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ABSTRACT: Starch laurate, a kind of high fatty acid starch ester, was directly produced by mechanical activation (MA)-assisted
solid-phase synthesis (MASPS) technology with a customized stirring ball mill as reactor. The starch laurates with different
degrees of substitution (0.0148−0.0412) were obtained under different reaction conditions. Fourier transform infrared
spectroscopy confirmed that starch ester had been successfully produced by MASPS attributed to active hydroxy groups induced
by MA. X-ray diffractometry and scanning electron microscopy showed that MA and esterification significantly disrupted the
morphology and crystal structure of starch. Water absorption of starch was increased by MA but decreased by the introduction of
laurate groups. Viscosity of starch was obviously reduced after both the processes of MA pretreatment and MASPS. The
successful synthesis of starch laurate without the use of solvent and additives suggested that MASPS was a fast, simple, and green
method for the production of high fatty acid starch esters.

1. INTRODUCTION

Starch is an abundant, inexpensive, biodegradable, and naturally
renewable polysaccharide that plays an important role in the
food industry and is also used as raw material to prepare
different products for various applications.1−3 However, native
starches have limited industrial uses.4 Chemical modifications,
such as etherification, esterification, oxidation, and grafted and
cross-linked reactions, were developed to expand the usefulness
of starch for industrial applications.5−9 Starch esters are the
esterification products synthesized by reacting starch with
different esterifying agents. High fatty acid starch esters (chain
length of fatty substituent ≥C8), which have special
thermoplasticity, hydrophobicity, and biodegradability proper-
ties, are one kind of the most important starch derivatives.10

Generally, high fatty acid starch esters are synthesized by
dispersing starch and esterifying agent in organic solvents such
as pyridine, toluene, dimethyl sulfoxide (DMSO), or LiCl/N,N-
dimethyl acetamide (DMAC).11−14 The use of volatile, toxic,
and expensive organic solvents has economic, environmental,
and safety problems and may limit further commercialization of
the technology, particularly for food and pharmaceutical
applications. Recently, room-temperature ionic liquids have
been considered as desirable green solvents for the homoge-
neous synthesis of starch esters.10,15,16 However, the solubility
of starch in ionic liquids is not very high, limiting the
production capacity and efficiency of starch esters. Additionally,
ionic liquids are commonly expensive, and an effective and
mature recovery process is difficult to obtain, which restrict the
industrial production and economic feasibility for using ionic
liquids as homogeneous reaction medium. So, there is a strong
incentive to develop a simple, green, and efficient method for
the synthesis of starch esters.

Currently, solid-phase synthesis (SPS) has attracted a
substantial amount of attention for the advantages of
simplification of reaction process and product isolation without
the use of solvent, specificity of reaction, high selectivity and
efficiency, and saving resources, and it is considered as an
efficient procedure for green chemistry.17−19 SPS has been
successfully used for the preparation of inorganic and organic
products, such as barium hexaaluminate,20 barium titanate,21

polyprenols,22 pyridine derivatives,23 cellulose derivatives,24 and
polypropylene graft copolymers.25,26 Undoubtedly, SPS can be
used for the production of high fatty acid starch esters.
However, the reagents are difficult to penetrate into the interior
of the starch granules, for the special semicrystalline structure of
native starch resulted from the formation of hydrogen bonds
between the starch molecules. In addition, the esterifying agents
with long chain length exhibit a steric effect when they react
with starch. As a consequence, SPS of high fatty acid starch
esters hardly takes place under common conditions, and it is
necessary to enhance the reaction efficiency of SPS by assisted
means. Mechanical activation (MA) refers to the use of
mechanical actions to change the crystalline structures and
physicochemical properties of the solids carried out by high-
energy ball-milling and has been successfully used for the
pretreatment of starches, sugar cane bagasse, and cassava
stillage residue in our previous works.27−30 When suffering
from enough mechanical energy, the chemical bonds in solids
can be significantly broken up, along with the collapse of their
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crystal structure, phase transformation, and the changes in
surface characteristics.1,31 The destruction of stable hydrogen
bond and crystalline structure induced by MA could efficiently
increase the accessibility and reactivity of solids. Additionally,
MA is a simple and environmentally friendly procedure
attributing to the use of simple and cheap equipment and the
operations without the use of solvents, intermediate fusion,
etc.32 Generally, MA is used for the pretreatment of solid
materials, and then the reaction of the pretreated materials is
carried out in other equipment. In order to make full use of the
mechanical energy induced by MA and improve the conditions
of SPS, we combine the MA pretreatment of starch and the SPS
of high fatty acid starch esters in the same equipment, which
can also simplify the technological process and improve the
production efficiency. In this MA-assisted SPS (MASPS)
process, the intense ball-milling directly acts on all the materials
in the reaction system, and the steric effect of long chain fatty
substituents could be weakened under strong mechanical
actions, resulting in the improvement of reaction efficiency.
In this study, starch laurate, a kind of high fatty acid starch

ester, was prepared by MASPS technology in a customized
stirring ball mill. The effects of the critical MASPS parameters,
including the molar ratio of esterifying agent/anhydroglucose
unit (AGU), mass ratio of catalysis/starch, reaction time, and
reaction temperature on degree of substitution (DS), were
investigated, respectively. In addition, comparative analyses of
the property changes among native starch, MA-pretreated
starch, and MASPS-produced starch laurates were also
performed by using Fourier transform infrared spectroscopy
(FTIR), X-ray diffractometry (XRD), scanning electron
microscopy (SEM), water absorption determination, and
viscosity measurement, respectively.

2. MATERIALS AND METHODS
2.1. Materials. Cassava starch was used as native starch,

which was kindly supplied by Minyang Biological Inc. Ltd.
(Guangxi, China). Lauric acid (analytical grade) was purchased
from Xilong Chemical Co., Ltd. (Guangdong, China). All other
chemical reagents were of analytical grade without further
purification and obtained commercially. Deionized water was
used throughout the work.
2.2. MASPS of Starch Laurate. MASPS of starch laurate

was performed in a customized stirring ball mill driven by a
commercial available drill press equipped with a speed-tuned
motor. A fixed amount of milling balls (300 mL, 6 mm
diameter) was first added into a jacketed stainless steel chamber
(1200 mL), and then 10.0 g of cassava starch, designated
dosages of esterifying agent (lauric acid), and catalyst (K2CO3)
were added into the chamber. The mixture was subjected to
milling at the speed of 375 rpm and reacted at a constant
temperature (40, 50, 60, 70, and 80 °C). When the mixture was
milled for different desired reaction times (0.5, 0.75, 1.0, 1.5,
and 2.0 h), the balls were removed from the resulting sample,
which was then purified by washing four times with sufficient
75% aqueous alcohol to eliminate unreacted reagents. Finally,
the solid was dried in vacuum at 50 °C for 24 h. The products
obtained were used for testing.
2.3. Determination of Degree of Substitution. The DS

value of modified starch is defined as the average number of
substituent of hydroxyl groups per D-glucopyranosyl structural
unit of the biopolymer. DS values of starch laurates were
determined according to the reported titration method with
minor modification.10,33 About 1.0 g (precision 0.1 mg) of dry

starch ester was placed into a 250 mL Erlenmeyer flask with 60
mL of 50% aqueous alcohol and agitated with a magnetic stirrer
at a constant temperature of 50 °C for 1 h. Then 20 mL of 0.5
mol/L NaOH solution was added, followed by vigorously
magnetic stirring at room temperature for 4 h. Excess NaOH
was then back-titrated with standard 0.2 mol/L HCl solution
using phenolphthalein as an indicator. The DS value of starch
ester was calculated by using the following equation

= −M V V WDS 162 ( )/10000 (1)

where 162 is the molecular weight of the AGU, V0 is the
volume in milliliters of the HCl solution used for blank
titration, V is the volume in milliliters of the HCl solution used
for sample titration, M is the exact molarity of the used HCl
solution, and W is the sample weight in grams as dry substance.

2.4. MA Pretreatment of Native Starch. MA pretreat-
ment was performed in the same equipment of MASPS. For
each milling experiment, the native starch sample (10.0 g in
each batch) was added into a jacketed stainless steel chamber
with 300 mL milling balls and then the sample was subjected to
dry milling with a speed of 375 rpm at a fixed temperature of 60
°C and no other additives were used during the milling. The
balls were removed after the sample was milled for 1 h, and
then the chamber and milling balls were thoroughly cleaned
and dried before the next milling experiment. The resulting
samples were sealed for the next analysis.

2.5. FTIR Analysis. FTIR spectra of native starch,
pretreated starch, and starch laurates were acquired on an
8400S Fourier transform infrared spectrometer (Shimadzu)
using the KBr disk technique. For FTIR measurement, the
samples were mixed with anhydrous KBr and then compressed
into thin, disk-shaped pellets. The spectra were obtained with a
resolution of 4 cm−1 and a wavenumber range of 4000−400
cm−1.

2.6. XRD Analysis. XRD patterns were recorded on a D/
MAX 2500 V diffractometer (Rigaku) operating at 40 kV and
30 mA by using Cu Kα radiation (λ = 0.154 nm). The
scattering angle (2θ) was varied from 5° to 50° with a step
width of 0.02°.

2.7. Morphology Observation. Morphologies of the
samples were performed using an S-570 scanning electron
microscope (Hitachi). The sample was fixed on a sample bench
using double-sided tape, and then a thin layer of gold (about 10
nm) was coated on the sample prior to measurement to
improve the conductivity. SEM micrographs with different
magnifications were obtained to observe the surface morphol-
ogies of different samples.

2.8. Water Absorption Capacity Determination. The
samples were dried in an oven at 120 °C until constant weights
were reached, and then they were stored in a sealed container
with a constant relative humidity (RH) of 75% at 25 °C. The
samples were weighed after being stored for a period of time.
The equilibrium of water absorption was considered to be
reached when their weight gain was less than 1% since the last
weighing. The water content (α) was determined by using the
following equation

α
ω ω

ω
=

−
×

( )
100%t 0

0 (2)

where ωt is the weight of the sample after stored for a period of
time, and ω0 is the weight of dry sample.
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2.9. Viscosity Measurement. Different samples were
dispersed in distilled water to prepare 12% slurries (dry matter
basis) and then were gelatinized in a boiling water bath. After
being cooled to room temperature, the viscosity values of the
pastes were tested by a SNB-1 rotating viscometer (Shanghai
Precision Scientific Instrument Co., Ltd.).
2.10. Statistical Analysis. All tests were replicated three

times, and the results were calculated and analyzed by
Microsoft Excel (2003). The curves were obtained by drawing
(OriginPro 7.5).

3. RESULTS AND DISCUSSION

3.1. Influence of Reaction Parameters on DS of Starch
Laurate. Native starch has the special semicrystalline structure,
which makes it difficult for the reagents to penetrate into the
granules, leading to low reaction efficiency in traditional
heterogeneous conditions. For SPS of high fatty acid starch
esters, the esterification hardly takes place without any assisted
means because of the highly regular and stable crystalline
structure of native starch and the steric hindrance of the long
carbon chain in high fatty acids. With the use of MA as assisted
means for the SPS process, starch laurate has been successfully
produced by MASPS, and the effects of different reaction
parameters on DS of the products are presented in the
Supporting Information (Table S1). Samples A1−A5 indicate
the effect of the molar ratio of lauric acid/AGU on the DS of
starch laurate, showing that the DS value rose steadily with the
molar ratio of lauric acid/AGU upon increasing from 1:10 to
3:10. However, the DS value of the product increased slightly
by increasing the molar ratio beyond 3:10, which implies that
excess esterifying agent had little effect on the reaction.
Therefore, the optimal molar ratio of lauric acid/AGU was
3:10, which could get a relatively high DS value of 0.0398 and
avoid ineffective consumption of reagent. The proper amount
of catalyst was also investigated, and the effect of mass ratio of
K2CO3/starch on DS of the products is shown in samples B1−
B5. The addition of catalyst could effectively enhance the
synthesis of starch laurate, and the DS value reached 0.0398
when the mass ratio of K2CO3/starch was 0.25:10. However, it
can be observed that the DS value of starch laurate decreased as
the mass ratio of K2CO3/starch increased beyond 0.25:10. This
may be because the excess dosage of K2CO3 could lead to the
degradation of the molecular chain of starch, and the alkaline
hydrolysis of starch esters could also took place, which had
negative effect on the synthesis of starch esters and significantly
decreased the DS of starch laurate. So, it can be concluded that
the optimal mass ratio of K2CO3/starch was 0.25:10.
Reaction time is a very important parameter for the MASPS

of starch laurate, because it represents both the activation time
and synthesis time. The data in samples C1−C5 indicate the
influence of reaction time on DS of the products. With the
reaction time increasing from 0.5 to 1 h, the DS value of starch
laurate increased noticeably. By combining MA and ester-
ification in the same equipment, the active hydroxyl groups in
starch induced by intense mechanical actions could rapidly
react with esterifying agent under the solid state without other
additives. However, when the reaction lasted for more than 1 h,
the decline in DS value was observed. One reason for this
phenomenon may be that the hydrolysis of starch ester
occurred at longer reaction time. Another reason is due to the
degradation of starch under intense milling, and adverse and
side reactions may become dominant beyond 1 h, which could

hamper the esterification. Thus, the optimum reaction time was
1 h.
The influence of reaction temperature on the esterification

efficiency was investigated by setting different temperatures,
and the results are shown in samples D1−D5. As observed,
reaction temperature had both positive and negative effects on
DS of the products. An increase in reaction temperature from
40 to 60 °C resulted in a rise of the DS value of starch laurate.
But further increase on temperature from 60 to 80 °C caused a
decrease of the DS value. Reaction temperature has positive
effect on the increase of active sites in starch and the
penetration speed of reagents, which will raise the esterification
rate and efficiency. However, esterification is an exothermic
reaction, and relatively high temperature could hinder the
formation of starch ester and cause the degradation of the
product. So, the appropriate reaction temperature for MASPS
of starch laurate was determined to be 60 °C.
Starch laurates with different DS values were produced

successfully and directly by MASPS under different reaction
conditions with the absence of solvent and additives, and the
reaction time could decline from hours for conventional
methods to only 1 h or less. With the combination of MA and
esterification in the same equipment, the active hydroxyl groups
generated from the destruction of stable crystalline structure
and strong hydrogen bonding of starch induced by intense
milling could be directly contacted with esterifying agents, and
the steric effect of long chain fatty acids was also weakened, as
attributed to the enhancement of diffusivity and mobility of
long chain fatty acid and the improvement of contact state
between reactants under intense mechanical actions, which
resulted in the synthesis of high fatty acid starch esters under
solid-phase state.34 At present, it is difficult to use MASPS for
the production of the high fatty acid starch esters with high DS
values, which have been commonly produced by homogeneous
synthesis in organic solvents.13,15,16,35 However, compared with
conventional synthetic methods, the presented method could
be considered as a fast, facile, and pollution-free method,
making MASPS technically feasible for industrial scale-up
production of high fatty acid starch esters. Hopefully, the high
fatty acid starch esters with high DS values can be produced by
further improvement of MASPS technology.

3.2. FTIR Analysis. The FTIR spectra of native starch, MA-
pretreated starch, and starch laurates with different DS values
are presented in Figure 1. Compared with the spectrum of
natural starch, it can be observed that no new absorption peaks
appear in the spectra of MA-pretreated starch, indicating that
no new functional groups were generated during MA
pretreatment. However, the peak at 3426 cm−1, which is
assigned to the O−H hydrogen bonding stretching vibration,
becomes wide and its intensity decreases after ball-milling. This
could be due to the breakage of intermolecular and intra-
molecular hydrogen bonds under the intensive impact of
mechanical actions and the increase of free and active hydroxy
groups in amorphous phase.27 As seen in Figure 1c,d, new
bands at 1720 and 2853 cm−1 were detected and attributed to
the stretching vibration of carbonyl group (CO) and
characteristic absorption peak of methylene, respectively,36

which indicate that starch doubtlessly reacted with lauric acid to
form ester carbonyl groups and introduce the methylene in
long chain fatty acid. With the increase in DS of the products,
the absorption peaks at 1720 and 2853 cm−1 gradually
increased. Additionally, the C−H stretching vibration at 2930
cm−1 in Figure 1c,d increased in intensity compared with Figure
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1a,b, owing to the C−H band of lauric acid upon
esterification.37 These phenomena prove that starch laurate
had been successfully produced by MASPS.
3.3. XRD Analysis. Figure 2 illustrates the XRD patterns of

different samples, which can intuitively reflect the change in the

crystallinity of native starch, MA-pretreated starch, and starch
laurates. In the XRD pattern of native starch (Figure 2a), the
strong reflection (2θ) are found at about 15.2°, 17.2°, 18.1°,
and 23.1°, indicating that native cassava starch belongs to C-
type crystalline structure.27,38 The spectrum of native starch
shows definite diffraction peaks, which reflect the crystalline
regions in starch. After 1 h of MA pretreatment, the loss of peak
resolution (widening and reduced altitude) can be clearly
observed in Figure 2b, revealing that ball-milling significantly
disrupted the inter- and intramolecular hydrogen bonds in
starch and caused the distortion of crystalline structure, the
decrease in crystallinity, and the variation of crystallite size.39,40

When subjected to intense milling, the destruction of stable
hydrogen bonds and crystal structure of starch could result in

the generation of active and free hydroxy groups, which help to
increase the reactivity of starch.
In the XRD patterns of starch laurates produced by MASPS

(Figure 2c,d), a decrease in peak intensity and broadening of
diffraction peaks can be seen obviously compared with native
starch and MA-pretreated starch with the same milling time,
and the peak intensity of starch laurate decreased with the
increase of DS value. Moreover, a small sharp peak at ∼22° in
Figure 2c,d can be also observed, which is associated with the
crystalline structure of ordered laurate chains in the non-cross-
linked amylose.41,42 The introduction of laurate groups in
starch can lead to the decrease of crystallinity, which reduced
the peak intensity of starch laurate with the increase of DS
value. During the process of MASPS, intense mechanical
actions induced the disruption of strong hydrogen bonding in
starch, generation of metastable active sites, and weakening of
the steric effect of long chain fatty substituents, which have
positive effects on esterification and result in the synthesis of
starch laurate under solid-phase state.

3.4. Morphology Modification. The surface morpholo-
gies of different samples can be clearly observed from SEM
micrographs, which are illustrated in Figure 3. Native starch
granules are essentially spherical with smooth surfaces, which
can be seen in Figure 3a. After the processes of MA
pretreatment and MASPS, the starch granules were remarkably
damaged and fractured, contributing to the generation of small
irregular particles with rough and fresh surfaces, and the small
particles easily agglomerated due to physical forces during ball-
milling.1,43 These indicate that the damage of starch granules,
increase in specific surface area, and split and destruction of
stable crystal structure were induced by mechanical milling,
providing a facile access of reagents to the hydroxy groups of
starch, which increased the chemical reactivity of starch and
thus enhanced the esterification with lauric acid. As shown in
Figure 3c,d, the combined action of MA and esterification had
more considerable effects on the destruction of granules
compared with the independent action of MA pretreatment,
and the degree of damage increased with the increase of DS
value, indicating that esterification could result in the
destruction of the crystal structure of starch, which is consistent
with the XRD analysis. Furthermore, the corrosion occurred as
penetration or rupture from the granules surface to core during
MASPS, indicating that the internal crystalline region of starch
was also damaged by ball-milling to form an amorphous region,
and the esterification reaction took place not only in the surface
amorphous region but also in the internal damaged region.29

This is because the destruction of compact surface coatings and
crystal structure of starch induced by intense milling during
MASPS built new paths for esterifying agent to enter into the
interior of starch, which led to the direct synthesis of starch
laurate under solid-phase state.

3.5. Water Absorption. Water absorptions of native starch,
MA-pretreated starch, and starch laurates with different DS
values are depicted in Figure 4. The rate of water absorption
was fast in the early stage of storage, but it decreased when
gradually closed to the equilibrium of water absorption. All the
samples reached the equilibrium of water absorption when they
were stored at an environment of RH = 75% for about 24 h. It
can be observed that the MA-pretreated starch with the milling
time of 1 h showed the highest water absorption among these
samples. During the processing of MA pretreatment, strong
mechanical actions between milling balls destroyed the starch
granules repeatedly, resulting in the degrading of crystalline

Figure 1. FTIR spectra of (a) native cassava starch, (b) MA-pretreated
starch (t = 1 h), (c) starch laurate (DS = 0.0256, t = 1 h), and (d)
starch laurate (DS = 0.0398, t = 1 h).

Figure 2. XRD patterns of (a) native cassava starch, (b) MA-
pretreated starch (t = 1 h), (c) starch laurate (DS = 0.0256, t = 1 h),
and (d) starch laurate (DS = 0.0398, t = 1 h).
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regions, the destruction of stable inter- and intramolecular
hydrogen bonds, and the increase of free hydroxyl groups.39,44

The damage of starch granules and the increase of
amorphization allowed greater entry of water into the interior
of the granules and the free hydroxyl groups also enhanced the
hydrophilicity of starch, which contribute to the increase in
water absorption of MA-pretreated starch. For the starch
laurates produced by MASPS, the water absorption at the
balance decreased, and it also decreased with the increase of DS
value. Since the hydrophilic hydroxyl groups of starch were
partially replaced with hydrophobic ester groups, the water
binding capacity of starch ester decreased and the starch

laurates exhibited lower water absorption, especially the one
with higher DS value.33,45

3.6. Viscosity Measurement. The apparent viscosity of
starch can be increased or reduced by applying different
modification methods, and the pasting behavior of starch pastes
is mainly governed by critical factors, such as modification
method, reaction conditions, and starch source.5 The viscosity
values of native cassava starch, MA-pretreated starch, and starch
laurates with different DS values are presented in Table 1,

which shows that the viscosity of starch was obviously reduced
after MA pretreatment and MASPS. Under the intensive impact
of ball-milling, the physicochemical properties of starch could
be changed significantly, including the breakage of inter- and
intramolecular hydrogen bonds, the rupture of starch molecular
chains, the destruction of tight starch granule structure, and the
decrease of crystalline region in starch granules, which lead to
the reduction of viscosity.1,27 In the MASPS of starch laurate,
the introduction of long-chain fatty substituent may cause the
steric effect in starch molecules and weaken the association and
hydrogen bonding in starch molecules. In addition, the addition
of K2CO3 in the process of MASPS may help to accelerate the

Figure 3. SEM micrographs of (a) native cassava starch, (b) MA-pretreated starch (t = 1 h), (c) starch laurate (DS = 0.0256, t = 1 h), and (d) starch
laurate (DS = 0.0398, t = 1 h).

Figure 4. Water absorption versus time of native cassava starch, MA-
pretreated starch, and starch laurates with different DS values.

Table 1. Viscosity of Native Cassava Starch, MA-Pretreated
Starch, and Starch Laurates with Different DS Values

sample viscositya (mPa·S)

native cassava starch 84.2 ± 4.3
MA-pretreated starch (t = 1 h) 41.8 ± 2.6
starch laurate (DS = 0.0256, t = 1 h) 36.7 ± 1.7
starch laurate (DS = 0.0398, t = 1 h) 31.4 ± 1.3

aData represent the mean ± standard deviation.
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rupture of starch molecular chains under intense milling,
contributing to the decrease in molecular weight and
crystallinity of starch. Therefore, the viscosity of starch laurate
produced by MASPS was lower than that of native cassava
starch and MA-pretreated starch, and it decreased with the
increase of DS value. The modified starch with lower viscosity
has better flowability, which can effectively improve the
processability of starch-based materials in some applications.

4. CONCLUSIONS
The present study showed that starch laurate could be directly
produced by the process of MASPS with a customized stirring
ball mill as reactor in an environmentally friendly way. Lauric
acid successfully reacted with starch because of the increase in
the reactivity of hydroxyl groups in starch and the weakening of
the steric effect of long chain fatty acids attributed to the
combination of MA and esterification in the same equipment
without the use of organic solvent and additives. The formation
of starch laurate and the effect of ball-milling in the processes of
MA pretreatment and MASPS were confirmed with com-
parative analyses of the property changes among native cassava
starch, MA-pretreated starch, and MASPS-produced starch
laurates carried out by FTIR, XRD, SEM, water absorption
determination, and viscosity measurement, respectively. This
simple, efficient, and environmentally friendly synthetic method
would be particularly beneficial for industrialization. Hopefully,
MASPS can be used for synthesis of various esters of starches
or other polysaccharides from various sources to enhance the
added values of farm products or even wastes.
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