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Abstract: In this study the synthesis of epoxy fatty acid esters of starch (starch vernolates) by the reaction of cassava starch
with vernonia oil methyl ester (epoxy ester) using basic catalyst K,COs and organic solvent, DMSO as a reaction medium is
presented. Under current reaction conditions, a high degree of substitution of 1.24 was achieved, at a reaction temperature of
110°C and 12 hours of reaction time. The new starch vernolates were characterized by Scanning electron microscopy (SEM)
and X-ray diffraction (XRD) indicated that the new product is an amorphous material with a continuous and shapeless
morphology. The melting point measured by differential scanning calorimetry (DSC) was 118°C. The new synthetic method
makes the synthesis of starch vernolates less time consuming and more inexpensive. The differences in melting point and
degree of substitution with previously synthesized starch vernolates using enzymatic and chemical catalysis suggest a

difference in reaction selectivity via this new reaction path.
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1. Introduction

The challenges associated with the depletion of fossil oil
resources and the huge environmental impact of petroleum
based products are the major driving forces in searching for
sustainable, renewable resources for both the provision of a
vast inventory of organic molecules and indeed energy
generation/storage vectors. The use of renewable raw
materials in the chemicals industry for non-fuel applications
offers enormous opportunity to establish a more sustainable
development profile, enabling society to meet the needs of
current and future generations whilst minimizing future
environmental degradation [1]. Recently, plant oils and
naturally occurring triglycerides of fatty acids, are being
studied as potential sources of renewable feedstocks for the
oleochemical industry [2]. Vernonia galamensis, a
potentially novel industrial oilseed crop from the
Asteraceae family was identified for the first time in
Eastern part of Ethiopia by Perdue in 1964 [3]. The oil
content of the seed of vernonia galamensis ranges from 35

to 40 weight%. Vernonia oil is uniquely a naturally
epoxidized seed oil with trivernolin contributing for about
60% of the triglycerides. The multiple chemical
functionality of vernonia oil makes it a unique candidate for
derivatization in order to synthesize high value-added
products and synthetic intermediates [4]. The saponification
of vernonia oil results in about 72-80% of naturally
epoxidized fatty acid, vernolic acid (cis-12, 13-epoxy-cis-9-
octadecenoic acid) [5]. Recently, researchers have shown
increasing interest in this species due to the presence of
high content of vernolic acid in the seed oil. Vernolic acid
offers potential application in the formulation of additives,
coatings, and lubricant additives. Vernonia oil has become a
unique renewable candidate for industrial feedstock due to
its use as raw material and its potential derivatization into
value-added products [1, 6-9].

Starch is one of the most widely used biopolymers because
it is cheap, abundant and renewable [10]. However, the
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hydrophilic nature of starch has limited the scope of its
application. Many industrial applications require the
modification of native starches. Therefore, the modified
starch derivatives could be obtained by either glucosidic
bond cleavage (acid modification) or forming new functional
groups (carbonyl group formation during oxidation), or
substitution of free available hydroxyl groups (by
etherification or esterification), or bridging of molecular
chains by cross-linking reactions [10]. These modifications
overcome the limitations of native starch properties [11].
Starch based materials may be used as potential substituent
for petroleum-based plastic materials, particularly in the
packaging industries [12].

Esterification is one of the most common methods of
starch modification involving the hydroxyl groups. Starch
fatty acid esters can be prepared either by chemical or
enzymatic method. Synthesis of short chain fatty acid esters
especially starch acetates from carboxylic acid (C;-C,;) were
also reported elsewhere [13]. Furthermore, chemical methods
of production of starch fatty acid esters by reacting starch
with carboxylic acids (C4-C¢) are reported [14]. Junistia et al.
reported the successful synthesis of long-chain fatty esters of
corn starch with a broad range in degree of substitution (DS
=0.24-2.96) by reacting the starch with fatty acid vinyl esters
(e.g. vinyl laurate, vinyl stearate) in the presence of basic
catalysts in DMSO [15]. Aburto et al. also reported that they
prepared longer-chain fatty esters (Cs—C;g) of potato starch
and corn amylose using fatty acid chlorides and pyridine [16].
In another study, synthesis of starch fatty acid esters from
fatty acid methyl esters (e.g. methyl palmitate, methyl laurate)
as reactants and basic salts such as potassium carbonate,
sodium acetate, sodium dihydrogen phosphate, and
potassium methoxide at high temperatures and in polar
aprotic solvents has been reported [17]. Polar solvents such
as pyridine or DMSO are commonly used to dissolve starch
to make the hydroxyl groups accessible towards esterification
[18].

Our group have recently reported the synthesis of epoxy
fatty acid esters of cassava starch by reacting cassava
starch with vernonia oil methyl ester (epoxy ester) using
1-butyl-3-methylimidazolium hexafluorophosphate,
[C4CIm][PF¢] ionic liquid (IL) as a reaction medium and
DMSO as co-solvent [1]. Similarly we have also reported
the successful preparation of epoxy fatty acid esters of
cassava starch (starch vernolates) by reacting cassava
starch with vernonia oil methyl ester using only 1-butyl-3-
methylimidazolium chloride, [C,C,im]Cl, ionic liquid as a
reaction medium and an inexpensive base such as pyridine
as a catalyst [50].

The aim of this study was to synthesize and characterize a
new starch ester containing the characteristic vernonia oil
functionalities. The synthetic procedure used for the
esterification of starch with vernonia oil methyl ester
(VOME), derived from vernonia oil include the use of an
organic solvent, DMSO, as reaction medium and basic
K,COs; as a catalyst.

2. Materials and Methods
2.1. Materials

Native cassava starch was procured from the local market
in Addis Ababa, Ethiopia. The starch was dried for 24 h at
105°C in vacuo to ensure that the concentration of residual
water was below 2%, by weight, before use. Vernonia oil
methyl ester (VOME) was prepared following literature
procedures [19] using vernonia oil extracted from Vernonia
galamensis seed, donated by Adet Agricultural Research
Centre, Ethiopia. AnalaR grade DMSO was purchased from
Sigma—Aldrich.

2.2. Characterization Technique

SEM micrographs were collected using a JEOL SEM
Model LV 6400 microscope operating at 15 kV. The samples
were coated with platinum in vacuo before analysis in order
to make the samples conductive. Powder XRD patterns were
acquired in a PANalytical X’Pert Pro with monochromatic
CuKal (A=1.5406A, 40 kV, 40 mA) radiation, in the angular
range of 2°-70° (20). TGA analyses were performed using a
Perkin Elmer TGA Q500 in a temperature range between 50
and 500°C, with a heating rate of 10°C /min and nitrogen gas
flow of 50 ml/min. DSC analyses were performed using a
DSC Q2000. The samples (about 10 mg) were placed in
sealed aluminum cups. After a first heating run from room
temperature to 200°C to erase the thermal history of the
material, each sample was cooled to 0°C and then heated
again to 200°C (heating rate 10°C/min).

2.3. Experimental Procedure

Dried cassava starch (1.0 g, 6mmol, anhydroglucose unit,
AGU) was first gelatinized in DMSO (20 ml) at 70°C for 3 h.
To the transparent solution obtained, methyl vernolate
(1mol/mol anhydroglucose units in starch, i.e., 1.91 g, 6mmol)
and 0.02 g (2% w/w, with respect to starch) of potassium
carbonate (catalyst) were added and the mixture was stirred
at 110°C for 12 h. After cooling, the product was precipitated
under vigorous stirring using methanol (100 mL) and
separated from the liquid phase by decantation. The product
was further washed three times with methanol (30 ml and 15
ml, 10 ml respectively). Finally, the product was dried in an
oven (60°C) and a brown solid product obtained was kept for
characterization.

2.4. The Determination of the Degree of Substitution (DS)

The degree of substitution was determined using
titrimetric method. The principle of the method is that if
modified starch is saponified with a known amount of hot
aqueous NaOH, the ester bonds will be hydrolyzed and
sodium acylates will form. When this solution is back-
titrated with a standard strong acid (e.g. HCI), the amount
of NaOH used for saponification, can be calculated and
consequently the acyl group substitution can be quantified.
In this particular case, the DS of starch vernolate was
determined using reported method [21] with minor
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modification. Approximately 0.5 g of dry starch vernolate
was weighed and added into a 50 mL conical flask. Then 3
mL water and SmL of 1.0 M NaOH was added, and the
conical flask was agitated with a magnetic stirrer at room
temperature for 48 h. After the indicator (phenolphthalein)
was added, the excess alkali was titrated with 0.5 M
hydrochloric acid. The starch reference sample and
duplicates were treated in a similar way.

The vernolyl content (4%) was calculated according to the
following equation:

_[0,~V)x Molarityof HCIXM,
M

oty X 10°x100

A%

()

Where V,, in mL is the volume of 0.5 N HCI used to titrate
the blank; V'» in ml is the volume of 0.5 N HCI used to titrate
the samples; N is the concentration of the used HCI (mol/L);
M in g is the amount of dry starch vernolate sample; 279 is
the formula weight of vernolyl groups. The vernolyl content

(A4%) was used to calculate the degree of substitution, DS,
according to the following equation:
(162x A%)

bs= M, *x100)=((M,, ,, —1)xA%) @)

vernolyl Vernolyl

Where 162 is the molecular weight of glucose units and
279 is the formula weight of vernolyl group.

3. Results and Discussion

In this study, novel starch vernolate (epoxy starch fatty
acid ester) was successfully prepared by esterification of
endemic cassava starch with long chain epoxy fatty acid
methyl ester i.e., vernonia oil methyl ester (VOME) in the
presence of basic catalyst, potassium carbonate (K,CO;) in
DMSO as a solvent.

H OH
O
OCH
. /\/\A/\\\/\/\/\/\n, 3
O
Methyl vernolate
Starch
DMSO | 110°C, 12h
K,CO;4

Starch vernolate

+  CH,;0H

Figure 1. Schematic representation esterification of cassava starch with VOME.

3.1. Solubility Studies

Table 1. Solubility of starch, methyl vernolate and starch veronlate.

Solvent Starch Methyl vernolate  Starch vernolate
Water + - -
Methanol +/- + -
Ethanol +/- + -
Chloroform + S

“+ = soluble, +/- = partially soluble and - = insoluble”

The starch vernolate product was subjected to different
solubility studies. Table 1 show that the starch vernolate is
insoluble in all tested solvents in which the starting materials
are soluble or partially soluble. The product and the starting

materials exhibited different solubility trends which confirm
that a new product has been synthesized. The insolubility of
the product indicates that the new material is water proof and
also resistant to many different organic solvents [1, 50].

3.2. Thermal Analysis

Differential Scanning Calorimetric (DSC) Analysis

The melting temperatures (Tm) of the native and starch
vernolates were determined by differential scanning
calorimetry studies. The 7m of native cassava starch in this
study having about 10-13% moisture was 139°C as shown
in Figure 1 below. It has been reported elsewhere that the
Tm of cassava starch with 8-10% moisture content was
found to be 162°C [28, 29]. Reports from separate study
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indicated that the glass transition temperature of native
cassava starch which was 139°C has decreased during
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solution state enzymatic esterification with recovered
coconut oil [18].
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Figure 2. DSC thermogram of cassava starch.

Figure 3. DSC thermogram of Starch vernolate.

DSC has been extensively used to study the 7m (melting
point) on starch granules and Tg (glass transition temperature)
on amorphous materials. 7g and 7m of the native starch were
changed by the esterification reaction [30]. In Figures 2 and 3
above, it is shown that 7m of the native starch was 139°C
and that of the starch vernolate was 118°C, respectively. In
other words, 7m of the modified starch is lower by 21°C than
its unmodified counterpart. 7m of starch decreased with the
increasing degree of esterification. This also agrees with the
results reported elsewhere [18, 31]. These changes can be
explained by the fact that the intermolecular hydrogen bonds,

which stiffen the macromolecular chain, decrease with the
partial replacement of hydroxyl groups by vernolyl groups.
Moreover, the increase in the free volume within the
molecules due to the introduction of bulk groups that
facilitates more molecular mobility also contributes to the
decrease in 7m of starch after esterification [18, 32].

Thermogravimetric Analysis (TGA)

The thermal stability of native cassava starch and esterified
cassava starch has been investigated by using TGA. The TG
profiles were used to determine the weight loss of native
cassava starch and starch vernolate as they were heated,
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cooled or held isothermally [26]. The initial weight loss in ~ hydrophilic and can absorb moisture under normal room
the starch started at lower temperature around 70-100°C  conditions. The other major degradation (i.e., more than 85%)
corresponding to loss of water absorbed as natural starch is  of native starch began at 306.5°C (Figure 4).
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Figure 4. TGA thermogram of Cassava starch.
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Figure 5. TGA thermogram of starch vernolate.

Although the initial of degradation of starch vernolate  degradation products between the starch and starch vernolate,
(Figure 4) started at lower temperature, it leaves more  which could be another signal for the modification of starch
residues, i.e. 27% at 420°C, which is more than cassava i.e., esterification.
starch with a residue of only 13 % at 420°C. This is an The improved thermal stability of starch esters as compared
indication of an overall higher thermal stability for starch  to native starch is probably due to the low content of hydroxyl
vernolate [33, 34]. The thermogram also shows difference in  groups in the former. Accordingly, the relatively higher degree
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of substitution achieved in this method of synthesis could have
improved the thermal stability of the esterified starch. From
TGA analysis, it can be concluded that esterified starch is
thermally more stable than native starch.

3.3. Structural Studies

Scanning Electron microscopy (SEM)

In this study, the SEM images obtained show that there is a
remarkable difference in appearance between native cassava
starch (Figure 6) and starch vernolates (Figure 7) prepared by
this method. Native cassava starch granules had spherical and
truncated hemi-spherical shape [35, 36]. However, the
cassava starch granules which were spherical and truncated
hemi-spherical ones have lost their individuality and smooth
surface texture after esterification due of replacement of
hydroxyl groups. The entire loss of granular nature of the
starch confirms relatively high degree of substitution [35].

Figure 6. SEM image of starch.

Figure 7. SEM image of starch vernolate.

According to the SEM profiles, the starch granules were
mostly converted from their crystalline structure into
amorphous state during the dissolution processes, which led
to the uniform esterification reaction conducted under
conditions involved [37, 49]. The solvent DMSO used as
reaction medium during the modification reaction was

responsible for disruption the hydrogen bond of starch,
sequentially led to the destruction of the crystalline structure
of starch granules. This can be the cause for enhanced
chemical reagent access to the hydroxyl groups of starch and
increase starch reaction with the reagent. The introduction of
vernolyl groups disrupt the ordered structure of native starch
and hamper the re-association of amylose and amylopectin
structures in starch, leading to the change in morphological
properties. The morphology of starch vernolates were
changed as compared to native cassava starch as a result of
esterification. The successful grafting of long chain epoxy
fatty acid on to starch using the method mentioned has also
been confirmed from the SEM analysis.

Powder X-ray Diffraction

X-ray diffraction has been widely used to detect and
characterize the crystalline patterns of starch granules [38].
Starch has a definite crystalline nature and the crystallinity
has been assigned to the well-ordered structure of the
amylopectin molecules inside the granules [39]. Powder
XRD studies provide much of the information about starch
granule crystalline properties. Different starches can be
classified into A, B or C patterns. 4 form starch is mainly
present in cereal starches, such as maize starch and wheat
starch with XRD diffraction peaks at around 15, 17, 18 and
23°. The B form starch is usually available in tuber starch
such as potato and this type of starch gives the strongest
diffraction peak at 20 of 17°. There were also few small
peaks at around 2O values of 20, 22 and 24°. The C pattern
starch is a mixture of both A and B types, characteristic of
smooth seeded pea starch and various bean starches [40].

In starch structure, linear amylose composed of a-1,4-
glucopyranose was responsible for the amorphous region,
while large amylopectin composed of both a-1,4 and o-1,6-
glucopyranose contributed to the crystalline region. The X-
ray powder diffraction pattern obtained for native cassava
starch and representative starch vernolate are presented in
Figure 8 and Figure 9 below. The native cassava starch
powder had crystalline structure, with a strong diffraction
pattern. In this study, the diffractogram of native cassava
starch exhibited a crystalline pattern, giving three peaks at
20 of 15.34°, 17.24°, 18.31° and 23.36°. The occurrence of
these peaks confirms that the cassava starch used in our study
had an A pattern [41, 42]. This data also agrees with the
report by Paulos et al. which shows that cassava starch
obtained from cassava tubers collected from three different
regions in Ethiopia, namely, Gamo Gofa, Illubabor and
Wollega were found to have A-type crystallinity [36].

After esterification, the diffraction pattern showed broad
peak, an indication for the amorphous character of the starch
vernolate. The highly ordered crystalline structure of cassava
starch is related to intra- and intermolecular hydrogen bonds.
However, upon esterification, some of the hydroxyl groups
on starch backbone were replaced by vernolyl moiety. This
has minimized the formation of intermolecular hydrogen
bonding and, thereby, disturbing and reducing the orderly
crystalline structure of native cassava starch [43, 44]. The
relatively higher degree of substitution (DS = 1.24) obtained
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in our study indicates that much of the hydroxyl groups were
substituted by vernolyl group. The samples, as expected,
gave an amorphous pattern with a new broad peak appearing
around 20°. The presence of this new peak, which was not
observed in the diffractogram characteristic of native cassava
starch, was another confirmation for the modification of
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starch by esterification with long chain epoxy fatty acid
methyl ester. These broad peaks may have originated from
smaller size starch crystals as the esterification reaction
continued. Similar results were reported by Zhang et al. [47]
and Luo, Z. et al. [51].
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Figure 8. XRD diffractogram of cassava starch.
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Figure 9. XRD diffractogram of starch vernolate.
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Figure 10. Comparison of XRD diffractogram of starch vernolates with native cassava starch.

4. Conclusions

We have synthesized epoxy starch esters (starch vernolates)
using DMSO as the solvent for the reaction and basic
potassium carbonate as the catalyst. Lower reaction time (12
h) has been achieved while the degree of substitution
(DS=1.24) is higher than the previously synthesized starch
vernolates using enzymatic catalysis with DS of 0.95. The
resulting epoxy starch ester may be used in the development
of biodegradable materials offering an environmentally
benign alternative to petroleum based products.
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