Applied Polymer

SCIENCE

Polysulfone Microcapsules with Different Wall Morphology

Cinta Panisello, Brisa Pena, Tania Gumi, Ricard Garcia-Valls
Departament d'Enginyeria Quimica, Universitat Rovira i Virgili, Av. Paisos Catalans, 26, 43007 Tarragona, Spain
Correspondence to: R. Garcia-Valls (E-mail: ricard.garcia@urv.cat)

ABSTRACT: For the production of polysulfone microcapsules, a process was proposed, which allowed the obtaining of capsules with
different wall morphology. A polysulfone solution was projected to a precipitation bath. Three solvents were assessed: N,N-dimethyl-
formamide, N,N-dimethylacetamide, and N-methyl-2-pyrrolidone. Precipitation baths were composed by water, pure or mixed with
solvent. Surfaces and cross—sections of different preparations were observed by Scanning Electron Microscopy. The study was focused
on capsules of 30 = 10 um of diameter. Microcapsules surfaces were porous and two different structures were distinguished in the
cross-section: macrovoids and sponge-like structures. High concentration of solvent in the precipitation bath reduced the porosity of
the surface and the macrovoids of the wall, thus favoring sponge-like structures. The present work set some bases for a better control

of polysulfone microcapsules morphology. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 129: 1625-1636, 2013
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INTRODUCTION

Microencapsulation is an emerging technology, which its applica-
tions are found in different fields' such as in medicine,>” in phar-
maceutics to control drug delivery,"™ in the food industry,” cos-
metics, hygiene, and agriculture.® There is also a growing interest
in the textile industry™' and in construction.'" In the latter cases,
encapsulation leads to improved thermo regulating properties of
materials and textiles. The products of this technology are micro-
capsules; capsules which their diameters are ranging between 1
and 1000 pm. The internal material is the encapsulated one: the
core. Surrounding the core there is a polymeric membrane, which
is named wall.” The wall is intended to isolate, protect and/or con-
trol the release of the core material.' Thus, adequate wall proper-
ties are a key factor for the performance of the final product. Prop-
erties of a polymeric membrane are not only strongly determined
by the polymer, but also by the membrane morphology, which is
related to the preparation conditions. For this reason, an interest
in determining relations between preparation conditions and final
morphology is manifested in many works. Concretely, the effects
of diverse process variables on the structure of microcapsules were
investigated for capsules prepared by polymerization'*™"?
phase inversion by solvent removal,'®'” among others.'*°

and

The present work was focused on the production and character-
ization of polysulfone microcapsules. Polysulfone is one of the
most used polymers for preparing membranes and microcap-
sules because of its good mechanical, thermal, and chemical

properties.”*® The production method was based on phase
inversion by immersion precipitation, which is a commonly used
technique for the preparation of polysulfone capsules.”"** Our
aim was to investigate some of the preparation conditions that
affect the membrane formation process, thus having a clear influ-
ence on the final wall morphology. Elucidation of the variables
that determine wall morphology is a first step toward the prepa-
ration of tailored polysulfone capsules. For that purpose, phase
inversion by immersion precipitation was studied. Fundamentals
of the technique involve the interaction among at least three
compounds: the chosen polymer, a solvent, and a non-solvent of
the polymer. When a polymeric solution is immersed into a
precipitation bath, which contains the non-solvent, a diffusion
process takes place. In the polymeric solution the concentration
of solvent decreases meanwhile the concentration of non-solvent
increases and, at certain moment, the solution reaches a thermo-
dynamically unstable region. The instability forces a splitting up
of the solution into two different phases, which are immiscible
between them; one phase is rich in polymer whereas the other
phase is poor in it. The separation of these phases is known as
liquid-liquid demixing. The nuclei of the poor-in-polymer phase
are responsible for pore formation, whereas the polymer in the
rich-in-polymer phase solidifies, thus leading to the obtaining of
the membrane. The liquid-liquid demixing rate affects the pore
formation process (thus, the final morphology of the mem-
brane)* and it is determined by thermodynamics and mass
transfer kinetics. Thermodynamic characteristics depend on the
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system (non-solvent/solvent/polymer), whereas mass transfer
kinetics can be modified, typically by the addition of solvent to
the precipitation bath.?*™*°

The influence on wall morphology of both the polymer and some
additives concentration were reported.***>*'**> However, this
work aimed to provide new knowledge in that field, by address-
ing the problem from two different approaches: (a) thermody-
namics changes by using different solvents; and (b) modification
of mass transfer kinetics by addition of solvent to the precipita-
tion bath. Thus, several experiments were performed by using
different solvents and precipitation baths. Polymer concentration
in the polymeric solution and the non-solvent used, pure water,
were constant in all the preparations. The solvents for polysul-
fone were selected among the most effective ones, on the basis of
a ranking published elsewhere®® and being the miscibility
between solvent and non-solvent a requirement for the selection.
The selected solvents were: N,N-dimethylformamide, N-methyl-
2-pyrrolidone, and N,N-dimethylacetamide. In addition, there
was another variable that needed to be controlled, which was the
size of the capsules. It was suspected that the diameter of the cap-
sules could influence on their morphology. Reported images of
polysulfone macrocapsules (around 1 mm)*” and microcapsules
(around 20 pm) prepared in the same conditions® showed dif-
ferent cross-section characteristics. Our products showed a wide
size distribution, thus, in order to determine the effect of solvents
and precipitation baths in the morphology, the possible effects
due to size differences should be discarded. Although possible
improvement in size distribution could be achieved by using flow
focusing techniques,®*® it was not possible to narrow it with the
available equipment; moreover, it was not in the scope of the
research. Thus, to address the need to eliminate size variability,
we focused the analysis of the results exclusively on capsules of
30 = 10 um of diameter. These capsules were the most interest-
ing for us, due to the most common applications we deal with.

Surfaces and cross-sections of the different preparations were
observed by Scanning Electron Microscopy (SEM) in order to
elucidate the main differences among them.® Moreover, a
description of the different structures obtained, together with a
proposed explanation of the reasons that lead to these differen-
ces, was stated.

The main finding of the work was that when the precipitation
bath was pure water, macrovoids appeared in the wall structure,
whereas if solvent was added to the precipitation bath (in a
60 wt % or higher concentration), morphology could be turned
into a sponge-like structure. About the surface features, all the
preparations showed pores in their outer layer, but the addition
of solvent to the precipitation bath reduced surface porosity.

EXPERIMENTAL METHODS

Material
Polysulfone (PSf, Sigma—Aldrich, Spain, transparent pellets of
M,, = 16,000) was used as polymer. Three solvents were

assessed; N,N-dimethylformamide (DMEF, Scharlab, reagent
grade ACS-ISO), N,N-dimethylacetamide (DMAc, Scharlab, syn-
thesis grade), and N-methyl-2-pyrrolidone (NMP, Scharlab, 99
+9% A.C.S. reagent). The non-solvent used was distilled water.
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Methods

An air atomizing nozzle (nozzle diameter = 0.8 mm) was in-
stalled over a beaker containing the precipitation bath. Air pres-
sure was set to 2.5 bar and the air flow at this pressure was 250
L/h. Figure 1 shows the schematic diagram of the setup.

The polymeric solutions were prepared 24 hours before micro-
capsules production and they were kept in a closed bottle in
order to avoid their contact with humid atmospheric air, which
could cause polymer precipitation. The polymeric solution
microdroplets were projected into the precipitation bath, pro-
ducing immediately the microcapsules. Finally, the product was
collected by filtration and kept into a desiccator.

Several experiments were performed using various solvents and
precipitation baths, as it is shown in Table I. For minimizing
the increase of solvent concentration in the precipitation bath,
only 5 mL of polymeric solution were atomized over 100 mL of
bath. Each experiment was repeated at least three times.

Characterization of the different preparations was performed by
SEM, by using a Jeol JSM-6400 Scanning Microscopy, working with
a voltage between 15 and 20 kV. The analysis of the results was
focused on capsules with a diameter of 30 £ 10 um. Microcapsules
samples were sputtered with gold, at 30 mA for 180 s, and after-
ward, their surface features were investigated. Moreover, with the
aim to elucidate the main differences in the wall structure, samples
were cut by cryogenic breaking® and their cross-sections were also
sputtered with gold at the conditions aforementioned and observed
by SEM. Cryogenic breaking is an easy and simple technique, the
procedure followed for the obtaining of the samples is described
below. The first step was to mix the microcapsules with a freezing
medium (Jung Tissue Freezing Medium, Leica Instrumental) and
to immerse the mixture into a liquid nitrogen bath, in order to
freeze it. The medium froze fast, forming a matrix where the capsu-
les were embedded and supported for sectioning. Afterward, frozen
samples were located into a cryochamber (Leica CM1850) which
was set to a temperature of —22 °C and they were cut with a blade,
using thickness intervals of 15 um (in previous observations we
had concluded that this was the most adequate thickness for our
samples). The obtained slides were deposited over a glass, which
was ready to be sputtered with gold and examined by SEM.

Several images of each preparation were obtained, both from the
surface and from the wall cross-section. In the case of surface
characterization, several micrographs could be obtained without
difficulty, because there were hundreds of capsules in the sam-
ples. The surface micrographs presented in the results were
obtained at 17,000 magnifications. This value was selected in
order to provide images showing about the 5% of the observable
surface of a capsule of 30 um diameter (due to the spherical ge-
ometry of the capsules, the observable area of a capsule with a
determined diameter was the area of a circle of the same diame-
ter). On the other hand, when cross-sections were observed, the
number of capsules in the cryomicrotomed samples was lower,
because they were dispersed in the freezing medium. In addition,
not all the capsules were cut, and not all the cut capsules allowed
a detailed observation of the wall structure. Due to this added
difficulty, our analysis was based on 10 capsules of each prepara-
tion, which were selected at random.

@WILEY i ONLINE LIBRARY


http://onlinelibrary.wiley.com/

Applied Polymer armicle [N

Polymeric
solution

AIR

Flowmeter

Precipitation
bath

Figure 1. Schematic diagram of the atomization setup.

RESULTS AND DISCUSSION

Surface Features of Microcapsules Samples
Microcapsules were successfully obtained and their shape was

Table I. Summary of Experiments Performed for the Preparation of . X i K
spherical in all the assessed preparations. Figure 2 shows, as an

Microcapsules

Precipitation bath

Sample
Polymeric solution Solvent (S) Water ID
15 wt % PSfin DMF O wt % DMF 100wt % 1.1
15wt % DMF  85wt% 1.2
50wt % DMF  50wt% 1.3
60wt % DMF  40wt% 1.4
75wt % DMF  25wt% 1.5
15 wt % PSfin NMP O wt % NMP 100wt % 2.1
15wt % NMP  85wt% 2.2
50wt % NMP 50wt % 2.3
60wt % NMP  40wt% 2.4
75wt % NMP  25wt% 2.5
15 wt % PSfin DMAc O wt % DMAc 100wt % 3.1
15wt % DMAc 85wt% 3.2 f
50 wt % DMAc 50wt % 3.3
60 wt % DMAc 40wt% 3.4
75wt % DMAc 25wt % 3.5

20 um

Figure 2. SEM image of a capsule prepared by using 15 wt % PSf in
DMF as polymeric solution and 60 wt % DMF in distilled water as pre-

cipitation bath.
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Figure 3. Surface micrographs of microcapsules prepared by using 15 wt % PSf in DMF as polymeric solution. The precipitation bath was composed by: (a)
distilled water; (b) 15 wt % DMEF in distilled water; (c) 50 wt % DMF in distilled water; (d) 60 wt % DMEF in distilled water; (e) 75 wt % DMEF in distilled water.

example, a capsule prepared by using 15 wt % PSf in DMF as
polymeric solution and 60 wt % DMF in distilled water as pre-
cipitation bath.

The SEM images corresponding to capsules surfaces are shown
in Figures 3, 4 and 5. Additional surface micrographies are
included as supporting information. As can be seen, all the
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preparations showed pores on their surface. However, it can be
observed that the number of pores tended to decrease with the
addition of solvent to the precipitation bath. In the case of cap-
sules prepared using DMF as solvent, this observation was in
agreement with the existing literature on polysulfone flat mem-
branes. It was reported that the addition of DMF to the

@WILEY i ONLINE LIBRARY


http://onlinelibrary.wiley.com/

Applied Polymer armicle [N

3um (e)

Figure 4. Surfaces micrographs of microcapsules prepared by using 15 wt % PSf in NMP as polymeric solution. The precipitation bath was composed
by: (a) distilled water; (b) 15 wt % NMP in distilled water; (c) 50 wt % NMP in distilled water; (d) 60 wt % NMP in distilled water; (e) 75 wt % NMP
in distilled water.

precipitation bath reduced the porosity of the surface layer.”®  Effect of Solvent and Precipitation Bath Composition on
The same trend may be valid in the case of capsules. Moreover, — Microcapsules Inner Structure
capsules prepared using NMP showed similar behavior. In the ~ The SEM images corresponding to capsules wall morphology

case of DMAc less amount of solvent was required to cause an  are shown in Figures 6, 7 and 8. Additional cross-section
important decrease on porosity. micrographies are included as supporting information. As it can
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Figure 5. Surfaces micrographs of microcapsules prepared by using 15 wt % PSf in DMAc as polymeric solution. The precipitation bath was composed
by: (a) distilled water; (b) 15 wt % DMAc in distilled water; (c) 50 wt % DMAc in distilled water; (d) 60 wt % DMAc in distilled water; (e) 75 wt %

DMACc in distilled water.

be seen, two clearly different wall structures were obtained: wall
structures with large elongated pores (macrovoids) and sponge-
like structures.

Significant differences on morphology caused by the use of
different solvents were not encountered. On the other

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.38868
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hand, precipitation bath had a clear effect on the mor-
phologies. The results were in agreement with the litera-
ture about phase separation processes in polymer solutions,

which has been studied for flat
29,39,40

widely polymeric

membranes.
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Figure 6. Cross-section micrographs of microcapsules prepared by using 15 wt % PSf in DMF as polymeric solution. The precipitation bath was composed by: (a)
distilled water; (b) 15 wt % DMEF in distilled water; (c) 50 wt % DMEF in distilled water; (d) 60 wt % DMEF in distilled water; (e) 75 wt % DMF in distilled water.

It is accepted that membrane morphology is determined during
the liquid-liquid demixing process,” which is ruled by thermo-
dynamics and mass transfer kinetics.

Firstly, the influence of the thermodynamic parameters of the
studied systems is discussed. These parameters are determined
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by the compounds in the system [non-solvent (1)/solvent (2)/
polymer (3)]. Interaction among them is a key factor determin-
ing the demixing rate and it can be expressed by the Flory—
Huggins interaction parameter (y) or by the Relative Energy
Density (RED) calculation, which is a measure to express the
affinity of a polymer for a solvent, based on the distance
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Figure 7. Cross-section micrographs of microcapsules prepared by using 15 wt % PSf in NMP as polymeric solution. The precipitation bath was com-
posed by: (a) distilled water; (b) 15 wt % NMP in distilled water; (c) 50 wt % NMP in distilled water; (d) 60 wt % NMP in distilled water; (e) 75 wt %

NMP in distilled water.

between their Hansen Solubility Parameters.”> The higher is the
Flory—Huggins interaction parameter, the lower is the affinity
between the compounds.

In our system, affinity of polysulfone for the three assessed solvents
was similar. Table IT shows the Relative Energy Density Calculation

for Selected Solvents and Polysulfone.* Solubility of a polymer in
a solvent increases as RED approaches 0. If RED > 1 the polymer
is not soluble in that solvent. According to Table II, Polysulfone
shows higher affinity for NMP, followed by DMAc and, finally, the
solvent which shows less affinity for the polymer is DMFE.
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Figure 8. Cross-section micrographs of microcapsules prepared by using 15 wt % PSf in DMAc as polymeric solution. The precipitation bath was com-
posed by: (a) distilled water; (b) 15 wt % DMAc in distilled water; (c) 50 wt % DMAc in distilled water; (d) 60 wt % DMAc in distilled water; (e) 75
wt % DMACc in distilled water.

On the other hand, RED for water and polysulfone is 4.49, polymer and non-solvent, because it is required a low concen-
which express very low affinity of the polymer for water. This is  tration of non-solvent in the solution to start the demixing.”

in agreement with the high Flory Huggins interaction parameter

reported for the pair polysulfone-water (3 = 3.7%%). Fast dem-  As ;5 was constant and affinities of the polymer for the
ixing is expected to happen in systems with low affinity between  different solvents were similar, the main variable determining

al
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Table II. Relative Energy Density Calculation for Selected Solvents and

Polysulfone
Solvent RED
NMP 0.68
DMAc 0.86
DMF 0.96
differences in thermodynamics behavior was the affinity

between solvent and non-solvent, which can be expressed by a
concentration dependent interaction parameter (g;,). Figure 9
shows the concentration dependent interaction parameter (g;,)
for the selected solvents and water (DME’' NMP*” and
DMAc). > Tetrahydrofuran (THF) was added to the figure only
for comparison, because it is generally accepted as a solvent
with very low affinity for water,”® thus, it can be seen that g,
for THF is quite higher than for the other solvents.*> Although
it would have been very interesting to prepare polysulfone
microcapsules by using this solvent, experimentation could not
be performed with the available equipment for safety reasons.
The way in which affinity between solvent and non-solvent
affects the demixing process is discussed below.

During demixing, pores are formed from the nuclei of the poor
in polymer phase. Once a nucleus is initiated, it attracts solvent
to diffuse inward in order to reach the thermodynamic equilib-
rium of the phase. If the affinity between solvent and non-sol-
vent is low the driving force is also low and growth of the pores
is restrained. On the other hand, if that affinity is high, pores
grow fast and they continue growing as long as: (a) solvent is
available or (b) the polymer concentration in the rich-in-poly-
mer phase is high enough to cause polymer precipitation.
Nevertheless, if many nuclei are growing at the same time less
solvent is available, because all of them are consuming it. Thus,
pore growth is limited by competition for the solvent and phys-
ical space availability. When affinity between solvent and non-
solvent is high, solvent diffuses rapidly to the precipitation bath
and a polymer concentrated top layer is formed, which restrains
diffusion flow in the sublayer. Then, few nuclei are initiated
under the top layer, but little amount of non-solvent in a nu-
cleus is enough to induce solvent diffusion inwards to maintain
the equilibrium of the poor-in-polymer phase. Thus, few nuclei
are formed, but their growth is fast and, in addition, there is
more solvent available
expected to favor macrovoids formation.

for each one. These conditions are

The three solvents assessed showed high affinity to water.”!
Even from Figure 9 it is observed that the affinity between
NMP and water is lower than for DMF and DMAg, this differ-
ence was not high enough to cause any significant effect in the
morphology. As the affinity between non-solvent and the
solvents was high (low g;,), and in addition, the interaction
parameter y;3 was very high, these two characteristics favored
fast demixing and for this reason macrovoids were observed in
Figures 6(a—c), 7(a—c), and 8(a,b).

Nevertheless, it was observed that the addition of solvent to the
coagulation bath decreased macrovoids formation. By using
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DMF and NMP as solvents, when the precipitation bath con-
tained a 60 wt % of solvent, macrovoids were not observed and
a sponge-like structure formed by small pores was obtained
instead [Figures 6(d,e) and 7(d,e)]. In the case of DMAc, the
addition of 45 wt % of the solvent into the precipitation bath
was enough to prevent macrovoids formation. See Figure
8(c,d,e). Non-occurrence of macrovoids may be explained by a
reduction of the diffusion rate, because the addition of solvent
lowered the chemical potential gradients. Reduction of diffusion
rate caused a delay in the liquid-liquid demixing rate. When
phase separation began, certain amount of non-solvent had dif-
fused, not only in the top layer but in the whole transversal sec-
tion and, consequently, many nuclei were initiated at the same
time. Those nuclei growth was slow because of the driving force
reduction. In addition, growth of each pore was limited by the
surrounding pores, because all of them were consuming solvent.
In those conditions macrovoids formation was not possible. In
the case of DMAG, less solvent was required, which was not jus-
tifiable on the basis of affinity between solvent and non-solvent.
However, a possible explanation based on the gelation process
was given in a previous work with polyethersulfone.”

CONCLUSIONS

A process for the production of polysulfone microcapsules was
proposed. The process was based on a well-known technique,
phase inversion by immersion precipitation. In addition it was
performed by using a very simple atomization setup, which
allowed the fast obtaining of capsules.

Knowledge of the fundamentals of the precipitation technique
set the basis for our experimental design. Several experiments
were performed in order to elucidate the influence on the final
morphology of two factors: (a) the solvent used in the poly-
meric solution, and (b) the precipitation bath composition.

On one hand, morphology was not affected by the solvent used
as the three solvents studied have similar affinity with the non-
solvent and also with the polymer.

On the other hand, the addition of solvent to the precipitation
bath was identified as a factor causing great differences in wall
morphology. Concretely, when the precipitation bath was pure
water, macrovoids appeared in the wall structure. On the other

hand, if solvent was added to the precipitation bath,
35
3
25
\ ——NMP
~ 2 ——DMF
® 15 ——DMAc
-=—THF
14 ——— ]
3
05 1
0 r r r r
0 0.2 04 0.6 0.8 1

Volume fraction of water

Figure 9. Concentration dependent interaction parameters (g;,) for the
selected solvents with water (DME>' NMP,>®> DMAc®®, and THF).
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morphology could be turned into a sponge-like structure. How-
ever, the concentration of solvent in the precipitation bath was
required to be over 60 wt %, lower concentrations did not show
clear effect on macrovoids reduction, except in the case of prep-
arations by using DMACc as solvent.

The present work provides additional knowledge about parame-
ters affecting polysulfone microcapsules wall morphology. A bet-
ter control of capsules morphology is the first step toward the
preparation of tailored microcapsules in which wall membrane
could be designed in order to fit possible applications, as it is
already known and widely published for flat polymeric
membranes.
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