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A B S T R A C T   

This work presents a series of starch esters synthesized via 1,5,7-triazabicyclo[4.4.0]-dec-5-ene (TBD) catalyzed 
transesterifications in dimethyl sulfoxide (DMSO). The reaction was performed with saturated and unsaturated 
fatty acids (8, 11, and 18 carbon atoms). The degree of substitution (DS) was raised by purging the reaction flask 
with nitrogen instead of simply performing the reaction under a nitrogen atmosphere. The increase of DS was 
most obvious for long-chain fatty acids, as an almost complete DS was observed for starch stearate (2.8) and 
starch oleate (2.7). The products were characterized by differential scanning calorimetry (DSC), thermogravi-
metric analysis (TGA), and X-ray diffraction. Starch esters from unsaturated fatty acids have a lower Tg than their 
saturated analogues. Moreover, contact angle and moisture uptake measurements showed increased hydro-
phobicity for all starch esters in comparison to pristine starch. Our results show a more efficient method for 
synthesizing a biobased material that steers into the direction of a material that could replace conventional 
plastics.   

1. Introduction 

The need for new eco-friendly materials arises from the impending 
exhaustion of petroleum-derived resources for conventional materials, 
problems regarding waste disposal, and pollution of the environment 
(Luzi et al., 2019; Vanmarcke et al., 2017). Starch is biodegradable, cost- 
efficient, non-toxic, and abundant in nature. Therefore it is a good 
candidate for an eco-friendly replacement of petroleum-derived mate-
rials(Zhang et al., 2014). 

Unfortunately, native starch has some major drawbacks. Without the 
presence of an additional plasticizer, no glass transition temperature 

(Tg) can be observed, making processing, for example via injection 
molding, nearly impossible (Ciardelli & Penczek, 2004). 

A way to improve the thermal properties of starch is via chemical 
modification. Starch consists of two major components, linear amylose 
and highly branched amylopectin. Both polymers consist of repeating 
anhydroglucose units (AGU) (Haq et al., 2019; Lawal, 2019; Richardson 
& Gorton, 2003). Every AGU has three hydroxyl groups that are prone to 
reactions like (trans)esterification and etherification (Zia-ud-Din et al., 
2017). Substitution with fatty acids acts plasticizing, by preventing 
inter-and intramolecular hydrogen bonding of the hydroxyl groups (Liu 
et al., 2009; Vanmarcke et al., 2017). In this way, the Tg can be tuned 

Abbreviations: TBD, 1,5,7-triazabicyclo[4.4.0]-dec-5-ene; DMSO, dimethyl sulfoxide; DSC, differential scanning calorimetry; TGA, thermogravimetric analysis; 
AGU, anhydrous glucose unit; BHT, 3,5-di-tert-4-butylhydroxytoluene; CDCl3, chloroform‑d; DMSO‑d6, dimethyl sulfoxide-d6; XRD, x-ray diffraction; NS, native 
starch; SOc, starch octanoate; STOc, starch trans-2-octenoate; SU, starch undecanoate; S10U, starch 10-undecenoate; SS, starch stearate; SO, starch oleate; SL, starch 
linoleate; FWHM, full width at half maximum. 
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depending on the fatty acid chain length and the degree of substitution 
(DS). In this work, we examine the effect on the Tg when substituting 
with unsaturated fatty acids. Because they have a lower melting point 
than saturated fatty acids a lower Tg is expected (Lide & Baysinger, 
1985). Besides the appearance of the Tg, esterification with fatty acids 
favorably increases the degradation temperature (Fang et al., 2002; 
Funke & Lindhauer, 2001; Vanmarcke et al., 2017; Winkler et al., 2014). 

Another drawback of native starch is its hydrophilic nature, making 
it highly susceptible to moisture from the air which can negatively affect 
its mechanical properties (Konieczny & Loos, 2018). The introduction of 
fatty acids to starch will also prevent water absorption by increasing the 
hydrophobicity of the material (Aburto et al., 1999; Demirgöz et al., 
2000; Winkler et al., 2014). 

Earlier work shows highly efficient starch modification via acyl 
chlorides or vinyl esters, but these reactions have several drawbacks. In 
the esterification method with an acyl chloride, hydrochloric acid is 
produced that can partially degrade the product. Moreover, acyl chlo-
rides are highly toxic, making them unsuitable for a sustainable econ-
omy (Aburto et al., 1999; Blohm & Heinze, 2019; Fang et al., 2002; 
Winkler et al., 2013). Intermediate and high DS were obtained via 
transesterification of vinyl esters (Winkler et al., 2014). However, vinyl 
esters are less readily available than methyl esters, higher in cost, and 
less atom efficient, limiting their use in industry (Enayati et al., 2018). 

A guanidine base organocatalyst, 1,5,7-triazabicyclo[4.4.0]-dec-5- 
ene (TBD), is particularly efficient in many transesterification pro-
cesses, including transesterification of starch with a high DS (Borton 
et al., 2019; Orzolek et al., 2018; Söyler & Meier, 2017). Studies on the 
optimization of TBD-catalyzed transesterification already exist. In those 
studies, the reaction temperature and times were varied, and the results 
were compared. It was concluded that a reaction at 115 ◦C was most 
efficient and after 12 h the DS did not increase any further (Schenzel 
et al., 2014; Söyler & Meier, 2017). However, a study shows (Borton 
et al., 2019) that constant purging of the reaction was needed to avoid 
carbonate uptake by TBD, lowering the reaction efficiency. 

This study reports for the first time the starch esters, starch trans-2- 
octenoate, and starch 10-undecenoate. Castor oil contains 10-undece-
noic acid which has a double bond at the terminal position of the 
chain and can be for instance used in click reactions, via the coupling of 
thiolenes (Garcia-astrain, 2021; Ronda et al., 2011; Schenzel et al., 
2014; Türünç & Meier, 2010; Van der Steen & Stevens, 2009). It has 
been reported in other carbohydrates but has not been esterified to 
starch before (Schenzel et al., 2014). While autoxidation of linoleic acid 
produces trans-2-octenoic acid, a widely used fatty acid, little is known 
about its characteristics in materials (Horvat et al., 1969). 

Other saturated fatty acids with intermediate-chain length, methyl 
octanoate, and methyl undecanoate, were used for comparison. Besides 
intermediate-chain length, three long-chain methyl fatty acids, methyl 
stearate, methyl oleate (cis-9), and methyl linoleate (cis-9,12) were 
selected for transesterification. 

We present a more efficient synthesis method by purging the reaction 
to improve the DS further and investigate the difference in thermal 
properties for a series of saturated and unsaturated starch esters with 
various side-chain lengths. Moreover, the effect on the introduction of 
different fatty acids on the hydrophobicity was studied by contact angle 
measurements and moisture uptake. 

2. Experimental 

2.1. Materials 

Potato starch (Paselli WA4) was kindly provided by Avebe. Potato 
starch was dried overnight at 110 ◦C and stored in a desiccator over 
silica gel and P2O5. The following chemical were purchased from Sigma- 
Aldrich: Methyl octanoate (99%), methyl undecanoate (≥99%), methyl 
10-undecenoic acid (99%), stearic acid (≥97%%), oleic acid (90%), 
linoleic acid (≥95%), dimethyl sulfoxide (DMSO, anhydrous ≥99.9%), 

3,5-di-tert-4-butylhydroxytoluene (BHT, >99%), 1,5,7-Triazabicyclo 
[4.4.0]dec-5-ene (TBD, 98%), chloroform‑d (CDCl3, 99.8%) and 
dimethyl sulfoxide‑d6 (DMSO‑d6, 99.5%). Methyl trans-2-octenoate 
(>95.0) was purchased from TCI Europe. All other chemicals such as 
ethanol were used with a minimum grade of 95% or higher. All chem-
icals were used without further purification except when stated 
otherwise. 

2.2. Methods 

2.2.1. Synthesis of methyl ester 
Methyl stearate, oleate, and linoleate were synthesized via an acid 

catalyzed esterification (Antolin et al., 2008). A solution of the fatty acid 
(15 g) in 150 mL methanol was prepared. To the solution, 1 mL of 
concentrated sulfuric acid was added and refluxed at 60 ◦C under N2 
atmosphere for 2 h, after which the solution was cooled down to room 
temperature. The solution was extracted with hexane (3 × 100 mL) and 
washed with 100 mL sodium bicarbonate solution. The hexane solution 
was concentrated under vacuum, and the methyl fatty acid was ob-
tained. The 1H NMR spectra can be found in the supplementary infor-
mation (Figs. A.1, A.2, and A.3). 

2.2.2. TBD-catalyzed transesterification 
The synthesis was based on earlier an study (Söyler & Meier, 2017). 

In a round bottom flask, 0.5 g starch (3.09 mmol) was dissolved in 20 mL 
DMSO under N2 atmosphere at 115 ◦C. Once dissolved, an excess of 
methyl fatty acids was added (6 eq. AGU, 18.72 mmol) and 0.26 g TBD 
(10 mol%). BHT (10 wt%) was added when an unsaturated fatty acid 
was used to prevent crosslinking. The reaction was stirred and kept for 
16 h at 115 ◦C. During method 1, the reaction was kept under a nitrogen 
atmosphere while during method 2 the reaction mixture was purged 
with nitrogen. The orange solution was added dropwise to ethanol to 
precipitate the product. The product was collected via filtration and 
washed with ethanol. The yellow solid was dried in a vacuum oven at 
40 ◦C overnight. 

2.3. Characterization 

2.3.1. 1H NMR spectroscopy 
1H NMR spectra were recorded on a Varian 400 MHz NMR spec-

trometer. The spectra were recorded in DMSO‑d6 or CDCl3. The data 
were recorded in ppm relative to the solvent peak. The degree of sub-
stitution (DS) was calculated via Eq. (1). 

3DS
N*DS + (3 − DS)

=
3
X

(1)  

In which DS is the degree of substitution, N is the number of protons in 
the unsaturated bond. X is the integration between 4.7 and 6 ppm, and 
for starch-trans-2-octenoate between 4.7 and 7.1 ppm. The integration 
was normalized for the terminal group of fatty acids chain length (3H, 
0.8 ppm) and its value was set to 3. Since starch 10-undecenoate did not 
have this group the peak at 1.9 ppm (2H) was taken instead, and set to 2. 

2.3.2. Fourier-transform infrared spectroscopy (FT-IR) 
Measurements were run on a Vertex 70 FTIR from Bruker in the 

attenuated total reflectance (ATR) mode. The resolution is 16 cm− 1, 
with both a sample and background scan time of 32 s. The data was 
analyzed in OPUS software, in which a background correction was 
performed and the data were normalized on the band at 1030 cm− 1. 

2.3.3. Differential scanning calorimetry (DSC) 
The glass transition temperature was determined by DSC measure-

ments performed on a TA-Instruments Q1000 DSC. The sample (5–10 
mg) was weighed in a non-hermetically closed aluminium dish. A heat- 
cool-heat cycle from − 20 ◦C to 200 ◦C was performed with a rate of 
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10 ◦C⋅min− 1. The first heating cycle removed residual solvent traces 
from the starch-ester; therefore, only the second heating cycle was 
presented. 

2.3.4. Thermogravimetric analysis (TGA) 
The thermal stability was determined by thermal gravimetric anal-

ysis (TGA). The degradation temperature was established on a TA- 
instrumental D2500 TGA. The sample was heated under inert atmo-
sphere (N2) from 25 to 700 ◦C with a rate of 10 ◦C⋅min− 1. The data was 
analyzed by TRIOS software (TA instruments) and used to determine the 
degradation temperature where the rate of weight loss is maximum. 

2.3.5. X-ray diffraction (XRD) 
The structures were analyzed on a Bruker D8 Advanced XRD. The 

measurements were done between 4◦ and 50◦ 2θ with 40 kV and 40 mA, 
and with Cu Kα radiation (λ = 0.1542 nm). 

2.3.6. Water uptake 
A desiccator with saturated KNO3 solution was left to equilibrate for 

at least 48 h to reach a relative humidity (RH) of 95%. Samples were 
ground in a fine powder and were pre-dried in an oven at 110 ◦C for 1 h 
and then weighed (t = 0) at set time intervals until saturation was 
reached. The increase in weight was expressed as a percentage of the 
starting weight. 

2.3.7. Contact angle 
The measurements were performed on films from the starch esters. 

Those films were prepared by solvent casting. The starch esters was 
dissolved in CHCl3 or CH2Cl2 = 5:1 (v/v) and native starch in water and 
cast on a Teflon plate and left the solvent to evaporate. The measure-
ments were performed using a Dataphysics OCA30. A waterdrop (3 μL) 
with a rate of 1 μL⋅s− 1 was released. The angle was determined directly 
after release. The measurements were done in triplicate. 

2.3.8. Statistical analysis 
The means and standard deviation were calculated for the water 

uptake and contact angle measurements. This data was analyzed of one- 
way analysis of variance (ANOVA) using Tukey's test in SPSS® statistics 
software (version 26, IBM, New York, NY, USA). When p < 0.05 was 
considered as a significant difference. 

3. Results and discussion 

3.1. Structural characterization 

A series of starch esters were synthesized in DMSO via TBD-catalyzed 
transesterification of native starch (NS). During this reaction, multiple 
intermediate- and long-chain fatty acids were used. For each chain 
length, a saturated and unsaturated fatty acid was chosen. In this study, 
we compared two different approaches for this specific catalyst to obtain 
a maximum DS. An overview of the obtained starch esters with their 
corresponding abbreviations are depicted in Scheme 1. 

In method 1 the reaction mixture was kept under a nitrogen atmo-
sphere. While in method 2, the reaction was purged with nitrogen, 
which aids the removal of methanol and, in turn, increases the DS. This 
transesterification is an equilibrium reaction and removing methanol 
from the system will drive the reaction to the product side, Scheme 2. 

For all reactions the aim was to obtain a maximum DS, hence using 
an excess of methyl fatty acid. The DS can range from 0 to 3; in which for 
a DS = 0 no substitution takes place, and for DS = 3, all hydroxyl groups 
are substituted. Eq. (1) is used to calculate DS, the values for each 
experiment are shown in Table 1. 

The 1H NMR spectra of the purged samples are shown in Fig. 1. The 
spectra of method 2 may be found in the supplementary information 
(Fig. A.4) and are comparable to those of method 1, except for differ-
ences in peak intensity. The aliphatic signals from fatty acid side chains 

are shown around 0.7–2.4 ppm. The protons of unsaturated bonds 
appear at higher ppm as indicated in Fig. 1 with ●. A water peak at 3.33 
ppm is visible for the samples measured in DMSO‑d6 because this solvent 
is hygroscopic. 

Besides 1H NMR, the structure was confirmed by ATR-FTIR (Fig. 2). 
The spectra of NS and the esters by method 2 are shown in Fig. 2. Similar 
to the 1H NMR spectra, the data corresponding to method 1 can be found 
in the supplementary information (Fig. A.5). The band from native po-
tato starch at 3300 cm− 1 corresponds to the hydroxyl groups. Upon 

Scheme 1. Overview of the obtained products with the corresponding 
abbreviations. 

Scheme 2. TBD-catalyzed transesterification of starch with a methyl ester.  

Table 1 
DS for the obtained starch ester via TBD-catalyzed transesterification by two 
different methods.  

Starch ester Method 1 Method 2 

DS DS 

SOc  0.6  0.8 
STOc  0.3  1.0 
SU  0.6  0.6 
S10U  0.5  0.6 
SS  0.1  2.8 
SO  0.2  2.7 
SL  0.4  1.0  
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substitution, this band flattens and shifts more towards 3500 cm− 1, 
consistent with earlier reported results (Söyler & Meier, 2017). 

Upon substitution a band at 2900 cm− 1 appears, this band corre-
sponds to the C–H stretch of the aliphatic part of the side chains. A 
second band appeared at 1730 cm− 1, corresponding to C––O stretching 
vibration. A smaller band around 3000 cm− 1 is present for the unsatu-
rated side chains, corresponding to = C-H stretching, marked with ●. 

The DS for each method is stated in Table 1. In all cases, except SU, 
did the removal of methanol via purging with nitrogen increase the DS. 
The effect is most remarkable for the long-chain fatty acids, resulting in 
an almost complete DS for SS and SO. Generally, studies report that the 
DS decreases with increasing fatty acid chain length because the longer 
side chains experience more steric hindrance. For the products obtained 
via method 1, the trend in DS is similar to literature(Funke & Lindhauer, 
2001; Winkler et al., 2014). A higher DS is obtained for the intermediate- 
chain length (SOc, SU, and S10U) than for starch esters from long-chain 
fatty acids (SS, SO, SL). However, a different trend was observed for the 
products synthesized via purging with nitrogen (method 2). An almost 
complete DS is observed for the starches with the long-chain fatty acids 

SS and SO, while a lower DS is obtained for the starch esters consisting of 
fatty acids with intermediate-chain length. Intermediate methyl esters 
are more volatile and hence more prone to evaporation from the system 
when purged, limiting the DS for those starch esters (Lepage & Roy, 
1984). This explains why in method 2 the DS is higher for long-chain 
fatty acids than for intermediate-chain fatty acids. There is no differ-
ence observed in DS between saturated and unsaturated fatty acids. 

The addition of BHT during the synthesis of several unsaturated 
starch esters was crucial to prevent crosslinking. Insoluble products 
were obtained for SO and SL when no BHT was added. The products did 
swell in chloroform, toluene, DMF, and DMSO, but remained insoluble. 
Auto-oxidation of the unsaturated fatty acids results in the formation of 
bonds between the fatty acids, crosslinking the material (Salehi et al., 
2010). Similar behavior was reported (Söyler & Meier, 2017) for soy-
bean and sunflower oil, which both contain unsaturated fatty acids. 
However, this phenomenon was not observed for S10U and STOc. The 
unsaturated bond of these starch esters is in a different position on the 
chain, possibly resulting in a different reactivity. For oleic acid de-
rivatives, it was reported that crosslinking could occur upon heating 
(Ohtake et al., 2018). Method 2 resulted in the highest DS, therefore, 
these products were investigated further. 

3.2. Thermal analysis 

The thermal stability of the starch esters from method 2 was studied 
by TGA analysis. The addition of fatty acids is known to increase the 
degradation temperature of the materials (Aburto et al., 1999; Imre & 
Vilaplana, 2020; Söyler & Meier, 2017; Vanmarcke et al., 2017; Winkler 
et al., 2014). During heating starch degrades via a condensation reaction 
between the hydroxyl groups. During this process, water and ether 
bonds are formed. At the same time, the glycosidic ring is fractured and 
aldehyde groups are formed, like acetaldehyde. Further increasing the 
temperature results in the formation of aromatic rings such as furan and 
2-methyl furan. Those rings can form a crosslinked structure above 
400 ◦C, which decomposes upon further heating (Pigłowska et al., 2020; 
Zhang et al., 2002). Esterification with fatty acids suppresses the 
dehydration of the anhydroglucose ring, increasing the degradation 
temperature (Winkler et al., 2014). The degradation process of the 
starch esters starts with the cleavage of the esters groups (Barrios et al., 
2013). 

The results for the different starch esters synthesized via method 2 
are shown in the thermograms in Fig. 3. Unexpectedly, the onset tem-
perature for most samples decreases 5–15 ◦C compared to native starch. 
This decrease is caused during synthesis when the material is exposed to 
115 ◦C, slightly degrading the product. 

For most products, an increase in degradation temperature is present 
when the slope of the weight loss is maximum. An increase of degra-
dation temperature up to 15 ◦C is found. 

The degradation temperature of SOc is slightly higher than that of 
STOc, with a maximum weight loss at 329 and 319 ◦C, respectively. The 
other starch esters with intermediate side chain length, SU and S10U, 
both have a maximum weight degradation at 316 and 325 ◦C and for the 
long side chain starch esters this is observed at 315, 316, and 312 ◦C for 
SS, SO, and SL respectively. 

So far, no correlation has been observed between the degradation 
temperature and the saturation of the fatty acids, as expected. Whether 
or not the fatty acid is saturated, does not affect the degradation 
mechanism since this starts with the cleavage of the formed ester groups 
(Winkler et al., 2014). 

For NS, a dip in weight is observed directly after heating starts and 
stabilizes around 100 ◦C. This dip corresponds to the evaporation of 
water absorbed by starch. For the starch esters, this loss is less pro-
nounced, indicating that they are less prone to water absorption, con-
firming that the starch esters are more hydrophobic (Barrios et al., 
2013). 

DSC analyses show that without the addition of plasticizers, starch 

Fig. 1. 1H NMR spectra of the different starch esters obtained via method 2.  

Fig. 2. ATR-FTIR spectra of the different starch esters obtained via method 2.  
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has no visible Tg, as the Tg is above its degradation temperature (Nir-
anjana Prabhu & Prashantha, 2018). Upon substitution, the Tg should 
decrease with increasing DS (Vanmarcke et al., 2017; Winkler et al., 
2014). The fatty acids act as plasticizers by prohibiting the formation of 
intra- and intermolecular hydrogen bonding by substituting the hy-
droxyl groups. This process increases starch its free volume and results 
in a decrease of the Tg (Van Soest & Vliegenthart, 1997). However, an 
increase in Tg is expected with increasing fatty acid chain lengths. 
Longer side chains restrict the motion of the polymer and increase the Tg 
(Vanmarcke et al., 2017; Winkler et al., 2014). However, we hypothesize 
that the Tm of the fatty acid influences the Tg: A lower Tm will introduce 
more flexibility to the product, thus lowering Tg. 

An overview of the melting points and the Tg's associated with the 
synthesized starch esters is shown in Fig. 4. All DSC spectra can be found 
in the supplementary information (Fig. A.5). 

Fig. 4 shows that for starch esters with a side chain length of 8 and 11 
carbon atoms, the ester with the unsaturated side chain has a lower Tg. 
The Tg of SO is lower than that of SOc although a similar Tm is observed. 
This is ascribed to the higher DS of SO compared to SOc. The Tg for SL 
and SO are 64 ◦C and 45 ◦C, respectively, while for SS, the Tg is no longer 
visible. The absence of the Tg for SS is consistent with earlier research 
(Vanmarcke et al., 2017; Winkler et al., 2014). The Tg of SS will be close 
to or above its degradation temperature and is therefore not depicted in 
Fig. 4. Stearic acid has the highest Tm of 69 ◦C, because of strong 
intermolecular interactions which contribute to the high Tg in SS. 

Linoleic acid and oleic acid have a lower Tm than stearic acid. The 
double bonds prevent stacking and the intermolecular interactions are 
weaker, and therefore, a visible Tg is observed (Lide & Baysinger, 1985). 
Based on the Tm a lower Tg is expected for SL compared to SO. However, 
the DS of SO is higher than that of SL, explaining the higher Tg of SL. We 
show with this study that the Tg is highly dependent on whether the 
starch esters consist of saturated or unsaturated side chains. 

Although no Tg was observed for SS, a melting endotherm around 
6 ◦C is visible, consistent with previously published results (Vanmarcke 
et al., 2017; Winkler et al., 2014). This peak corresponds to melting of 
the crystalline part induced by stacking the chains of the alkyl part of 
stearic acid and appears only for long side chains. 

3.3. Structural characterization by XRD 

The potato starch used in this research is pregelatinized, meaning the 
original semi-crystalline starch granules are already broken up, and the 
structure is amorphous (Pérez & Bertoft, 2010). However, it is known 
that the long aliphatic chains of the starch ester can stack, re-introducing 
crystalline order. The longer the side chains are, the bigger this effect 
should be (Koivu et al., 2018; Vanmarcke et al., 2017; Winkler et al., 
2014). 

The XRD data from method 2 are summarized in Table 2. The pat-
terns can be found in the supplementary information (Fig. A.7). The full 
width at half maximum (FWHM) is an indication of a higher level of 
order. The lower the FWHM, the higher the order. As can be seen in 
Table 2, the FWHM is highest for native starch, while all the modified 
starches have a lower value. Hence, all of the starch esters have a higher 
order of crystallinity than the parent starch. This is beneficial because it 
will improve the tear resistance in, for example, thermoplastic starch 
films. At around 20◦, the lowest FWHM is observed for SS, which agrees 
with other literature (Koivu et al., 2018; Winkler et al., 2014). 

When comparing starch esters with the same side chain length, a 
lower value for the FWHM is always observed for the saturated side 
chain than for the unsaturated side chain. The unsaturated bond is 
stiffer, prohibiting the ability to stack and forming a more ordered 
structure. At a lower diffraction angle, between 10 and 12◦, a second 
peak appears. This peak arises due to the increase in distance between 

Fig. 3. Thermograms showing the thermal stability of native starch and a) SOc and STOc, b) SU and S10U, and c) SS, SO and SL.  

Fig. 4. The relationship between the Tm of the fatty acid and the Tg of the 
starch ester. (Human Metabolic Database, n.d.; Lide & Baysinger, 1985). The 
open symbols are referring to an unsaturated fatty acid starch ester while the 
filled symbols to a saturated fatty acid starch ester. Symbols with a similar 
shape refer to starch esters with similar fatty acid chain lengths. 

Table 2 
The FWHM of the peaks obtained by XRD.  

Starch ester Diffraction angle (◦) FWHM Diffraction angle (◦) FWHM 

NS – –  18.4  10.7 
SOc 10.9 5.3  20.1  4.6 
STOc 11.2 4.1  19.6  4.9 
SU 12.3 4.3  20.4  4.3 
S10U 11.2 4.7  19.7  4.8 
SS 10.9 4.5  20.8  4.2 
SO 12.0 5.9  19.7  4.7 
SL 11.5 4.1  19.6  4.6  
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the starch backbone molecules (Winkler et al., 2014). 

3.4. Hydrophobicity 

The hydrophobicity of the starch esters was studied because NS is 
hydrophilic and thus prone to absorption of water from the air, limiting 
its use in films in, for example, food packaging (Winkler et al., 2014). 
Materials are considered hydrophobic if the contact angle between the 
surface and the water droplet is >90◦ (Feng et al., 2002). In our study we 
compare the contact angle of NS to the modified starches. 

Table 3 shows the contact angle of NS and the starch esters obtained 
from method 2. We found a contact angle of around 66◦ for NS, meaning 
that NS is indeed hydrophilic. The substitution of the hydroxyl group by 
hydrophobic side chains should make the material more hydrophobic 
(Winkler et al., 2014). All modified starches have a higher contact angle 
than NS. Hence, all modified starches are indeed more hydrophobic than 
NS. SU, STOc, SS, and SO have an angle higher than 90◦ and, therefore, 
are considered hydrophobic. With increasing DS and chain length a 
higher angle is expected (Winkler et al., 2014). SS and SO have the 
longest side chains with a high DS and indeed one of the highest contact 
angles are found for these starch esters. A lower angle is observed for SL 
which can be ascribed to its lower DS. No correlation is found for the 
intermediate side chain length. 

In addition to measuring the contact angle, the hydrophobicity of the 
starch esters was investigated using moisture absorption, and the results 
are shown in Table 3. The absorption of water by hydrophilic NS is 
almost 30 wt%. Upon substitution with hydrophobic fatty acids we ex-
pected a decrease in moisture uptake with increasing DS and fatty acid 
side chain lengths. Fig. 4 shows a decrease in water uptake for all starch 
esters. The highest values are observed for SOc and STOc, both having 
the shortest hydrophobic side chains, which is consistent with our hy-
pothesis. Little difference is found between SU, S10U, SL and SO, all of 
which have a water uptake of 9% ± 1. The packing of the fatty acids can 
influence the water uptake. A tightly packed structure can prevent water 
to access through the surface and being absorbed by the material (Crépy 
et al., 2009; Wang et al., 2014). The stacking is most pronounced for the 
stearic acid side chains which limits the uptake of water by SS to 3%. 

4. Conclusion 

TBD-catalyzed transesterification in DMSO successfully yielded a 
series of saturated and unsaturated starch esters with varying side chain 
lengths (8, 11, and 18 carbon atoms). Purging was found to increase the 
DS, especially for long-chain fatty acids. The DS for long-chain fatty 
acids increased from a low DS to an intermediate and high DS. The 
highest DS was observed for starch stearate (2.8) and starch oleate (2.7). 
The thermal properties of the starch esters were investigated by TGA and 
DSC analysis. TGA shows that upon substitution an increase in degra-
dation temperature is present when the slope of the weight loss is 
maximum. An increase of degradation temperature up to 15 ◦C is found. 
DSC measurements revealed that the Tg is highly dependent on the Tm of 
the fatty acid used. The Tg is lower for starch esters from unsaturated 
fatty acids than for their saturated analogs. The effect was most notable 
for long-chain fatty acids because of the larger difference in Tm. While SS 
did not show a Tg, it did show a melting peak corresponding to melting of 
the crystalline part induced by stacking of the stearic acid side chains. 
XRD measurements revealed an increase in crystalline order for all 
starch esters compared to native starch. Starch esters from saturated 
fatty acids have a higher-ordered structure than esters from unsaturated 
fatty acids. Finally, with the introduction of fatty acids, the materials 
became more hydrophobic, which was proven by contact angle mea-
surements and moisture uptake. The contact angle increases with 
increasing DS. A maximum contact angle of 119◦ was found for SO. The 
moisture uptake of native starch at 95% RH is 30% and is reduced to 
3–10% by esterification with fatty acids. The lowest uptake was 
observed for SS. With increased thermal properties and hydrophobicity 

we obtained a material which can find its potential application in films 
for food packaging. In future work, the materials of unsaturated fatty 
acids can be further modified by either crosslinking the double bond or 
via the addition of thiols. 
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Crépy, L., Chaveriat, L., Banoub, J., Martin, P., & Joly, N. (2009). Synthesis of cellulose 
fatty esters as plastics — Influence of the degree of substitution and the fatty chain 
length on mechanical properties. ChemSusChem, 2, 165–170. 
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