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Abstract Paraffin oil was encapsulated in a urea—formaldehyde polymer shell by
in situ polymerization. The effect of modifying the fabrication parameters, specif-
ically the emulsifier, the core material concentration, the stirring rate, and the pH, on
the resulting microcapsules was characterized by FTIR, SEM, particle size analysis
and TGA. The stiffness and the mechanical stability during mixing of the micro-
capsules were also evaluated. It was found that the ethylene maleic anhydride
copolymer (EMA)-based microcapsules are smaller, harder and have an increase in
yield of 15 % or more compared to the polyvinyl alcohol (PVA)-based microcap-
sules. Both EMA- and PVA-based microcapsules have good thermal stability up to
400 °C. Smaller EMA-based microcapsules require a higher force, up to 0.96 N, to
be 80 % deformed.

Keywords Polymer - Microcapsules - Thermal properties - Mechanical testing

Introduction

Microencapsulation is used for storing functional core materials and is used in many
different fields such as pharmaceuticals [1, 2], food additives [3], coatings [4, 5],
electronic ink [6, 7], textiles [8], biotechnology [9] and energy storage [10]. For
example, core materials which have high heat of fusion can be used for energy
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storage. Commonly, phase change materials (PCM) are used to absorb and release
heat [11]. PCM can be used in many different types of applications such as
thermoregulating textile materials [12], heat transfer [13], energy conservation in
buildings [14] and packaging [15]. They have to be environmentally safe and have a
melting temperature close to room temperature. Encapsulation of PCM can be used
to prevent unwanted reactions with the environment and control volume differences
as the phase change occurs. Urea—formaldehyde (U/F) and melamine—formaldehyde
(M/F) resins are often used for encapsulating PCM [16-18].

Paraffin wax, a PCM candidate with high heat of fusion and low melting
temperature, was encapsulated by Fallahi et al. [19] using M/F as the shell. They
used the in situ polymerization process which resulted in spherical microcapsules
with a rough surface. Mayya et al. [20] encapsulated paraffin oil with gelatin and
Arabic gum by complex coacervation and found that the encapsulation yield
increased from 35 to 70 % after adding small quantities of an oppositely charged
surfactant to the polyelectrolyte. Bhattacharyya et al. [21] have shown that the yield
of the paraffin oil microcapsules can be increased when using a cationic surfactant
during the coacervation of gelatin and Arabic gum. Mao et al. [22] obtained uniform
and spherical U/F microcapsules with paraffin oil as a core material by in situ
polymerization without using surfactant. Currently, there is no information on the
effect of the fabrication parameters of microencapsulated paraffin oil on the
microcapsules properties in the literature.

In this work, the effect of the following parameters: (1) emulsifier type, (2)
paraffin oil concentration (3) stirring rate and (4) pH, on the diameter, morphology,
hardness, thermal and mechanical stability of the microcapsules is characterized.

Experimental
Materials

Urea (U), 37 wt% formaldehyde (F), ammonium chloride, hydrochloric acid,
sodium hydroxide, polyvinyl alcohol (PVA) (M, 89,000-98,000, 99+ % hydro-
lyzed and the measured viscosity of 2.5 wt% PVA is 2.83 mPa s), ethylene maleic
anhydride copolymer (EMA) (M, 100,000-500,000 and the measured viscosity of
2.5 wt% EMA is 3.99 mPa s), and resorcinol were from Sigma Aldrich. Epoxy
resin (828) was from Miller-Stephenson, USA. Epoxy resin (D.E.R. 732) was from
Fluka. Mineral turpentine oil (MTO) (commercial grade) was from Emichem
company, EAU. Paraffin oil, was from BDH. All chemicals and materials were used
as received without purification.

Synthesis of microcapsules
Encapsulation of paraffin oil was performed by in situ polymerization of oil in

water emulsion following the method in Brown et al. [23]. The effect of emulsifiers
(PVA and EMA), core material volume percent (7, 9.2, 13.2, 18.6 %), stirring rates
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(400, 550, 700 and 1000 rpm) and pH (3, 3.5 and 4) values on the microcapsule
diameter, shell wall thickness and shell morphology will be elucidated.

Analysis of microcapsules

The chemical structure of the microcapsules was analyzed using a Fourier transform
infrared (FTIR) spectrophotometer (Perkin Elmer 400) in the range of
400-4000 cm™"'. A particle size analyzer (Mastersizer 2000, Malvern) along with
a scanning electron microscope (SEM)) (Nova NanoSEM 450) was used to
determine the microcapsules diameter. The surface morphology and shell thickness
of the microcapsules were determined by SEM. Shell thickness was determined by
evaluating ruptured microcapsules. The microcapsules were flash frozen by
immersing them in liquid nitrogen, mounted on adhesive tape, and ruptured with
a razor blade. After coating with gold, the ruptured microcapsules were evaluated
using the SEM. Examples of the SEM images are shown in Figs. 2 and 3. The
microcapsules were also analyzed using a thermogravimetric analyzer (Pyris 6) in a
nitrogen environment using 3 mg sample weight. The heating rate was 10 °C/min
between 30 and 500 °C.

The microcapsules were tested on a Texture Analyzer TA-2Xi (Stable Micro
Systems, Godalming, UK) and software Texture Expert version 1.16. The Texture
Analyzer utilizes a probe moving vertically at a constant velocity. The microcap-
sules were placed on a measuring plate in a single layer and the probe was lowered
at 0.5 um/s. The microcapsules were compressed until they ruptured.

The mechanical stability of the capsules during mixing with a host material was
examined by varying the mixing speed, the host viscosity, and the mixing time. The
microcapsules were added to epoxy resin (D.E.R. 732) and subjected to the mixing
stresses generated during different mechanical stirring rates (100, 200, 300, 400 and
500 rpm) for 30 min. The viscosity of the host epoxy was modified by adding
different volumes of mineral turpentine oil (MTO) to the epoxy resin. Each mixture
of epoxy, MTO and microcapsules was stirred at 200 rpm for 15 min. Finally, long-
term durability was evaluated by increasing the length of stirring of the epoxy with
microcapsules at 200 rpm. All samples were examined using FlowCam particle
analysis to determine the number of unbroken microcapsules. This was accom-
plished by pumping 1 ml of the sample through a glass flow chamber (FC 2000 X4)
at a rate of 0.5 ml/L for 2 min and recording the flow at 5 frames per second.

Results and discussion

Microcapsule chemical structure

During encapsulation, urea and formaldehyde react to form methylol-ureas, which
then condense upon acidification resulting in a crosslinked polymer shell which
encapsulates the core material [24]. The core material, in this case paraffin oil, is

suspended as droplets in an aqueous bath. During the beginning of the polymer-
ization process the polymer that has formed is rich in polar groups resulting in a
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Table 1 Effect of the paraffin oil concentration and emulsifier type on the yield, diameter and shell
thickness

Volume percent of Emulsifier Yield Diameter Shell wall
core material used type (%) (pum) thickness (pm)
during fabrication (%)

18.6 EMA 59 270 £ 50 1.6 £0.2
132 EMA 66 255 £ 50 20+02
9.2 EMA 70 245 £ 50 23+£02
7 EMA 73.5 230 £ 50 28+02
18.6 PVA 51.8 330 £ 30 12+£04
13.2 PVA 52.6 320 £ 30 1.5+£04
9.2 PVA 53 320 £ 30 1.8 £04
7 PVA 55 320 £ 30 19+£04

All tests were stirred at 550 rpm and fabricated at pH 3.5

110

T%

------- Shell material

401 —— Filled microcapsules
=== Core material
30 T T T
4000 3000 2000 1000

Wave number (cm'1)

Fig. 1 FTIR spectrum of filled microcapsules (solid line), core material (dashed line) and shell material
(dotted line)

high hydrophilicity, which gradually decreases during polymerization [25].
Eventually, a hydrophobic polymer is formed that deposits on the emulsified oil
droplets (core material) forming spherical capsules.

The chemical structure of the microcapsules (the sample with 18.6 vol% core
material in Table 1) was characterized by FTIR as shown in Fig. 1. The spectrum of
the microcapsules contains peaks at 3330 cm™' (O-H and N-H stretching),
1620 cm™' (C=0 stretching) and 1540 cm~! (N-H bending), indicating the
formation of poly(urea—formaldehyde). These peaks match closely with the
spectrum of the polymerization reaction between urea and formaldehyde [26].
Figure 1 includes curves for the filled microcapsules, the core material and the shell
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Fig. 2 SEM of a urea—formaldehyde microcapsules containing 9.2 % by volume of paraffin oil using
ethylene maleic anhydride copolymer as the emulsifier at pH = 3.5 and their shell wall thickness is
shown in A

material structures. The spectrum of the filled microcapsules contains the peaks seen
in both of the individual spectra of the shell and the core material, which
demonstrates that the core material was successfully encapsulated in the urea—
formaldehyde shell.

Effects of emulsifier type and core material volume

The morphology, diameter and shell thickness of the microcapsules with EMA and
PVA emulsifiers were investigated using SEM as shown in Figs. 2 and 3,
respectively. Table 1 shows the process parameters and the resulting yield,
microcapsules diameter and shell wall thickness.

Using EMA as an emulsifier results in more regular and spherical microcapsules.
The SEM images of EMA microcapsules are shown in Fig. 2. Microcapsules
fabricated with PVA result in approximately 30 % more broken microcapsules as
compared to EMA-based microcapsules and are shown in Fig. 3. This difference
might be attributed to the thinner shell of the PVA-based microcapsules as
compared to the EMA-based microcapsules. Table 1 provides the yield, shell wall
thickness and diameter of EMA-based and PVA-based microcapsules.

For EMA-based microcapsules, as the volume percent of core material in the
aqueous bath increases the average diameter of the final microcapsules increases
while the yield decreases. Changing the emulsifier to PVA results in no significant
effect on the average diameter of the microcapsules, but the yield is reduced
approximately 15 %. However, the EMA-based microcapsules have a smaller
average diameter as compared to PVA-based microcapsules. This may be attributed
to the higher (by 17 %) viscosity of EMA compared to PVA. The high viscosity of
the emulsifier reduces the mobility of the dispersing material (core material) and
increases its homogeneity in the bath solution which results in additional dispersion
of the oil droplets in the shear field caused by the stirring action. These smaller oil
droplets then form smaller microcapsules.
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Fig. 3 SEM of a urea—formaldehyde microcapsules containing 9.2 % by volume of paraffin oil using
polyvinyl alcohol as the emulsifier and shell wall thickness is shown in A

The shell wall thickness of the microcapsule depends on the type of the
emulsifier and the amount of the core material used during the fabrication of the
microcapsules. Microcapsules that are fabricated with EMA or PVA as the
emulsifier show a decreasing shell wall thickness as the volume percent of the core
material in the process is increased. In addition, microcapsules that are fabricated
with PVA have thinner shell walls than EMA microcapsules. The higher viscosity of
EMA facilitates the deposition of the poly(urea—formaldehyde) particles on the core
material droplets [23, 27] leading to thicker shell formation. Therefore, the smaller
yield of the PVA-based microcapsules can be attributed to breakage of the thinner
PVA-based microcapsules shell. In addition, as the volume percent of the core
material used during fabrication of PVA microcapsules is increased, the stickiness
of the microcapsules is also increased. The large microcapsule diameter and thinner
shell wall facilitate the diffusion of the core material through the shell wall. This
results in microcapsules that clump together and are difficult to separate.

Figures 4 and 5 show examples of particle diameter distributions of the EMA-
and PVA-based microcapsules with 18.6 vol% of paraffin oil. The diameter of the
microcapsules is distributed over a range of 100-600 um with a mean of
210-255 uym when EMA was used as the emulsifier. The diameter variation is

Fig. 4 The particle diameter 16
distribution of the EMA-based 14
microcapsules with 18.6 vol%
of paraffin oil < 12
o
=~ 10
£
£ 8
o
3 6
4
2
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10 100 1000 3000
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due to the turbulence around the stirrer blade. Fluid near the blade has higher
turbulence and results in smaller microcapsules, while regions away from the blade
produce larger microcapsules [28]. When PVA was used as the emulsifier, the
maximum diameter distributed increased to 700 um with the mean diameter ranging
from 280 to 300 pm. The particle diameter analysis agrees well with the
observations obtained from SEM. Some small particles, ranging from 20 to
80 pum are also formed during the fabrication process. They account for less than
1 % of the volume. These particles are urea—formaldehyde polymer without paraffin
oil, effectively dust particles.

Effect of stirring rate

Variation of the stirring rate significantly affects the diameter of the microcapsules
[23]. Lower stirring rates result in larger microcapsules and increasing the stirring
rate can change the diameter of the microcapsules up to 52 % under the conditions
used in this study. Figure 6a shows microcapsules fabricated using EMA at a low
stirring rate (400 RPM) which results in average microcapsule diameters of 390 pm
and tabulated in Table 2. As the stirring rate is increased the interfacial area is
increased and results in improved homogeneity of the reaction medium which leads
to the formation of more uniform diameter microcapsule. The particle diameter
distribution of microcapsules at different stirring rates is shown in Fig. 7. The mean
diameter at each stirring rate is as follows: 340 pm at 400 rpm, 246.5 pm at
700 rpm and 161.9 pm at 1000 rpm. Therefore, the mean diameter of microcapsules
is strongly controlled by the rate of stirring and is relatively unaffected by the
amount of the core material. A large change in the amount of the core material
(paraffin oil) only leads to an 18 % change in the diameter of the microcapsule.

Effect of pH

EMA-based microcapsules fabricated using different pH values are shown in Fig. 8.
No significant change is observed for the morphology of the microcapsules in the
SEM micrographs for microcapsules formed at a pH of 3 (Fig. 8a), a pH of 3.5
(Fig. 2a), and a pH of 4 (Fig. 8b). As the acidity during the fabrication of the
microcapsule decreases, the diameter of the microcapsule increases. The shell
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Fig. 6 SEM of urea—formaldehyde microcapsules fabricated using ethylene maleic anhydride copolymer
containing 9.2 % by volume of paraffin oil at different stirring rates: a 400 rpm, b 700 rpm, ¢ 1000 rpm
and their shell thickness A, B and C, respectively

thickness of the microcapsules ranges from 1.57 to 2.33 pm with an average of 2.07
at a pH of 3. At a pH of 4, the shell wall ranges from 1.62 to 2.66 with an average of
1.84 um as shown in Fig. 8A, B. The shell thickness increases at lower pH values
since the rate of increasing viscosity of the emulsion solution and the rate of
polymerization are accelerated by decreasing the pH [23, 27].
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Table 2 Effect of the stirring rate on the yield, diameter and shell thickness, all using EMA as the
emulsifier, 9.2 % by volume of paraffin oil at a pH of 3.5

Shell thickness (pm)

Stirring rate (rpm) Yield (%) Mean diameter (um)
400 75 400 £+ 50 2.1 +0.2
700 64 280 £ 50 28+ 04
1000 60 150 £+ 50 3.8+0.8
Fig. 7 The particle diameter 14| a :
distribution of the EMA-based I
microcapsules containing 9.2 % 12 ."I |
by volume of paraffin oil at £ 10 -
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Thermal stability of microcapsules

Particle Size (pm)

The thermal stability of microcapsules plays an important role in the survivability of
the microcapsules when they are embedded in a host material or during use.
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Fig. 8 SEM of EMA-based microcapsules containing 9.2 % by volume of paraffin oil at different pH
values: a pH = 4, b pH = 3 and their shell thickness A and B, respectively

Figure 9 shows the TGA curves for microcapsules that were fabricated using EMA
and PVA with different amounts of paraffin oil (18.6, 13.2, 9.2 and 7 vol%). At
temperatures between 30 and 250 °C, the weight loss of the microcapsules is very
small. This small weight loss is attributed to the evaporation of the residual water
and elimination of free formaldehyde [29]. As can be seen in Fig. 10, the type of
emulsifier as well as the amount of paraffin oil used during the fabrication of the
microcapsule does not have a significant effect on the thermal stability of the
microcapsules at temperatures below 250 °C.

At higher temperatures, in the range of 250-420 °C, the different emulsifiers and
core material become important. Within this range, the shell wall degrades and the
core material evaporates. The weight loss at higher temperatures depends on the
rigidity of the microcapsules’ shell. The EMA-based microcapsules have higher
thermal stability than the PVA-based microcapsules. This can be attributed to a
higher average molecular weight of EMA [30] and crosslink density of EMA-based
microcapsules. The EMA-based microcapsules undergo an extensive decomposition
above 420 °C. On the other hand, the decomposition temperature of microcapsules
fabricated with PVA is 370 °C as can be seen in Fig. 9.
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Fig. 9 Left TGA of EMA- and PVA-based microcapsules fabricated with 18.6, 13.2, 9.2 and 7 % by
volume of paraffin oil at 550 rpm and pH 3.5 and symbolized as EMA18.6, EMA13.2, EMA9.2 and
EMA?7 for EMA-based microcapsules and PVA18.6, PVA13.2, PVA9.2 and PVA7 for PVA-based
microcapsules, respectively. Right zoom-in in the range 250-450 °C
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Fig. 10 Left TGA of EMA-based microcapsules containing 9.2 vol% of paraffin oil at stirring rates
(pHs) as follows: 550(3), 550(4), 400(3.5), 700(3.5) and 1000(3.5). Right zoom-in in the ranges —5 to
20 % and 250450 °C

Figure 10 shows similar TGA curves for EMA-based microcapsules fabricated at
stirring rates of 400, 700 and 1000 rpm as well as at different pH values of 3 and 4.
There is a slight change in the decomposition temperatures in the range of 400 to
430 °C when the stirring rate and pH are varied. This change in the decomposition
temperature is attributed to the variation of the diameter of the microcapsules, i.e.,
larger microcapsules decompose completely at lower temperatures due to its lower
thermal stability.

Deformation of microcapsules (stiffness)
The stiffness of the microcapsules was characterized by measuring the force

required to deform the microcapsules using a Texture Analyser. Compression of the
microcapsules using a texture analyser is advantageous since it is rapid, accurate,
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Fig. 11 Force (in N) at 80 % 0.6
deformation versus the diameter EMA-based mi |
of the microcapsules using both z ~0ased microcapsules
- Rl —0— -

EMA and PVA as emulsifiers g 0.5 PVA-based microcapsules

.é

5 04

©

©

N

2 0.3 A

®

Q

I

2 0.2

0.1 T T T T
220 240 260 280 300 320

Diameter, um

reproducible and requires only a small number of capsules. Figure 11 shows the
relation between the diameter of the microcapsule versus the applied force (at 80 %
deformation). The stiffness of the microcapsule increases as the microcapsule
diameter decreases, i.e., smaller microcapsules are stiffer than larger microcapsules
[31] for both EMA and PVA microcapsules. In addition, the microcapsules formed
using EMA emulsifier are stiffer than microcapsules prepared using PVA. This is
expected since the crosslink density of the EMA-based microcapsules is greater than
that of the PVA-based microcapsules [32]. However, the stiffness depends not only
on the crosslinking density but also the flexibility of the shell and the core volume
fraction. The core volume fraction for PVA microcapsules is approximately 7 % for
microcapsules with an average diameter of 270 microns. In an equivalent EMA-
based microcapsule, the core volume fraction is approximately 18.6 %. This
difference in core volume fraction can lead to flexibility difference between the
microcapsules.

Figures 12 and 13 represent the force as a function of the deformation of the
EMA-based microcapsules obtained by different stirring rates (400, 550, 700 and
1000 rpm) and pH values (3, 3.5, and 4). As previously mentioned, increasing the
stirring rates and decreasing the pH values lead to smaller microcapsules and a
thicker shell wall. The force required to deform the microcapsules significantly
increases upon increasing the stirring rate (Fig. 12) and decreasing the pH (Fig. 13),
i.e., the smaller and thicker the microcapsules are, the stiffer they become.
Therefore, the morphological properties and diameter of the microcapsules play an
important role in the strength of the microcapsules [25].

Mechanical stability of EMA-based microcapsules
Microcapsules require sufficient mechanical stability to prevent them from breaking
during mixing with the matrix material, which is typically a viscous resin.

Figure 14a depicts the effect of different mixing rates on the durability of the
microcapsules over 30 min. Figure 14b shows the durability of the microcapsules at
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a constant mixing rate of 200 rpm over variable time periods, and Fig. 14c shows
the effect of different viscosities of the matrix material at a mixing rate of 200 rpm
for 15 min.

The microcapsules are resistant to damage up to 200 rpm. Mixing speeds over
200 rpm result in an increase in broken microcapsules. Figure 14a shows that at
500 rpm, about 70 % of the microcapsules are broken. Lower mixing speeds
generally result in fewer broken microcapsules, but slow mixing over long time
periods will also result in more broken microcapsules. Figure 14b shows that longer
time periods result in more broken microcapsules, for example, at 200 rpm, almost
40 % of the microcapsules were broken after 4 h of continuous mixing. In general,
it is easier to incorporate the microcapsules into matrix materials that have lower
viscosities. In matrix materials that have viscosities greater than 50 mPa s, there is
more resistance to the mobility of the microcapsules and the survivability of the
microcapsules significantly decreases as can be seen in Fig. 14c.
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Fig. 14 Effect of a stirring a 60
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Conclusion
Paraffin oil was successfully encapsulated by in situ polymerization of urea—

formaldehyde shell using two different emulsifiers, EMA and PVA. Using EMA
creates more regular spherical-shaped microcapsules with a smaller diameter than
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microcapsules fabricated with PVA. The EMA-based microcapsule diameter was
around 160 pm in diameter at 1000 rpm and increased in diameter as the stirring
rate was decreased. In general, the microcapsules have good thermal stabilities, up
to 250 °C, and hence have long shelf life at room temperature. Smaller
microcapsules resist the breaking during their compression better than larger
microcapsules. The breaking of the microcapsules during mixing in a host material
is dependent on not only the mixing speed, but also the mixing duration. These
results will play an important role in understanding the modification of microcap-
sules for industrial applications.

A smaller ratio of the core material (paraffin oil) results in tougher microcap-
sules. Microcapsules produced with EMA are generally better than microcapsules
produced with PVA. Using EMA as the emulsifier resulted in an increased yield of
microcapsules by at least 15 % and produced smaller, harder and more thermally
stable microcapsules than that of PVA.

Improvement of the fabrication parameters results in higher yields, longer lasting
and stronger microcapsules that will improve the longevity and manufacturability of
the microcapsules.
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