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Abstract

Isocyanates are a family of chemical compounds characterized by the isocyanate (-NCO) group that are used in a wide variety of
applications, for example, to produce foams, coatings, and adhesives. The footwear industry is a specific case where isocyanates are
used to produce high-quality adhesive joints, but this organic compound is very toxic and can be a health hazard to the workers who
deal constantly with this chemical. This downside made regulation necessary for the use of isocyanates. The objective of this work
is to encapsulate aliphatic isocyanate with a biodegradable shell (PBAT or PBS) using the solvent evaporation technique, to mitigate
the hazards associated with direct handling, while also protecting isocyanates against moisture and ambient factors. To ensure the
viability of this method, the microencapsulation parameters were studied, and the microcapsules (MCs) characterized using optical
microscopy, SEM, NMR, FTIR and TGA to observe the shape and type of MCs formed, as well as to determine the payload and
their behaviour when exposed to the environmental conditions. The study of the behaviour of the MCs in the adhesive was studied
using rheological measurements, peel, and creep tests. As a result, spherical and crack-free MCs were obtained containing three
different isocyanates encapsulated. Core-shell and matrix-type MCs were obtained for PBAT and PBS, respectively, as shell material
and a payload of ca. 68 wt% was observed. The suitability of these MCs to be used as cross-linking agents in high-performance
adhesive formulations for the footwear industry was assessed in accordance with industry guidelines, in collaboration with CIPADE
S.A.. The adhesive joints, when using encapsulated isocyanate, exhibited peel strength values between 3.28 and 5.34 N/mm, which
are above the minimum required for the targeted footwear application, and improved creep resistance when compared with non-

encapsulated isocyanate.
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1. Introduction

Isocyanates are a family of chemical compounds characterized
by the -NCO group and were first synthesized in 1848 by Wurtz
[1]. They present a high reactivity towards common nucleo-
philes (-OH, -NH and -SH). They are mostly used as a monomer
for the formation of polyurethane that can be applied as foams,
coatings, and adhesives [1-3]. In the footwear industry, isocya-
nate is used as a monomer for polyurethane soles or upper [4, 5]
and as a crosslinking agent for polyurethane adhesives that are
applied as a crosslinking agent in adhesives [6].

Despite the use of isocyanates in a large range of applications,
isocyanates are toxic components, and in a factory, they can be
found in different stages of the production process. Prolonged
exposure to isocyanate vapours and/or aerosols in the workplace
environment can lead to various symptoms in workers. Isocya-
nates are powerful irritants of the mucous of the eyes and of the
respiratory tract [7]. The more common consequences are the
development of respiratory illnesses such as occupational
asthma, bronchitis and rhinitis. In recent years, the European
Commission has been actively engaged in reducing the utiliza-
tion of isocyanates to safeguard workers in the European Union.
Starting in 2023, regulations will be implemented to ensure the
safe handling of this compound [9].

Microencapsulation is the process of enclosing a solid, liquid, or
gas to produce small particles called microcapsules, with a size
between a few microns to a few millimetres [10, 11]. This con-
cept is used for different applications, such as food technology
[12-15], fragrances [16-19], the pharmaceutical industry [12, 20-

22], agriculture [23-25] and energy storage [26-28]. Microen-
capsulation of isocyanate species has emerged as a valuable so-
lution with dual benefits. Microencapsulation offers a protective
shield around isocyanate molecules and ensures the safety of
workers and end-users. Moreover, this approach enhances the
stability of isocyanates, a critical factor for their storage and
transportation. By encapsulating them, the risk of premature re-
actions or degradation is minimized, thereby increasing the shelf
life and reliability of these essential chemical compounds.
Therefore, microencapsulation of isocyanates is an approach
with great potential and has the benefit of complying with the
recent regulation on isocyanates.

Isocyanate encapsulation for adhesives started to be published
more specifically with epoxy resins and using polymers such as
PMMA for the walls. Initially, it was studied for metal joints and
having in mind the use for self-healing of the joint [29, 30]. Over
time, research into encapsulating isocyanates gained signifi-
cance, driven by restrictions on isocyanate use. In the context of
footwear applications, some approaches have been explored but
interfacial polymerization is the most used production tech-
nique, and IPDI is the most studied isocyanate in this context
[31,32].

Biodegradable polymers were not being used for the encapsula-
tion of isocyanate being more used for drug delivery [33], for
example. However, they started to be an option to avoid the pol-
yurethane shell that is not biodegradable, and sometimes very
hard to break and release the isocyanate content. The first



biodegradable polymer tested was PCL with good results and
then, other biodegradable polymers came after these such as
PLA, PBAT and PCL/PLA blend used to encapsulate IPDI [34-
36]. The encapsulation of IPDI was observed and with a high
content, around 68 wt% for the PBAT MCs. The adhesive using
these polymers as shell maintained the requirements necessary
to be applied in the industry. All of these were obtained using the
solvent evaporation technique and present good stability after.
Therefore, the primary objectives of the research presented were
to further enhance and refine the manufacturing process of bio-
degradable MCs, enhance the encapsulation of isocyanates, and
evaluate the resulting products and their application in adhesives
according to industrial standards.

2. Methodology
2.1 Materials

The isocyanates used, namely the monomeric HDI (Desmodur
® H), the trimer (Desmodur ® N3900) and the prepolymer (Des-
modur® DN) were kindly supplied from Covestro AG
(Leverkusen, Germany). Dichloromethane (>99.8%, HPLC
grade) and Chloroform (>99.8%, HPLC grade) were supplied by
Fisher Chemical (Porto Salvo, Portugal). PBAT (PBAT Ecoflex
®; Mw= 91,808 g/mol) was acquired from BASF (Ludwigsha-
fen, Germany). PBS was kindly supplied by Cabopol (Porto de
Mos, Portugal). The emulsifier poly(vinyl alcohol) (PVA) (98-
99% hydrolysed, 57,000-67,000 Da) was obtained from Alfa Ae-
sar (Haverhill, MA, USA). Gum acacia (general purpose grade)
was supplied by Fisher Chemical (Porto Salvo, Portugal). The
PU-based adhesive with the commercial name Plastik 6275 and
the emulsifier Celvol 540 (PVA 87-88% hydrolysed, called
Celvol throughout this thesis) were kindly supplied by CIPADE
S.A. (Sdo Jodo da Madeira, Portugal). All products were used
without any further purification.

2.2 Production of PBAT and PBS microcapsules

At room temperature, 3.25 g of PBAT was dissolved in 25 g of
dichloromethane (DCM) and magnetically stirred until all pel-
lets were dissolved. Then, the PBAT solution was added to 6.8 g
of isocyanate species and mixed for 5 min, forming the organic
phase (OP). Concurrently, the water phase (WP) consisted of a
3 wt% solution of PVA with a total weight of 50 grams. Subse-
quently, the OP was added to the WP while subject to mechanical
stirring (750 rpm) with the aid of an impeller. The emulsion was
left stirring for 4 hours and then, the MCs were vacuum filtrated
using a Biichner funnel, Biichner flask and a vacuum pump. The
collected MCs were then thoroughly washed with deionized wa-
ter multiple times and left to air dry for 24 hours. Finally, the
dried MCs were stored in a desiccator at room temperature. This
process was used for all three isocyanates.

To produce PBS MCs, the process was identical only changing
the quantity of polymer, the organic solvent and the emulsifier.
The OP was prepared with 2.25 g of PBS and 25 g of chloroform
and the WP consisted of a 2 wt% solution of Celvol with a total
weight of 50 g.

2.3 Characterization of the MCs

2.3.1 Optical Microscopy and Scanning Electron Microscopy
(SEM)

To follow the evolution of the emulsion during the synthesis and
the morphology of the MCs it was used an optical microscope
Kruss MSZ 5600 optical microscope (Hamburg, Germany). To
analyse with more detail the external and internal morphology
and the surface morphology of the MCs, scanning electron mi-
croscopy (SEM), Phenom ProX G6 benchtop SEM (ThermoSci-
entific, Waltham, MA, USA), was used. The samples were im-
mobilized in a sample holder by using a conductive double-sided
adhesive tape and coated with a 15 nm layer of a conductive
Au/Pd thin film, through sputtering, using a turbomolecular
pumped sputter coater from Quorum Technologies, model
Q150T ES (Lewes Road, Laughton, UK). Additionally, micros-
copy played an important role in determining the average diam-
eter of the MCs. The diameters were measured using the Fiji
software (ImageJ/Fiji 1.53Kk) [37] using data sets of 250 meas-
urements. The diameters are represented by their mean average,
standard deviation values and median.

2.3.2 Fourier Transformed Infrared Spectroscopy (FTIR)

FTIR is a spectroscopic technique used to study the presence of
specific chemical bonds in a material, by the absorption of infra-
red light at specific frequencies (wavenumbers). This technique
was used to check the presence of isocyanate (NCO) species,
and to check if the formation of polyurea (PUa) had occurred.
With this in mind, it was used a Spectrum Two FT-IR spectrom-
eter from PerkinElmer (Waltham, MA, USA) equipped with a
UATR Two accessory. The spectra were captured with a resolu-
tion of 4 cm™! and data accumulation of 16 scans.

2.3.2 Thermogravimetric Analysis (TGA)

The technique (TGA, Hitachi STA 7200 thermal analysis system
(Ibaraki, Japan)) was used to study the percentage of encapsu-
lated isocyanate, and the thermal stability of the MCs. Between
5 and 10 mg of sample were put into an aluminium pan and
heated from 35 to 600 °C at a rate of 10 °C/min with a nitrogen
feed rate of 200 mL/min. Through TGA technique was also stud-
ied its first derivative, the derivative thermogravimetric (DTG).

2.3.4 Titration

Titration was used to determine the %NCO groups in isocya-
nates, with some modifications to fit the MCs. Titration was
done according to the standard ASTM D 2572 [38]. The protocol
used was the following, in a beaker it was weighted around 0.5
g of MCs, then it was added 50 mL of acetone. To ensure that
the isocyanate encapsulated was released from the MCs the so-
lution was put in an ultrasonic bath for 20 minutes. Then, it was
added 10 mL of a di-n-butylamine solution (toluene, 1 M) and
magnetic stirred for 30 minutes with an indicator (3 drops), bro-
mophenol blue (0.5 wt% in isopropyl alcohol). The titration is
performed using hydrochloric acid, HCI, (water, 1 M) until there
is a change of colour from blue to yellow. This process was re-
peated three times for every sample. A blank (no MCs) was also
performed. Titration was only used for PBAT MCs because as it
is shown later, PBS MCs are not core-shell and so, not all the
isocyanate is released to the medium which makes this technique
unfitted to study PBS MCs.

With the titrations was possible to calculate the %NCO groups
according to equation 1, where “Vgiani” 18 the volume, in mL, of



HCI that is consumed when there are no MCs in the solution;
“Vsampte” 18 the volume of acid consumed when MCs are present;
m is the mass of microcapsules (g); Crciis the molar concentra-
tion of HCI (1 in this case); 42.02 is the molecular weight
(g/mol) of the isocyanate group.

NCO (96) = Lot VsampieCuer<i202 g M

The value in equation 1 is obtained considering the mass of the
polymer in the MCs. So, to know the weight percentage of NCO
groups and to compare with other techniques, we use equation
2, NCO (%) mcs is the value we obtain for equation 2.;
NCO(%)1socyanate 18 the percentage of isocyanate groups in the en-
capsulated isocyanate. Depending on the isocyanate, this value
may differ, and it is found in the isocyanate’s datasheet (49.7%
for HDI; 23% for trimer; 21.3% for prepolymer).

NCO(%)mcs

Isocyanate (Wt%) = NCOOo)reerares
socyante

x 100 )

2.3.5 Nuclear Magnetic Resonance (NMR)

'H NMR spectra were acquired in a Bruker Avance IIT 400 spec-
trometer (Karlsruhe, Germany) with deuterated chloroform
(CDCls) as solvent. To quantify the isocyanate, present in the
MCs, an internal standard (4-chloro-3-methylphenol) was se-
lected because it has peaks that do not overlap with those of the
isocyanates. The NMR samples were prepared immediately
prior to their assessment to prevent any potential reactions be-
tween the internal standard and the compounds. A signal at 6.50
ppm — 6.75 ppm from the internal standard and the isocyanates’
signals at 3.3 ppm (HDI), 3.8 ppm (trimer or prepolymer) were
selected for direct correlation [39]. To calculate the wt% of iso-
cyanate in the MCs, it was used equation 4, but for the mono-
meric isocyanates. In the equation, “ngq” is the mol value of the
standard; “k” is a theoretical ratio between the signal of the used
standard and isocyanate when the amount of both is equivalent
(k= 0.5 for HDI and 0.33 for HDI based-trimer); “Misocyanate”
stands for the molecular weight of the isocyanate; “r” is the ratio
obtained between the signal of the standard; “mMCs” refers to
the mass of the MCs.

Ngtqg X k% Misocyanate

Isocyanate (Wt%) = X 100 4

T X Mpycs
The quantification of the isocyanate prepolymer was performed
using a calibration curve. This calibration curve was obtained by
changing the mass of this isocyanate, the ratio of the signals will
be different and so, a curve can be obtained. When MCs are
used, it is possible to quantify the isocyanate percentage.

2.4 Production and characterization of adhesive joints
2.4.1 Adhesive Formulation

For adhesive production and viscosity analysis, a 5 wt% of hard-
ener (isocyanate) was employed with Plastik 6275 glue (com-
mercial PU adhesive). The selection of this percentage was
based on earlier findings that demonstrated superior results com-
pared to concentrations of 2.5 wt% or 7.5 wt% [35].

2.4.2 Viscosity of the adhesive

The analysis of adhesive viscosity aimed to investigate the re-
lease of isocyanate from the MCs and observe the impact of en-
capsulation. A Modular Compact Rheometer (MCR) Series —
MCR 92 from Anton Paar (Graz, Austria) was employed, having
a cone-and-plate system composed of a measuring cone PP25
with a diameter of 25 mm. Disposable dishes EMS/CTD 600,
with a diameter of 54 mm, from Anton Paar (Graz, Austria) were
used. Firstly, the viscosity of the glue (Plastik 6275) with only
the isocyanate was measured. Subsequently, the influence of
MCs was studied, maintaining the same percentage of isocya-
nate. The conditions used in the rheometer were the following:
around 1 mL of adhesive formulation was introduced in the dis-
posable plate, a shear rate (y) from 1 to 1000 s™!, a gap of I mm
between the cone and the plate was maintained. The software
calculated the viscosity by interpolating a data set of 21 points
in an interval of 21s. For each test, three measurements at 25 °C
were performed.

2.4.3 Adhesive joint manufacture and dispersion of MCs in the
substrate

Pairs of substrates with dimensions of 13 ¢cm x 3 ¢cm of Neolite,
a synthetic rubber normally used to replace leather, were sub-
jected to chemical treatment with 2190 Halinov (CIPADE S.A.).
They were left to dry for an hour at room temperature. The ad-
hesive formulation was applied on the substrates with a brush in
an area around 10 cm x 3 cm and allowed to dry for 15 minutes
at room temperature. The films formed on the substrates were
activated by IR radiation for 6 seconds at around 70 °C. Then,
the substrates were bonded and subjected to a pressure of 4 bar
for 10 seconds. Afterwards, the adhesive joints were stored for a
week in standard conditions (23 °C, 50% relative humidity) to
guarantee that the cure of the adhesive was complete.

2.4.4 Peel strength test

The peel strength test determines the necessary force to separate
the substrates by applying a constant speed, with this test it is
possible to understand whether the failure of the joint will occur
in the adhesive or in the substrate, for instance. The characteri-
zation was executed using a universal testing machine Instron
5566 and following the standard EN 1392 [95], at the facilities
of CIPADE SA, with the tests repeated three times for each test
at an angle of 180° and at a crosshead speed of 100 mm/min.

3.5.5 Creep test

The creep test was carried out to assess the resistance of the ad-
hesive joint to temperature. An effective cross-linking promoted
by the presence of isocyanates contributes to such resistance.
This process involves exposing the sample to high temperatures
while hanging with a weight (constant load) at the same time to
measure the opening of the joint. This property is important con-
sidering that footwear may undergo substantial temperature fluc-
tuations, such as those encountered in a display vitrine of a shop
or in working conditions. The test was performed while the spec-
imen was suspended at different temperatures for 2 hours with a
weight of 300 g, starting at 60 °C and increasing in steps of 10
°C until reaching 90 °C. The displacement was measured at the
end of the two hours. These tests are an adaptation of the stand-
ard EN 1392 and were performed at CIPADE S.A.. For every



Figure 1. Morphology of the PBAT MCs with different isocyanates.

test, three adhesive joints were considered. Figure 24 shows the
creep test being performed in the adhesives studied in this work.

3. Results and Discussion

3.1 Production of PBAT MCs with different aliphatic isocya-
nates, based on HDI

HDI and the two HDI-based isocyanates are very commonly
used in the industry. HDI has the problem of having a high vapor
pressure (0.05 mmHg at 25 °C) [42], hence, it is normally con-
verted to a trimer or prepolymer to increase the molecular weight
and decrease the vapor pressure. The trimer employed is distinct
from the typically used trimer in that it is asymmetrical. This
characteristic is advantageous because, unlike symmetrical,
asymmetrical trimers offer lower viscosity, which is a beneficial
feature in most applications [3]. The morphology of the MCs
obtained using the different isocyanates is visible in Figure 1.
The MCs do not present any cracks on the surface and in general
are smooth and loose. Spherical MCs were obtained for the mon-
omer and trimer. For the encapsulated prepolymer, it is seen fil-
ament-shaped MCs along with round MCs, which could be de-
bris and /or shapeless MCs. Through SEM, it was not possible
to identify any traces of PUa. The inside of the MCs with

monomer were observed and the MCs formed are core-shell type
(Figure 2).

Table 1 shows the size characteristics of the MCs. There is an
increase in size explained by the increase in viscosity when we
use the trimer or the polymer. For the trimer the viscosity is
around 730 mPa.s and for the polymer about 1250 mPa.s. These
values are superior to the ones of the monomer that has only a
viscosity of 3 mPa.s. The increase in viscosity favours the for-
mation of bigger droplets because it hinders the droplet's break-
down process.

Table 1. Statistical values of the size of the PBAT MCs with
different isocyanates.

Mean Standard
size Deviation Median (um)
(um) (um)
MCs-PBAT-Monomer 71 25 67
MCs-PBAT-Trimer 100 54 90
MCs-PBAT-Polymer 104 53 89

The MCs were subjected to TGA and FTIR analysis for qualita-
tive and quantitative assessment. The FTIR spectra of the MCs
with three isocyanates are in Figure 3. The FTIR spectra for the
MCs are the merge of the signals obtained for PBAT and the
encapsulated isocyanate showing the successful encapsulation
of isocyanate. The peaks more prominent related to PBAT shell
are the carbonyl group (C=0O) stretching vibrational band at
1714 cm™!, the stretching vibration of the C-O-C bond at 1270
cm!and a peak from the bending of the out-plane =C-H bond at
727 cm!. The peak around 2260 cm ! is attributed to the stretch-
ing of N=C=0. The monomer has a higher intensity because it
has a higher content of isocyanate groups compared with the
other two isocyanates. The isocyanurate ring signals are ob-
served at 1680 cm™' and 764 cm™!, they come from the stretching
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Figure 3. FTIR spectra of the MCs produced using the different isocyanates.

of the C=0 group at the heterocycle and the skeletal vibration of
the isocyanurate ring, correspondingly. Asymmetric bending of
CH,, when attached only to carbons, is around 1460 cm™! and
1356 cm™! when attached to isocyanate groups. The peak at 1426
cm!is related to asymmetric bending of CH; for the ones di-
rectly linked to the isocyanurate ring visible only for the trimer
and the prepolymer. The signals related to the PUa formation are
only observed for the monomer. This is visible by the signals
around 3290 cm™' linked to the stretch of N-H group and the
other at a wavenumber of 1598 cm™ the bend of the -NH bond
and another peak that can appear at 1627 cm™! is related to the
stretching of the carbonyl bond (C=0).

The thermograms of the MCs (Figure 4) were obtained and it is
observed that only MCs-PBAT-Monomer has two degradation
steps, one for HDI and other for the PBAT shell. The MCs-
PBAT-Trimer and MCs-PBAT-Trimer have several degradation
steps. These events occur within the temperature range of 190°C
to 515°C, a range previously documented for isocyanurates and
polyurethanes, attributed to the thermal stability of the isocyanu-
rate ring [42-44]. Hence, TGA is not very suitable to obtain the
percentage of encapsulated isocyanate for the HDI-based isocy-
anates serving only as a qualitative method TGA can be applied.
Notably, a new peak in the normalized derivative weight
emerges at around 325°C, which is more pronounced for the
monomer and indicates the formation of PUa.

In an attempt to assess the isocyanate content within the micro-
capsules and determine whether there was any loss of isocya-
nate, TGA, titration, and NMR spectroscopy were employed for
this investigation. Theoretically, the value of encapsulated iso-
cyanate is around 68 wt%. In Table 2 the obtained values are
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presented. The TGA can only be used for the monomer (HDI)
due to only having one step of degradation. According to TGA,
the percentage of encapsulated monomer is around 63.7 wt%, a
good value of encapsulated isocyanate. Titration with 60 wt%,
64% and 65.3 wt% for the monomer, trimer, and polymer, re-
spectively. NMR gave values closer to the theoretical value, with
values around 65.3 wt% for the monomer, 63.3% for trimer and
67.7 wt% for the polymer. Based on these findings, it is evident
that the encapsulation was successful, resulting in a high content
of encapsulated isocyanate, surpassing what has been achieved
in similar studies. [35, 36]. Overall, the different techniques gave
overall close results with the monomer giving, in general, the
lower encapsulation values thanks to the easier formation of PUa
cause by the higher amount of isocyanate group that it possesses.

Table 2. Characterization of the encapsulated isocyanate using TGA,

titration and NMR.
TGA Titration NMR
(Wt%) (wt%) (Wt%)
MCSPBAT 637,05 600408 65312
Monomer
MCs-.PBAT- na. 643+12 63.3+0.5
Trimer
MCs-PBAT- na. 653+1.7 67.7+1.2
Polymer

3.2 Production of PBS MCs with different aliphatic isocyanates,
based on HDI

Spherical microcapsules with the target percentage of encapsu-
lated isocyanate were successfully produced. The MCs formed
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Figure 4. Thermogram and DTG of the PBAT MCs with different isocyanates.
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Figure 5. Morphology of the PBAT MCs with different isocyanates.

can be seen in Figure 5. The MCs produced present a spherical
shape and a rougher surface than PBAT MCs. This is attributed
to the higher degree of crystallinity that PBS (35-45%) has when
compared with PBAT (around 15%) [45, 46]. Between the dif-
ferent types of isocyanates, there are no major differences at the
surface. The formation of filaments with DN does not occur. Un-
like PBAT, the PBS MCs are matrix type. As seen in Figure 6,
the inside of the MCs is not hollow with the isocyanate being
dispersed in the PBS matrix. As a result of being matrix type, is
expected a change in behaviour concerning the release of isocy-
anate.

Figure 6. Morphology of the inside f the PBS MCs.

The mean size of the MCs can be observed in Table 3. The MCs
with the monomer are the ones who present a smaller size of 39
um, the MCs with the trimer have a size of 62 pum, and the ones
with the HDI-based polymer have a size of 59 um. The superior
size of the trimer and polymer MCs was explained before and is
caused by the higher viscosity of these two isocyanates.

The chemical characterization of these new PBS MCs was done
by FTIR and TGA. Figure 7 presents the FTIR spectra for the
different MCs produced. The specific peak of PBS at 1710 cm™!
is attributed to the stretching of C=0 of the ester group. The
stretching of the -C-O-C- link is observed at 1140 cm™. The peak

at 1045 cm™! is the stretching of the -O-C-C bond. At 1330 cm!
the vibration of -CH; groups are assigned. The peaks for the dif-
ferent isocyanates are also observed. No polyurea-related peaks
are not observed.

Table 3. Statistical values of the size of the PBS MCs with different

isocyanates
Mean
size Svtizltli((l::lr? ]r)n(;- Median (um)
(um) i
MCs-PBS-Monomer 39 21 34
MCs-PBS-Trimer 62 27 65
MCs-PBS-Polymer 59 26 58

The thermograms in Figure 7 confirm the data provided by the
FTIR spectra by showing the success of the encapsulation of iso-
cyanate. As detailed in the preview section by PBAT MCs, the
trimer and polymer are more difficult to study by TGA due to
the multiple degradation steps occurring between 190 °C and
515 °C. Consequently, a precise evaluation of the MCs' payload
and polyurea formation is complicated. Nonetheless, by compar-
ing the peak ratios of the individual isocyanates with those of the
MCs it is possible to infer that very few polyurea was formed.
This is a positive aspect of these MCs compared to the PBAT
ones, where the formation of PUa, especially for HDI, occurred
easily.

The percentage of encapsulated isocyanate was studied by TGA
and NMR. Titration became an obsolete characterization method
because the PBS MCs are matrix type, consequently, not all the
encapsulated isocyanate is released to the medium, underesti-
mating the value of isocyanate present in the MCs. Table 4 dis-
plays the payload values. The values acquired are remarkable
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Figure 7. FTIR spectra of the PBS MCs with different aliphatic isocyanates (at the top), thermograms (on the left) and DTG (on the right) of

the PBS MCs with different aliphatic isocyanates

with practically no loss of isocyanate happening in all samples.
For the monomer, the values are very close to the theoretical
value (68 wt%). The values for the trimer and the polymer, alt-
hough also surprisingly high, are superior to the theoretical
value. This can be explained by an inadvertently higher use of
isocyanate in the production or a lower amount of polymer that
changes the theoretical percentage of encapsulated isocyanate.
These values also explained why no PUa was observed, meaning
that PBS protects better than PBAT the isocyanate from reacting
with humidity and water during the production. Between the dif-
ferent isocyanates used, almost no difference is visible with the
three of them being easily encapsulated in a PBS matrix.

Table 4. Values of encapsulated isocyanate for the PBS MCs

TGA (wt%)  NMR (Wt%)
MCs-PBS-Monomer 67+0.5 67.5+£0.5
MCs-PBS-Trimer n.a. 70 +£1
MCs-PBS-Polymer n.a. 69.7+2.1

3.3 Production of adhesive joints
3.3.1 Viscosity measurements

For the viscosity analysis, a 5 wt% hardener (isocyanate) was
employed with Plastik 6275 (commercial PU adhesive). The
analysis of adhesive viscosity is intended to evaluate the cross-
linking potential of different isocyanates and microencapsulated
isocyanates, as well as the protective features provided by MCs.
Viscosity measurements were conducted on the various formu-
lations over a 7-day period. This study was only conducted for
the PBAT MCs.

Figure 8 presents the results of the viscosity measurements, first
just using the isocyanates and then the MCs loaded with the iso-
cyanates. At first glance, it is possible to notice that the not en-
capsulated isocyanates have an exponential increase in viscosity
after 1 week. The study of the viscosity of the trimer (encapsu-
lated and not encapsulated) on the seventh day was not possible
because already had solidified with the viscosity not possible to
be measured by the equipment. The behaviour of the trimer is
explained by the fact that these isocyanate molecules have three
isocyanate groups in them, making the crosslinking of the chains
easier. The encapsulation of isocyanate appears to protect and
retard the reaction of the isocyanate with the free hydroxyl
groups of Plastik 6275, decreasing the curing speed of the adhe-
sive.

3.3.2 Peel strength tests

The peel strength is an important factor for assessing whether
the encapsulation of isocyanate has an impact on the mechanical
properties of the joints. The minimum required strength so that
the adhesive joint can be applied in the footwear industry is 2.5
N/mm.

In Figure 9 the results of the peel strength tests done according
to the footwear industry standards are presented. All the values
are above the threshold value, meaning that the application in
footwear can be executed. For the joints with the glue and not
encapsulated isocyanate, there is a general increase in peel
strength compared with the value obtained for the glue. Only
HDI (monomer) has a decrease in strength, a justification for this
could be the the high volatility of this compound, which causes
isocyanate to be lost during the drying and reactivation step. The
trimer is the one that presents a higher strength owing to the
crosslinking that the several isocyanate groups provide. The
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Figure 8. Results of the viscosity measurements for the isocyanate not encapsulated (on the left) and the encapsulated isocyanate (on the right).

polymer isocyanate has a high standard deviation, but it is a good
hardener of the adhesive. When introducing the encapsulated
isocyanate, the peel strength decreases in the majority of the
cases. This decrease is expected by the sometimes-poor distribu-
tion of isocyanate in the substrate and the agglomerated MCs
acting as a defect in the joint. The only case where an increase
is observed in MCs-PBAT-Monomer and MCs-PBS-Monomer.
This difference could be explained by the high volatility of this
compound as stated before. Between the different shell materi-
als, PBAT is the one that appears to predominantly minimize the
effects of the microencapsulation of isocyanate. This may per-
haps be explained by the high elongation at break that PBAT
presents presenting more plasticity compared to PBS. After the
peel test, the substrates show a complete rupture of the capsules.
Hence, it can be inferred that the MCs successfully released the
isocyanate during the adhesive joint manufacturing process, and
the presence of the polymers (PBAT or PBS) does not have an
adverse effect on the peel strength of the adhesive joint. These
outcomes are aligned with the standards expected in the foot-
wear industry.
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Figure 9. Results of the peel strength test using the MCs.

2.3.3 Creep tests

The primary function of isocyanate in the upper-sole bond sort
of adhesive is to enhance the crosslinking within the adhesive
joint, thus leading to increased resistance to creep and heat. The
creep test enables to test the creep strength, a parameter directly
linked to the adhesive's ability to withstand temperature varia-
tions under continuous stress without structural damage. This at-
tribute is particularly important because footwear frequently ex-
periences significant temperature variations during storage, ex-
posure, and usage. In Table 17 the results of the creep tests are

presented for only Plastik 6275, Plastik 6275 with encapsulated
and not encapsulated isocyanate.

The results of the creep test of 6275 show that the temperature
resistance is very low. With the opening of the adhesive starting
at 60 °C and at 70 °C full opening occurs. When isocyanate is
added to the adhesive, the expected result is an increase in creep
resistance. This increase in creep resistance is observed for the
non-encapsulated isocyanate as well.

In the case of the monomer and trimer, the opening of the joint
starts at 60 °C, reaching full opening at 90 °C for the monomer.
However, for the isocyanate polymer, no opening is observed for
the range of temperatures studied. This means that this isocya-
nate is more effective in enhancing creep resistance due to an
already present polymeric chain.

In the case of encapsulated isocyanates, the release of isocyanate
led to an increase in creep resistance due crosslinking phenom-
ena. In the MCs with HDI encapsulation, the opening was di-
minished until the higher temperature (90 °C) was reached, at
which point full opening occurred in all the joints. For MCs with
HDI, displacement commenced only at 80°C, signifying that en-
capsulation effectively shields the isocyanate from early evapo-
ration or degradation, resulting in enhanced results. These find-
ings align with the outcomes of the peel tests as well.

In the case of the trimer, opening was observed in the PBAT
MCs, while there was no opening at all in the PBS MCs. As for
the polymer, microencapsulation with PBAT maintained the pre-
viously observed properties without microencapsulation, but
with PBS MCs, a decline in properties became apparent, culmi-
nating in full opening at 80°C. Therefore, MCs-PBS-Trimer and
MCs-PBAT-Polymer are the optimal choice for temperature-re-
sistance adhesive joints.

The degradation of properties of the adhesive joint happens
mainly due to the defects imposed in the deposition of the adhe-
sive formulation with the formation of agglomerates of MCs that
will not disperse the isocyanate on the interface evenly. Conse-
quently, decreasing the crosslinking and causing the premature
opening of the adhesive. This is seen in the case of MCs-PBAT-
Trimer and MCs-PBS-Polymer. The poorer result of these two
joints could be explained by a higher concentration and higher
number of agglomerates formed than in the other joints.

Also, the difference in behaviour can be concluded to derive
mainly from the quality of MCs dispersion withing the adhesive
layer and not so much on the type of MCs. The quality of MCs



Table 5. Values of encapsulated isocyanate for the PBS MCs

Sample 60 °C T0°C 80 °C 90 °C
6275 1.0+03cm Full Opening Full Opening Full opening
6275 + Monomer 0.33+£0.05 cm 12+£0.7cm 9.3+1.0cm Full opening
6275+ MCs PBAT 0+0cm 0t0ecm  077+025cm Full opening
onomer
6275 + MCs-PBS-Monomer 0+0cm 0x0cm 0x0cm Full opening
6275 + Trimer 0+0cm 027+005cm 063+012cm 28+10cm
6275 + MCs-PBAT-Trimer  0.067+009cm 057+017cm 17x09cm 311208cm
6275 + MCs-PBS-Trimer 0+£0cm 0+£0cm 0+£0cm 0+0cm
6275 + Polymer 0+0cm 0+0cm 0+0cm 0+0cm
6275 + MCs-PBAT-Polymer 0+0em 0+0cm 0+0cm 0+0cm
6275 + MCs-PBES-Polymer 0+0em 0.87+005cm  Full opening Full opening

dispersion within the adhesive layer can be optimized in a pro-
duction line once all process parameters are controlled.

3. Conclusion

The objective of this study was to assess the feasibility of pro-
ducing MCs using a biodegradable shell material for the purpose
of enclosing aliphatic isocyanates, with a focus on their utiliza-
tion in adhesive bonding within the footwear industry, with no
harm to the workers and promoting higher sustainability. The
manufacture of MCs using PBAT and PBS as shell materials
proved successful when employing various isocyanates (HDI
monomer, trimer, and polymer) as active components. These
MCs met the specified requirements, imposed by the industry,
exhibiting a spherical structure with no formation of cracks or
holes.

This study is the first to report the encapsulation of isocyanate
in a PBS matrix with notable results and to study the encapsula-
tion of HDI-based isocyanates using the solvent evaporation
method. The yield of the process was relatively high (>70%)
with a high content of isocyanate loading in the MCs produced,
if compared to the literature on this topic.

The application of the MCs in the adhesives was very successful
with the joints satisfying the requirements of the footwear indus-
try, according to the peel and creep tests performed. The peel
tests show, in most cases, a decrease in the peel strength of the
adhesive joints containing encapsulated HDI-based isocyanates,
due to some heterogeneity of the MCs distribution within the
adhesive joint. It can be concluded, however, that the encapsu-
lation of these isocyanate species does not compromise the en-
visaged application, since the peel strength is above the target.
The creep resistance, in general, was increased using microen-
capsulated isocyanates in the joint, with less displacement hap-
pening in the adhesive joint. Between the two types of MCs,
PBAT MCs presented better behaviour in the peel tests and in
the creep tests Hence, the MCs with higher potential for appli-
cation in the footwear industry are the MCs-PBAT-Polymer with
the best combination of morphology, storage and mechanical
properties inferred in the adhesive joint. Ultimately, the micro-
encapsulation of isocyanate emerges as a good method for the
protection of workers who apply this compound in the industry,
diminishing the contact and the harm of the handling of this or-
ganic compound. Moreover, no negative impact in terms of

adhesive joint performance, on the contrary, arises from the use
of encapsulated isocyanates.

In future work, a more in-depth study of the viscosity of the ad-
hesive formulation with PBS MCs can also be performed to as-
sess if its behaviour would be similar to that of the PBAT MCs.
The study of a different microencapsulation technology to pro-
duce these MCs in specific can be also an interesting path for-
ward. For example, spray-drying is a well-known technology
that might be able to produce these MCs in the future.

The production line for production of the MCs developed in this
work was implemented at CIPADE SA, in July 2023.
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