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Synthesis, Properties, and Function of Self-Healing Polymer-Based on Eugenol
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* Corresponding author: Abstract: Eugenol-based self-healing polymers were synthesized in a very short time of
94-159s. Polymerization of eugenol catalyzed by H,SO,-CH;COOH yielded the
corresponding self-healing polymers in quantitative yields in the range of molecular
weight (5.18-15.10) x 10° g/mol. The polymer exhibited self-healing behavior at room
temperature due to hydrogen bonds between the hydroxyl groups of polyeugenol and the

hydroxyl groups of sulfuric acid. This material can function as a polyelectrolyte and a
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novel self-healing catalyst for biodiesel production.
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m INTRODUCTION

Smart polymers are polymers that can only respond
to small external stimuli. These small external stimuli
include UV radiation, pH, temperature, magnetic field,
etc. Self-healing smart polymers are a new class of smart
materials that can repair themselves in the event of
damage without the need for detection or repair by any
kind of manual intervention. The increasing demand for
fuel oil stocks used in the production of polymers and the
need for polymer materials with improved performance
in demanding applications further increases the need for
durable materials. These challenges enable the synthesis
of self-healing materials [1-5]. Compared to liquid
electrolytes, solid electrolytes have higher safety and
better thermal stability. In particular, the application of
self-healing materials has led to intensive research on
electronics, batteries, supercapacitors, solar cells, etc.
Therefore, the practical demand for polyelectrolytes with
self-healing properties will lead researchers to develop
new self-healing materials [6-11].

In conjunction with world petroleum exhaustion,
one improvement of renewable vitro sources is unique to
selective fuel, especially vegetable oil as biodiesel.
Biodiesel possess characteristics that matches diesel
engine. These characteristics include being biodegradable,
ecologically friendly, renewable, non-toxic and having
high-thickness, high cetane number, and suitable sulphur
content. The main disadvantage of commercialization of

biodiesel is that it requires relatively expensive
ingredients, i.e. beef oil with high quality and low free
fatty acids, resulting in high manufacturing costs. One
way to reduce the cost of biodiesel production is to use
an inexpensive material with high free fatty acid content,
for example, waste cooking oil (WCO). The preparation
of waste cooking oil and methanol biodiesel involves an
ester exchange reaction with a base catalyst and the
formation of methyl ester and by-products in glycerol.
However, the use of edible oils in this transesterification
reaction resulted in very small transformation of
biodiesel. This is because edible oil contains free fatty
acids between 3-40%. Many researchers have developed
a catalyst for the production of biodiesel made of skilled
edible oil. One of them is a solid acid catalyst that
replaces the liquid acid to eliminate corrosive and
ecological problems [12]. An interesting topic regarding
solid acid catalysts is green organic synthesis. Soluble
polymer catalyst is one of the catalysts used for green
organic synthesis. Some catalysts dissolved between
them are polymeric based stimulation weakening
catalysts. For instance, Sun et al. used polymer-based
stimuli-responsive recyclable catalytic systems for
organic synthesis [13], while Bergbreiter used soluble
polymer as a tool in catalysis and also to recover catalysts
and ligands [14]. However, until now, the use of self-
healing polymer-based catalysts to produce biodiesel
from waste used cooking oil has never been reported.
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Indonesia is one of the world's major oil producers.
In addition, Indonesia accounts for about half of the
world's clove leaf oil consumption. The level of eugenol,
also known as 3-(4-hydroxy-3-methoxyphenyl) propene,
in oil is set at 80-90% by weight [15-18]. Furthermore,
eugenol has the potential to be an excellent raw material
for the creation of more valuable chemicals. To increase
the price of eugenol, a number of tests were carried out.
Eugenol-based optically active helical polyacetylene
catalysts as a new smart material have been produced,
according to a recent breakthrough. The intelligent
material became motion-responsive, and gave birth to a
new smart material [19].

This paper reports the synthesis, properties and
function of eugenol-based self-healing polymers. The
effects of catalyst concentration, reaction time, amount of
methanol, and reaction temperature on the yield of
biodiesel are investigated, as well.

m EXPERIMENTAL SECTION
Materials

The materials used were eugenol (99.99% purity;
obtained from Happy Green Co.), concentrated sulfuric
acid, glacial acetic acid, methanol (p.a), ethanol 98%,
chloroform, ethyl acetate, diethyl ether, n-hexane,
benzene, anhydrous sodium sulfate (all were obtained
from Sigma-Aldrich), and distilled water (obtained from
Organic Laboratory, Palu, Central Sulawesi), WCO were
collected from author’s university canteen.

Instrumentation

'"H spectra were recorded in chloroform-d (CDCL)
on a JEOL EX-400 spectrometer. IR spectra were
measured on a Bruker spectrophotometer. The tools used
in this study were the melting point apparatus, pH meter,
Ostwald viscometer, multimeter, analytical balance,
stopwatch, separating funnel, hot plate, magnetic stirrer,
aluminium foil, filter paper, and laboratory glassware.

Procedure

Synthesis of self-healing polymer-based on eugenol
(SHPBE)

A 250 mL measuring cup was filled with up to 10 g
of eugenol. Then, using a magnetic stirrer, 2.5 mL of

923

(HzSO4—CH3COOH; Wlth a CH3COOH

percentage of 2, 4, 6%) was progressively added to the

catalyst

cup while being continually mixed (room temperature).
The appearance of formed polymer and the release of
concentrated white smoke indicated polymer formation.
To stop the polymerization, 1 mL of methanol was
introduced to the cup. After that, the polymer was
allowed to settle for 24 h at room temperature before
being identified. By dissolving SHPBE in ether and
rinsing the catalyst away from the polymer with water,
pure polyeugenol can be produced.

Determination of the molecular weight of SHPBE
One gram of SHPBE was dissolved in ethanol to
0.02 g/mL in a 50 mL volumetric flask. The polymer
concentration was changed to 0.01500, 0.01000, 0.00500,
0.00250, and 0.00125 g/mL using ethanol dilution. The
flow time of pure solvent, ethanol, and each
concentration of polymer solution was measured using
an Ostwald viscometer to give t0, t1, t2, t3, t4, t5, and t6.
Using the Poisseuille equation, we get ysp/C vs C. By
projecting the curve to a concentration (C) of zero, we
get [#]. The Mark-Houwink equation and the right
parameters for K and a were used to calculate the

polymer's molecular weight.

Self-healing properties

The support catalyst polymer was cut into small
pieces and separated from the other parts. Then the
polymer was left at room temperature for 24 h and
observed for the process of self-healing.

Determination of ionic conductivity

Using ethanol as the solvent, the polymer was
made into a solution with a thickness of 1 cm and a
diameter of 6 cm for the electrodes. This investigation
employed a frequency of 1-100 kHz and a voltage of 20
mV. To test the polymer's impedance, the material was
clamped between two electrodes linked to the positive
and negative poles of the LCR meter. Eq. (1) can be used
to compute ionic conductivity.

p=RA/i; 6=1/p (1)

Biodiesel synthesis
A circular bottom flask with a magnetic stirrer was
filled with 25 g of waste cooking oil. The catalyst was
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then added in various concentrations of 1, 2, 3, 4, and 5%,
and added with methanol at a 1:15
(sample:methanol). To see the influence of reflux time on

ratio

the yield of biodiesel produced, the catalyst concentration
that provides the maximum biodiesel production was
varied at 1, 2, 3, and 4 h at 60 °C. In the third step, the
effect of raw material to methanol ratios of 1:11, 1:13, 1:15,
1:17, and 1:19 was examined (w:w). The experiment on
the influence of temperature (40, 60, 80, 100, and 120 °C)
was undertaken at the fourth stage. A Buchner funnel was
used to filter the products. After that, 30 mL distilled
water and 120 mL n-hexane were added to the filtrate. The
mixture was placed in a separating funnel and left for 24
h to separate into two layers. Esters and n-hexane make
up the top layer, while distilled water and the catalyst
make up the bottom layer. Anhydrous Na,SO, was
transmitted through the top layer (esters and n-hexane).
Then, using n-hexane, the esters were separated by
rotating and measuring the volume. GC-MS was used to
perform a quantitative analysis of FAME. The results were
weighed and the biodiesel yield was calculated using Eq.

(2).

FAME yield = —— actuacl

—— x100% (2)
m theoretical
The actual and theoretical masses of FAME in grams are

denoted by m actual and m theoretical.

m RESULTS AND DISCUSSION

polymerization of eugenol using the H,SO,-CH;COOH
catalyst, which was found to be particularly effective for
the polymerization of eugenol [12-19], produced
excellent yields of the appropriate polymer (Table 1).
According to FTIR analysis, the disappearance of
absorption at wavenumbers 1637 and 995 cm™, which is
indicative of vinyl group absorption, appeared in the IR
spectrum of eugenol (Fig. 2(a)), but not in the spectrum
of SHPBE (Fig. 2(b-d)). As a result, it pointed to the
formation of SHPBE. SHPBE spectra in different
concentrations of CH;COOH were similar. The broad
spectrum from —~OH at wavenumber 3500 cm™ suggested
the establishment of hydrogen bonding in Fig. 2(b-d).
Furthermore, '"H-NMR research reveals that the vinyl
group's proton resonance at 5 ppm was not detectable,
indicating that polymerization had occurred (Fig. 3).

Self-healing and Motion Responsive Properties

Fig. 4 shows that the resulting polymer can
undergo self-healing at room temperature. It was seen
that the separate parts of the polymer coalesced after 24 h.

lonic Conductivity of SHPBE

This SHPBE has an ionic conductivity of 3.6 x 10"
S.cem™ and a semiconductor conductivity of 100-107°
S.cm™. This SHPBE is a semiconductor polymer with

Table 1. Preparation of SHPBE

. Pol
Synthesis of SHPBE OV
Run % Reaction time Yield M, (x 10°)
The synthesis route for SHPBE is shown in Fig. 1. CH;COOH (s) (%)  (g/mol)
Eugenol was quantitatively converted into polymer 1 2 159 94 5.18
electrolyte. 'H-NMR (Fig. 3) and IR spectroscopy were 2 4 129 99 15.10
used to identify the polymer electrolyte. The 3 6 94 98 5.52
H,S0,4-CH3COOH <‘C|H"CH2—C.H—CH2‘>
HO o CH, CH, n
Cationic Polymerization
H3CO
Eugenol OCHs OCHs
O-H._ .HO
“ \9, :
H-0-$-0-H
)

Fig 1. Schematic synthesis of SHPBE
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Fig 2. IR of SHPBE
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Fig 3. '"H-NMR of SHPBE (Table 1, Run 2)

Self-Healing "

[——— -

Fig 4. SHPBE at room temperature

Table 2. Comparison of the polymer properties with previous work

Sample Properties Ionic conductivity (S.cm™)
This work Self-Healing 3.6 x 10"

Xie et al. [2] Self-Healing 1.1 x10*-1.78 x 10™*
Evans et al. [7] Self-Healing 35x10™*

Nakamura et al. [20] Not Self-Healing > 107!

electrolytic characteristics. It can be utilized as a polymer
electrolyte for Lithium-ion batteries because its
conductivity is better than 10-5 S.cm™ [8]. Table 2
compares the ionic conductivity achieved in this work to
the ionic conductivity of the polymer electrolyte that was
previously investigated. When compared to -earlier
studies, the sample size in this study is quite substantial.
Membranes created by adding sulfuric acid (H,SO.) to
cross-linked poly (4-vinyl pyridine) demonstrated ionic
conductivity larger than 107 but no self-healing
characteristics, according to Nakamura et al. [20]. This
study's conductivity is the same as the previous one using
the polymer/H,SO, system.

Solubility of SHPBE

The solubility of this SHPBE was excellent. THF,
benzene, toluene, CH,Cl,, CHCl;, acetone, DMF, DMSO,

can totally dissolve SHPBE in common solvents. The
widespread use of homogeneous catalysts in synthesis,
interest in green chemistry and sustainability, and the
capacity to synthesize polymers with tailored specific
features are all driving causes behind the growing
interest in soluble polymers as catalysis tools [12].

SHPBE for Biodiesel Production from Waste Used
Cooking Qil

From Fig. 5, it can be seen that at a catalyst
concentration of 4%, the highest biodiesel yield was
56.98%, but the addition of 5% catalyst decreased the
yield to 55.03%. At present, the reason for this finding is
not clear. In this treatment, reflux time is carried out,
which aims to see the highest yield. In Fig. 6, it can be seen
that the higher the reflux time, the higher the yield of
biodiesel produced, in which the highest yield was 57.79%.
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Fig 9. GC chromatogram of biodiesel using SHPBE

Table 3. Methyl ester compounds found in WCO

Peak Retention peak (min) Area (%) Fatty acid methyl ester (FAME)
1 17.680 4.62 Methyl caprylate

2 23913 5.02 Methyl caprate

3 29.407 38.59 Methyl laurate

4 34.234 17.40 Methyl myristate

5 38.616 16.62 Methyl stearate

6 42.025 3.01 Methyl linoleate

7 42.138 11.53 Methyl oleate

8 42.582 3.21 Methyl lignoserate
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From Fig. 7, it can be seen the higher the oil: methanol
ratio, the higher the yield of biodiesel. These results are in
accordance with the research of Chuepeng [10], which
states that an excessive amount of methanol must be
added so that the reaction moves towards the product.
From Fig. 8, it can be seen that the increase in biodiesel
yield occurred from a temperature of 40 °C, namely 62.13,
to 64.97% at 60 °C, and there was a significant decrease
when the temperature was above 60 °C. At present, the
reason for this finding is not clear. Fig. 9 shows the
chromatogram of biodiesel, and Table 3 shows that
methyl ester was found in WCO.

m CONCLUSION

SHPBE with molecular weights ranging from (5.18-
15.10) x 10° g/mol has been successfully synthesized. At
room temperature, SHPBE has self-healing properties.
This material also has a 3.6 x 10™' S.cm™ ion conductivity
and is soluble in common organic solvents. The effects of
operating factors such as catalyst amount, reaction time,
methanol to WCO weight ratio, and temperature on
FAME yields were examined and the maximum FAME
yield obtained was 64.97%.
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