvents being appropriate for the
formulation of the continuous phase was established
starting from the physicochemical properties of those
while considering the solubility of the MDI. The
selection criteria were not only based on the analysis of
the solubility parameters of the different compounds
(solvents, polyurea urethane membrane), but also by
considering the stability of the emulsion, and more
particularly, the existence of the phenomena of
creaming or sedimentation, induced by the difference in
density between the known medium and the dispersed
medium. The importance of this phenomenon can be
illustrated by Stoke’s law showing the rate of
destabilization of an emulsion by equating gravitational
force with the opposing hydrodynamic force [19]. Thus,
the lower the sedimentation rate, the more stable the
system. Based on obtaining particles with an average
diameter of 10 ym, for a set of organic solvents. The
calculation allowed us to define that the Ilowest
sedimentation speeds are obtained in the case of
Miglyol (0.03x10™* m.s™), ethanol (1.16x10* m.s™), and
toluene (1.97x']0'4 m.s'1). Miglyol and toluene were
chosen because of their higher boiling point. The
emulsion type is also determined by the volume ratio
between the dispersed and continuous phases [20]. To
meet this criterion for this, and according to Maa et al.
[21], itis fixed at 1/2.

3.1.2. Dispersed Phase Formulation

The establishment of a stable emulsion plays an
essential role in obtaining microparticles. It depends on
many factors whose importance varies from one
system to another in the function of the desired
characteristics. In this study, the temperature of the
emulsion step is related to the solubilization
temperature of the active ingredient. Miscibility tests
have shown that water is a non-solvent for

polyisocyanates and a solvent for polyols, such as
xylitol [22]. The use of water allows decreasing the
temperature, viscosity, and density of the dispersed
phase while avoiding the destabilization phenomena
linked to external reagents acting as nucleating agents
of xylitol. Water also allows the creation of a poly (urea-
urethane) network [23].

Particle formation during the homogenization
depends on a stress balance between the turbulent
forces tending to break up the droplet and the forces
from interfacial tension holding a droplet together. The
degree of a liquid droplet breakup is led by three
forces; surface tension, which tries to maintain the
spherical shape, while viscous and inertial forces
attempt to deform the droplet. The droplet size is
determined by a balance between the droplet breakup
and the coalescence forces. These two factors are
considered the most critical phenomena, which
influence the droplet size and size distribution during
the emulsification process [24]. Figure depicts the
variations of the phase viscosity ratio as a function of
the mole fraction of xylitol in the dispersed phase.

8 .
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Figure 1: Effect of xylitol amount on the viscosity ratio of the
dispersed to the continuous phases.

The estimation of R provides insights into the
fractionation mechanism of the aqueous dispersed
phase. The viscosity ratio Rrouene is stable in the
toluene, reaching an average value of 2.5 in a range of
mole fractions between 0.1 and 0.26. It indicates that
the dispersed phase aqueous dispersed phase is more
viscous than the dispersing phase composed of
toluene (Rrouene>1). From a molar fraction of 0.3,
Rroene iNCreases strongly to reach a value higher than
7 for a Xylitol molar fraction of 0.9. Rwygio value is
constant up to a molar fraction of about 0.26 and
increases more slowly than Rryuene from 0.3 to 2.8. As
seen in Figure , an identical shape of curves was
obtained whatever the organic solvent used. A slope
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failure occurs from xylitol to water molar ratio of 0.3.
From this point, an increase of xylitol induces a slight
increase in viscosity ratio, which limits the shearing of
the two phases. Furthermore, we can notice that the
viscosity ratio using toluene is higher than when Miglyol
was used. Moreover, it is not surprising to observe a
lower mean diameter value for Miglyol than for Toluene
(Figure 2). Therefore, the stability of the xylitol droplets
should be enhanced with a low R-value. Thus, an R-
value of 0.26 was chosen to design the
microencapsulation process.

3.1.3. Effect of Surfactant Formulation

The approach used to formulate the stable w/o
emulsion was based on the concept of required
hydrophilic-lipophilic balance (HLB), in accordance with
the Griffin's (1949) concept [25, 26].

Mixtures of Span® 85 and PEG 400 dioleate in
different proportions were used to cover the range in
HLB values from 1.8 to 8.3. In these experiments, a
70% aqueous Xylitol solution was emulsified at 80°C
under a high shear rate (13500 rpm) in a lipophilic
phase containing toluene or Miglyol and the surfactant
mixture. Emulsion stability was judged by the
appearance and by observing phase separation, if any,
by bare eye observation and under microscope 1.5
hours after preparation. The type of emulsion and the
mean diameter and particle size distribution differed
according to the HLB value of the surfactant mixture
tested (Table 1 and Figure ). In most cases, well-

defined water in oil emulsion was obtained with a low
mean diameter and good stability for an HLB value of 3
for toluene and 7 for Mygliol. For high HLB values,
between 6 and 8.3 in the case of toluene and 8.3 with
Miglyol, multiple unstable emulsions were obtained, not
allowing the formation of microparticles in satisfactory
conditions. Thus, an HLB value of 3 was chosen to
realize the microencapsulation synthesis with toluene
and 7 with Miglyol. Depending on the solvent used, the
HLB required to achieve good stability and narrow size
distribution during emulsification is not the same. The
higher density of Miglyol tends to decrease the
sedimentation phenomenon. The droplet diameter
evolution is consistent with the measured viscosities
since the smaller ones were observed in the emulsion
with Miglyol.

3.2. Formation of Poly(Urea-Urethane) Microparticles

3.2.1. Mechanism of Shell Formation

When microparticles are prepared by interfacial
polymerization, the shell's physicochemical properties
depend not only on its chemical nature but also on all
experimental parameters of the process. Indeed, the
solvent used in the dispersed phase is a suitable
solvent for the starting monomer (xylitol) but acts as a
non-solvent for the produced polymer. Thus, the
formation of the membrane around the droplets is
governed by the swelling power of both phases, and a
porous structure may be obtained when the solvency of
the medium for the polymer is low. Furthermore, the

Table 1: Influence of the HLB Values of Span 85/Dioleate PEG 400 Mixture on the Emulsion Type, Stability, and Particle
Size Distribution
HLB of Surfactants Emulsion
Organic Solvent Span® 85 / Dioleate PEG 400 Type Stability Mean Diameter

(wt-%/wt-%) pm * SD
Toluene 1.8 (100/0) w/o + (coalescence) 14.1+3.9
Toluene 3(81.5/18.5) w/o +++ 13.0+15
Toluene 4 (66/34) w/o +++ 15.6+2.3
Toluene 5 (50.8/49.2) w/o ++ 16.3+2.8
Toluene 6 (35.4/64.6) w/o - (coalescence) 15.3+45
Toluene 7 (20/80) o/wl/o -- (sedimentation) 20.6 +8.6
Toluene 8.3 (0/100) o/w/o -- (sedimentation) 25.7+10.8
Miglyol 5 (50.8/49.2) o/wl/o + (coalescence) 129+4.2
Miglyol 6 (35.4/64.6) w/o +++ 10.6+1.7
Miglyol 7 (20/80) w/o +++ 8.8+1.4
Miglyol 8.3 (0/100) o/wl/o + (coalescence) 8.7+29

? Classification: +++, excellent ; ++, good ; +, satisfactory ; -, poor ; --, very poor.

® Particle diameters were expressed as an average value of 200 measurements determined by optical microscopy.
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Figure 2: Effect of HLB value on emulsion properties according to the solvent used (A - toluene, B - Miglyol).

particle morphology is influenced by the rate of
precipitation of the polymer, and a higher rate promotes
the formation of the less uniform and more porous
membrane. Therefore, the knowledge of the mechan-
ism of the shell formation and polycondensation
reaction that occurs during the synthesis is necessary
to control the shape of the particles and morphology.
The polycondensation mechanism between the
isocyanate and hydroxyl functions at the droplet
interface is illustrated through the following reaction
schemes (Figure ). In the first reaction, MDI monomers
can be slowly hydrolyzed at the interface to form an
unstable amino acid group that dissociates in the
amine end group and carbon dioxide [27]. This
reaction, occurring at the oil side of the interface,
depends mainly on the water molecules diffusion in the
medium or through the polymer shell network. The
formation and release of CO, during the membrane
formation contribute to increasing the porosity of the
particles. The amine end group reacts with an
isocyanate end group to form a urea linkage in the
second reaction. In the third reaction, diisocyanate or

isocyanate end groups react with hydroxyl groups of
xylitol to form a urethane linkage and, therefore, the
polyurethane chains. Other reactions can occur during
the shell growth. The reaction between an isocyanate
end and urethane or urea unit results in an allophanate
or a biuret, respectively, creating interconnections
between the polymer chains. Furthermore, the
crosslinking reactions and network formation were also
enhanced by the monomer functionality, 2.3 for MDI
and 5 for xylitol, respectively.

3.2.2. Effect of the Solvent Used and Monomers
Amount of Urea and Urethane Linkages Formation

The choice of solvent and the xylitol/MDI ratio play
a significant role in forming the membrane. From Table
2, it can be observed that the increase of MDI leads to
a rise in urea groups, whatever the solvent used. Thus,
the isocyanate functions react more quickly with water
molecules than the hydroxyl groups of xylitol due to
their presence at the interface, and therefore the
probability of reaction increases [28].

O=C=N@CH2—©N=C=O + H0 — D:c:N-@-CH,—@—NH—C:O — D=C=N@CH1—©NH2 + €0,
i
OH
0:c=~—@cn,~@wz + 0=c=N@CH2@N:C:0 —-{C-Nl{@flIl@NII—C—NHOCHI—@NI!—F}
0 5 om

OH

b o
O=C=N@CH1@N=C=O + HO—CHZ—(‘H—(‘.‘H—(‘H—CHI-OH — ﬁ*NH@(‘H1—@NH*IIZI—O—CHJ—CH—$H—CH—CH1—(E'—
OH o] 0 HO n

Figure 3: Reaction schemes of poly(urea-urethane) shell.
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When the proportions in MDI vary between 16.6 and
23.0 %, the use of Miglyol promotes the formation of
urethane groups, whereas the content of urea groups is
higher with toluene (Table 2). This phenomenon is
related to the diffusion of the aqueous monomer and
the water molecules at the interface. The presence of
Miglyol acts as a barrier at the interface, whereas the
water molecules can diffuse slightly, inducing the
formation of urea groups in toluene. Nevertheless, a
higher content in MDI promotes the formation of urea
linkages in Miglyol due to the reactions with water or
surfactant molecules, which lead to the formation of
soluble oligomers. Whereas in toluene, MDI can react
with the amino groups.

Thus, the quantitative analysis of the urea—urethane
region of FTIR and NMR spectra by peak deconvo-
lution allows to determine that the effect of the used
solvent is also related to the solubility of the primary
oligomers in the continuous medium, and therefore to
the composition of the obtained shell. During the shell
formation step, the polycondensation reactions lead to
an increase of the viscosity at the interface and the
continuous medium due to the soluble diffusion of the
soluble oligomers. The phenomena limit the diffusion of
the xylitol molecules and therefore induces a decrease
in the urethane bond formation.

Table 2: FT-IR Analyses, Allowing a Qualitative
Description of the Shell Structure with the
Chemical Function Present in the Polymer, and
13C NMR Spectroscopy Measurements were
Performed to Provide Supplementary
Information about the Chemical Structure of
the Polymeric Shell Formed Around Xylitol
Droplet

FTIR NMR

Sample
Code Urethane Urea Urethane Urea

(%) (%) (%) (%)
ST1 44.8 55.2 42.4 57.6
SMA1 70.1 29.9 72.2 27.8
ST2 34.7 65.3 33.0 67.0
SM2 59.1 40.9 57.0 43.0
ST3 37.0 63.0 33.0 67.0
SM3 294 70.6 25.0 75.0

3.2.3. Effect of the Solvent on the Particles Size
Distribution and Encapsulation Yield

The continuous phase solvent modifies the kinetics
of the polymerization reactions and the formation of the
microcapsules shell. Furthermore, the increased

viscosity in the toluene phase results in the decrease of
the mean diameter due to the coupled effect of stirring
and the solubility of the oligomers. Indeed, a part of
them, which does not participate in the formation of the
membrane, remains in the continuous medium. As a
result, the encapsulation yield with the use of toluene is
lower than with Miglyol. The increase of MDI content
allows increasing it, but it is lower than the Miglyol one.
All these observations lead to the fact that the
polymerization reactions are located at the interface of
the Miglyol system, like a homogeneous system. On
the other hand, the use of toluene leads to a
heterogeneous polymerization, contributing to the
diffusion of oligomers in the solvent that does not form
the membrane. Furthermore, taking into consideration
the solubility parameters of the polymer and solvents, a
much lower solubility of the polymer membrane in
toluene than in Miglyol leads to early precipitation of
the polymer and lower permeability. Thus, the diffusion
of xylitol to the organic phase is impeded. [29].

The particle size distribution and the mean diameter
of the obtained microparticles depend on the
xylitol/MDI ratio and the solvent used. The use of
Miglyol leads to a lower mean diameter than toluene,
which is due to the emulsion properties and the shell
mechanism formation. According to the MDI content,
the mean diameter seems to be constant (considering
the standard deviation). The slight decrease correlated
to the increase of the encapsulation yield is related to
the increase in the surface area contact, which allows
for better consumption of the monomers.#

Therefore, the mean diameter was found between
9.8 and 19.6 ym and depended on the MDI introduced
and the organic solvent used during the encapsulation
stages (Table 3). Thus, it was not surprising to observe
that the use of Miglyol rather than toluene allows
decreasing the mean diameter. On the other hand,
adding MDI contributed to an increase of the viscosity
of the continuous phase, which improved the shearing
of the dispersed phase and led to the formation of
smaller microparticles. The reduction in droplet size
and the increase in their surface area with a higher
stirring rate contribute to the rapid formation of the urea
linkage in the shell. Then, the formation of the porous
membrane is controlled by the diffusion of the
monomers at the interface and therefore linked to the
primary membrane permeability. The addition of MDI
allowed the formation of the crosslinked network and
delayed xylitol diffusion through the polymer
membrane. Thus, the formation of a dense primary
membrane decreased the growth of the shell.



The Effects of the Solvent Choice of the Continuous Phase

Journal of Chemical Engineering Research Updates, 2020, Vol.7 31

Furthermore, the encapsulation yield increases with an
increase of MDI in the Miglyol system rather than in the
toluene one. According to the solvent used, the
microparticles morphology varies a lot. They exhibited
poor sphericity and were mostly irregular for a low
amount of MDI. The morphology is related to the
amount of isocyanate function yielded insufficiently
rigid particles, and leading to irregular collapse. The
use of toluene leads to the formation of a spongy
surface and porous wall. In contrast, with Miglyol, a
raspberry-like morphology is obtained with the
presence of tiny particles onto the surface (Figure ).
The reason is due to excessive oligomer attached to
the surface of the micelles, leading to the formation of
an irregular surface state [30].

The introduction of MDI into the continuous phase
induces the formation of the oligomers at the interface.
On the one hand, if the oligomers are soluble in the
dispersed phase, they diffused in the droplet, and
further reactions lead to the formation of a matrix
structure. On the other hand, when oligomers are
insoluble in the dispersed phase, they concentrate at
the raspberry-liked core-shell structure. Thus, it was
obtained with a higher amount of MDI.

3.3. Loading Content and Permeation Properties

The thermal characterizations were used to
determine the loading content and the active loading
content, meaning the xylitol amount reacting with water
molecules. From the results listed in Table 4,
microcapsules have a semi-porous shell and a
sufficient free volume to undergo the endothermic
dissolution reaction with water. The measured values of
xylitol melting enthalpy and heat of dissolution were
found at about 248.7 J.g'1 and 167.1 J.g'1, respectively.

In the toluene system, the xylitol loading content is
related to the amount of MDI adding, urethane bonds,
and the encapsulation yield. The increase in urethane
group content corresponds to a more significant
number of reactions between the isocyanate and
hydroxyl functions, resulting in fewer xylitol molecules
that can subsequently crystallize. Thus, the higher
crystalline xylitol content was found for ST2, having the
lower urethane content. The proportion of active xylitol
is related to the amount of xylitol accessible to promote
water reaction and the obtained morphology. For the
samples ST1 and ST3, it is proportional to the
crystalline xylitol content, indicating that a part of xylitol

Table 3: Formulation of Poly(Urea-Urethane) Microcapsules. Influence of the Amounts of Monomers and Stirring Rate
on Encapsulation Yield and Microcapsules Mean Diameter
Amount of Monomers Encap_sulation Microca_\psules
Sample Code Xylitol MDI Organic Solvent Y(';ol)d Mean(ll?rlr?)meter
(%-wt) (%-wt)

ST1 83.4 16.6 Toluene 247 19.6+£1.7
SM1 83.4 16.6 Miglyol 98.5 9.8+1.2
ST2 77.0 23.0 Toluene 74.7 15.3+2.0
SM2 77.0 23.0 Miglyol 92.5 10.7+1.4
ST3 71.5 28.5 Toluene 51.8 16.6+2.4
SM3 71.5 28.5 Miglyol 99.0 12.3£1.9

Figure 4: SEM micrographs of microparticles obtained from synthesis labeled SM2 (left) and ST2 (right).
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Table 4: Thermal Properties of the Obtained Microcapsules

sarmple Code — I:;fct o Heat oof Dilut{?n Active Xylitol Ratio Active/
m(lj:r.ogc_algsules ystalline (Oz’))lto ontent at 35°C (J.g7) Content (%) Crystalline Xylitol
ST1 95.5 36.9 24.4 151 0.41
SM1 178.6 69.0 18.8 11.7 0.17
ST2 196.3 75.8 124.3 771 1.01
SM2 100.4 38.8 24.4 15.1 0.39
ST3 140.7 54.3 38.1 23.6 0.43
SM3 108.4 41.9 451 27.9 0.66

is not involved in the reaction, maybe due to a matrix
structure, which hindered the diffusion of the water
molecules in this polymer network. The calculated ratio
active to crystalline xylitol for the sample ST2 is close
to 1, in this case, a core/shell was obtained, and all the
free xylitol can undergo the reaction with water.

The use of the Miglyol as the solvent for the
continuous phase modified the properties of the
microcapsules. The crystalline xylitol content in the
capsules is not proportional to the urethane content,
indicating that more than one hydroxyl group from the
xylitol molecules has reacted with the isocyanate to
crosslink the shell. The active xylitol content increases
with the decrease of urethane content and the ratio of
active to crystalline xylitol. Lower ratios are due to the
formation of microspheres and the presence of tiny
particles on their surface. The roughness of the
membrane and the lower porosity is not suitable for the
water molecules transfer. The obtained morphology is
close to a microcapsule for the higher ratio, promoting
an endothermic reaction. Besides, the presence of
Mygliol molecules adsorbed on the surface of the
microcapsules was experimentally detected, which may
be a barrier to the transfer of water molecules, limiting
the detection of active xylitol.

4. CONCLUSION

The study of the preparation of poly(urea-urethane)
microparticles from isocyanate and xylitol shows that
the synthesis parameters, especially the MDI amount
and the organic solvent choice, lead to the formation of
two distinguished morphologies. This difference can be
related to the formed oligomers' solubility parameters
during the first stage of the polycondensation and the
solvent-oligomer interaction. Furthermore, the
continuous phase's solvent also influences the
encapsulation yield, the mean diameter of the particles,

and the shell formation mechanism. Furthermore,
excepted for one sample, it was noticed that all the
entrapped xylitol could not undergo reaction with water,
leading to poor permeation properties. Nevertheless,
the use of Miglyol seems to be an excellent way to
replace toluene in this process without considering the
thermal properties of these microparticles. To optimize
the Mygliol system, additional studies need to be
conducted, including post-treatment, to find a suitable
way to remove the solvent from the pores of the
capsule shell.
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