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Abstract

Capsule-based self-healing polymer composites have been studied extensively for the past decade.
Most of the self-healing capsules are made from the synthetic polymer formaldehyde. Exposure to this
polymer can cause severe health issues and often, the capsule synthesis process involves complicated
procedure which is temperature and pH sensitive. This study focuses on developing a self-healing
biocapsule by using alginate biopolymer to encapsulate the monomer. Two fabrication methods are
being discussed and electrostatic extrusion method successfully produces epoxy/alginate
microcapsules with a mean diameter of 320 + 20 um. FTIR tests are performed to study the chemical
interaction between alginate and encapsulated epoxy resin.

1. Introduction

Self-healing polymer composites have been a popular research area for the past 15 years. It is designed
with inherent ability to heal damage event either autonomically or non-autonomically with external
intervention. White et al. [1] initiated the capsule-based self-healing system by utilizing Grubbs
catalyst and monomer capsules have captured immense attention. Capsule-based self-healing systems
[2] can be categorized into capsule-catalyst [1, 3, 4], dual-capsule [5, 6] and mono-capsule [7, 8] self-
healing. Amongst, dual-capsule self-healing system showed promising results for the reasons of being
more economic and environmental friendly as compared to the remaining systems [2]. As internal
cracks emerged and rupture these capsules, the liquid monomer and polymeriser will be released into
the crack plane, polymerised and eventually heal the crack. Different capsule materials to contain
monomer resin have been reported including poly(urea-formaldehyde) (PUF) [9], polyurethane/urea-
formaldehyde (PU/UF) [10] poly(melamine-formaldehyde) (PMF) [11] and etc. However, exposure to
the formaldehyde which is the main component of these capsules is of great concern due to the severe
health issues caused [12]. Besides, the fabrication process of these capsules are complicated,
temperature and pH sensitive [13]. Moreover, most of the studies showed single healing event for
capsule-based self-healing systems [3, 14, 15] which is not favorable. Thus, it is important to explore
the green materials to encapsulate healing agents.

Alginate is a natural biopolymer made from brown seaweed which comprises of homopolymeric

blocks of (1,4)-linked pB-p-mannuronate and a-L-guluronate. Due to its properties such as
biocompatible, biodegradable, non-toxic and low-cost, its being widely used for encapsulating
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cells[16], enzymes [17], flavors [18], oils [19] and etc. In general, alginate hydrogels are formed
through ionic crosslinking with divalent ions such as Ca?* or Ba?" ions [20, 21]. This process is
relatively simple and cost effective compared to the conventional self-healing microcapsules
fabrication. In addition, the process is not temperature and pH sensitive. Several approaches have been
used to produce alginate hydrobeads including extrusion-dripping [22], coaxial air flow dripping [23],
electrostatic enhanced dropping [24], vibration [25], atomization [26], Jet Cutter [27] and etc. The
alginate beads produced are in the range of > 1 mm (macro), 0.2 to 1000 um (micro) and < 0.2 um
(nano) depending on the applications and fabrication method [28].

To date, no study has been done using alginate as encapsulating material for healing agents in capsule-
based self-healing polymer system. In this study, we are the first to propose alginate as the
encapsulating material for monomer resin to form epoxy/alginate microcapsules. Several methods are
attempted in fabrication of epoxy/alginate microcapsules to achieve the target size of 200 — 300 um.
Subsequently, the physical and chemical properties of these epoxy/alginate microcapsules are being
characterised.

2. Material and Methods
2.1. Materials

Bisphenol A diglycidyl ether (Araldite 506) with epoxide equivalent weight (EEW) of 172-185 g/eq as
the core material of the microcapsules and calcium chloride, CaCl, (analytical grade) were purchased
from Sigma-Aldrich. In this study, sodium alginate (Manugel GHB, FMC Biopolymer, UK) with
medium range molecular mass of 37% B-p-mannuronic acid (M) and 63% a-L-guluronic acid residues
(G) was used due to its higher elastic modulus with higher G residues [20].

2.2. Microcapsules Synthesis

Alginate solution (2 w/v%) was formed by dissolving alginate in distilled water, sealed with parafilm
and left overnight for degassing. On the other hand, calcium chloride solution (20 w/v%) was prepared
by dissolving CaCl; into distilled water. Epoxy resin was then added gradually into the stirred alginate
solution to form an (10 v/v%) oil-in-water emulsion at 500 rpm for 30 minutes.

Two fabrication methods were used to produce epoxy/alginate microcapsules. Extrusion dripping was
encountered initially as shown in Fig. 1A. Epoxy/alginate emulsion was filled in a 20 mL syringe and
fixed on a syringe pump (NE-1010, New Era) with flow rate of 40 mL/hr through a connecting tube
connected to 2 different needle sizes (G20 and G27). It was then dripped into a magnetic stirred
calcium chloride gelling solution. The distance between the needle tip and surface of gelling solution
was kept at 7 cm.

The formed wet epoxy capsules were then left inside the gelling solution for 30 min before rinsing
with distilled water to remove excess calcium ions and finally dried at 45 °C for 24 hr.

Second method used to produce epoxy/alginate microcapsules was electrostatic extrusion (Fig. 1B)
which was developed by Nedovi¢ et al [29]. The experimental setup of this method is similar to
extrusion dripping whereby the only difference is the needle was connected to positive electrode of a
DC high voltage power unit with electrostatic potential of 21-25 kV and the calcium chloride gelling
solution was grounded as shown in Fig. 1. The flow rate of the extrusion was set at 40 mL/hr and the
needle sizes used were (G20 and G24).
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Figure 1. A) Experimental setup for normal extrusion dripping and B) electrostatic extrusion of
epoxy/alginate emulsion droplets into calcium chloride solution to form epoxy/alginate microcapsules.

2.2. Characterisation of Microcapsules

Microcapsule Size. The size of both wet and dried epoxy/alginate microcapsules were analysed by a
Stereo Microscope (Olympus BX41M, LED). 30 measurements were used to calculate the mean
diameter and standard error.

Surface Morphology of Microcapsules. The surface morphology of epoxy/alginate microcapsules
were studied by field emission scanning electron microscope (SU8010 FE-SEM, Hitachi). The
ruptured microcapsules were washed with acetone to remove the encapsulated epoxy resin for cross
section study. The surface of the samples were coated with platinum before FESEM imaging.

Fourier Transform Infrared Spectroscopy. Fourier transform infrared spectroscopy (Nicolet iS10
FTIR) was performed to determine the chemical structure of epoxy/alginate microcapsules. For each
sample, the FTIR spectra was carried out in the range of 500 — 4000 cm™ and 64 scans were collected
at a resolution of 4 cm* for each spectrum.

3. Results and Discussion

Microcapsule size. As shown in Fig. 2, epoxy resin are being encapsulated within alginate matrix
regardless of the fabrication method. The size of wet and dry epoxy/alginate microcapsules produced
from different methods are summarised in Table 1. Generally, epoxy/alginate microcapsules produced
by electrostatic extrusion are smaller than normal extrusion dripping. For the same G20 needle, the
epoxy/alginate microcapsules produced by electrostatic extrusion is almost half of the size produced
by extrusion dripping. This is due to the external electrostatic forces exerted on the epoxy/alginate
droplets which enhances the dripping and further break down the droplets size. After drying, the size
of dry epoxy/alginate microcapsules were reduced by + 55 % for both methods. During the
experiment, the production rate of epoxy/alginate microcapsules with G27 needle was low and often,
the syringe pump was unable to function according to the desired flow rate. This is because pumping
such a high viscous epoxy/alginate emulsion (925 cP) through a small outlet (ID: 0.210 mm) requires
a higher pressure which is out of the syringe pump capability. Thus, G24 needle (ID: 0.311 mm) was
used for electrostatic extrusion. The smallest epoxy microcapsule size achieved by electrostatic
extrusion is 320 um which almost reach the targeted microcapsule size.
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Figure 2. Microscopic images of wet G24-EE epoxy microcapsule with epoxy resin droplets being
encapsulated inside alginate capsule at A) 4x and B) 10x magnification scale.

Table 1. Mean diameter and standard error of wet and dried epoxy/alginate microcapsules fabricated
from different methods.

Method Needle Label Needle Wet capsule, Dry capsule,
Gauge internal pm pm
diameter, ym
Extrusion G27 G27-ED 210 1640 + 40 1070 = 25
Dripping G20 G20-ED 603 2320 + 20 1375 + 25
Electrostatic G24 G24-EE 311 575 + 25 320 = 20
Extrusion G20 G20-EE 603 1110+ 15 580 + 45

Surface Morphology of Microcapsules. The surface morphology of the epoxy/alginate microcapsules
are studied under FESEM (Fig.3). As shown, both methods produced epoxy/alginate microcapsules
with bumpy surface. When water evaporates during drying process, the alginate matrix of the capsules
shrink, showing capsules with bumpy surface which is the shape of the epoxy droplets. Extrusion
dripping produces spherical epoxy/alginate microcapsules as shown in Fig. 3A & 3B and the surface is
smoother compared to the one produced by electrostatic extrusion (Fig. 3C & 3D). As the needle size
decrease, the shape of the capsules are irregular and less spherical (Fig. 1C). Moreover, agglomeration
is observed on the smaller capsule produced by electrostatic extrusion. These capsules are adhered to
each other and formed clumps. This agglomeration issue is caused by the adhesion effect of epoxy
resin residues on the capsule surface (darker area). It can be resolved by rinsing the capsules with
acetone.

Figure 3. FESEM images of epoxy/alginate microcapsules produced from extrusion dripping A) G27-
ED, B) G20-ED and electrostatic extrusion C) G24-EE and D) G20-EE.
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Fourier Transform Infrared Spectroscopy. FTIR analysis was performed on epoxy resin and
epoxy/alginate microcapsules from different fabrication methods to determine the chemical interaction
between alginate and epoxy resin (Fig. 4). Both the G20-EE and G20-ED spectra show similar peaks
with epoxy resin. The peaks at 3500 cm™, 3057 cm, 1607 cm, 1508 cm, 1033 cm™ and 915 cm™*
are corresponded to O-H, C-H of oxirane ring, C=C of aroma rings, C-C of aromatic, C-O-C of
oxirane ethers and C-O of oxirane group stretchings which are confirmed to be DGEBA epoxy resin
when compared to the study done by Gonzélez et al. [30]. This implies that epoxy has been
encapsulated within alginate capsules and no interaction is detected between alginate and epoxy since
no new peak is formed.
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Figure 4. FTIR spectra of epoxy resin and epoxy/alginate microcapsules produced from
different methods.

4. Conclusion

Epoxy resin was successfully encapsulated by alginate biopolymer to form epoxy/alginate
microcapsules that can be used for self-healing polymer composite. A smaller capsule size is achieved
by electrostatic extrusion method with mean diameter of 320 um which is very close to the targeted
size. FTIR tests confirm that epoxy has been encapsulated within alginate capsules and no interaction
is found between both components. Further study is required to assess its self-healing capabilities and
the physical properties of the composites.
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