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This study investigated the kinetics and thermodynamics of starch acetylation and examined the
influence of the degree of substitution (DS) on the properties of acetylated starches. Starch acetylation
kinetics followed a pseudo-first-order model, reaching a degree of substitution of 2.62 after 50 minutes.
Negative enthalpy and entropy values revealed a non-spontaneous reaction requiring catalysis. Fourier
Transform Infrared Spectroscopy confirmed acetylation through the appearance of a carbonyl band
and the reduction of the glycosidic bond peak. Increasing degree of substitution caused granule
breakage, agglutination, and reduced crystallinity, as evidenced by Scanning Electron Microscopy
and X-Ray Diffraction. Dynamic Mechanical Analysis demonstrated that these structural changes
reduced the glass transition in high degrees of substitution (DS 2.62) and enhanced thermal stability
and viscoelastic properties due to the loss of crystallinity. Understanding these processes facilitates the
industrial optimization of starch acetylation, resulting in modified starches with improved properties

for diverse applications.
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1. Introduction

Starch is a naturally occurring polysaccharide found in
various plants, where it serves as a crucial energy reserve.
Its unique properties make it a versatile raw material widely
used across industries, including food, pharmaceuticals, and
textiles'. However, the highly hydrophilic nature of native
starch limits its functionality in certain industrial processes.
To overcome this limitation, chemical modifications
such as acetylation are commonly applied to enhance the
physicochemical properties of starch, thereby expanding its
potential applications®.

In acetylation, hydroxyl groups in starch molecules are
replaced with acetyl groups through an esterification reaction,
producing starch acetate (SA)*. The Degree of Substitution
(DS) indicates the average number of substituted hydroxyl
groups per glucose unit, ranging from zero to three*. DS is
an essential parameter, as it directly influences the functional
properties of acetylated starch®, such as hydrophobicity,
thermal stability, and moisture resistance®. Starch acetate
with varying DS values is used in diverse fields’, including
film coatings®, controlled-release drug formulations®®, and
textile adhesives’.

Betancur et al.'” reported that acetylation enhances
the functional properties of Jack bean starch, making it
suitable for industrial applications like food thickening and
stabilization. Subsequent research has explored various starch

*e-mail: roberta.ranielle@hotmail.com

sources and acetylation methods, including the acetylation
of potato starch under catalysis by different hydroxides'!;
acetylation of corn starch under Ultrahigh Pressure (UHP)'%;
corn starch acetylated with acetic anhydride and iodine'’; and
acetylated using sodium hydroxide and acetic anhydride!'>'4.
These studies emphasize that the acetylation process can
significantly alter the structural, thermal, and mechanical
properties of starch, thereby improving its suitability for
industrial applications.

The kinetics and thermodynamics of starch acetylation
are essential for optimizing the process; however, few studies
have thoroughly examined these aspects. While previous
research suggests that the reaction follows pseudo-first-order
kinetics®, influenced by factors such as time, temperature,
and catalysts, the majority of the literature focuses on reaction
efficiency and the properties of modified starch!®'¥. This
lack of detailed analysis of the kinetic and thermodynamic
parameters under varying conditions limits a comprehensive
understanding and optimization of the process for large-
scale applications.

This study aims to investigate the kinetics and thermodynamics
of'the starch acetylation reaction. By analyzing the influence
of'the (DS) on the properties of acetylated starches, we seek
to provide a more complete understanding of the acetylation
process. Additionally, the study utilizes Scanning Electron
Microscopy (SEM) to examine morphological changes,
Fourier Transform Infrared Spectroscopy (FTIR) to confirm
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the presence of acetyl groups, X-ray Diffraction (XRD)
to assess changes in crystalline structure, and Dynamic
Mechanical Analysis (DMA) to evaluate the mechanical
properties of the modified starch. The results of this research
will help optimize starch acetylation for various industrial
applications, enhancing the functional and structural properties
of starch-based materials.

2. Materials and Methods

2.1. Starch acetylation

The corn starch used was AMILOGILL® 2100 (CAS -
Chemical Abstracts Service Number: 9005-25-8) contains 25%
amylose and 75% amylopectin, as indicated by the supplied
by the company Cargill®. Starch acetylation was performed
according to the procedure used by Larotonda et al.*, based
on patent (US Patent No. 5,710,269) by Bernice L. Feuer,
filed by Hoescht Celanes and Corp., Somerville, New Jersey.
In a 1000mL beaker, 75 g of dry starch, 135 mL of glacial
acetic acid P.A. and 138 mL of acetic anhydride P.A. were
mixed and stirred for 30 minutes without heating. Afterward,
a catalyst mixture (1.05 mL of concentrated sulfuric acid
and 12.45 mL of glacial acetic acid) was carefully added.
Samples were collected at fixed intervals of 10 min, up to
160 min; then, they were precipitated in water at 10 °C.
To thoroughly remove solvent and reagent residues from the
acetylated starch samples, the washing process was repeated
several times using an excess of deionized water until the
wash water reached a neutral pH. This step was crucial to
minimize contamination by residual reagents and ensure
the purity of the final acetylated starch product. The washed
samples were subsequently vacuum-filtered and dried in an
oven at 50 °C for 24 hours.

2.2. Determination of DS

The DS was determined by hydrating 1.0 g of starch
acetate in 50 mL of an alcoholic solution (P.A. 75% v/v
absolute ethyl alcohol) and heating it at 50 °C for 30 min.
After cooling, 30 mL of sodium hydroxide (0.5 N) was
added to this solution, which was then stirred for 72 hours
at room temperature. Phenolphthalein was added as an
indicator, and the excess alkali was titrated with 0.5 mol/L
hydrochloric acid*. A reference sample was analyzed using the
same method. The percentage of acetylation was calculated
using Equation 1:

[ (Vo —Vn)xNx0.043x100 |
M

%A= (1

Vo =volume of HCI (0.5 N) used to titrate reference sample;
Vn = volume of HCI (0.5 N) used to titrate acetate sample;
N = HCl used normality; 43 = molar mass of acetyl group
(g/mol); M = mass of weighted sample (g). The DS was
calculated using the percentage of acetylation through
Equation 2:

_ [162x%4] 5
= [4300 - (42x%4) @
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2.3. Fourier Transform Infrared Spectroscopy
(FTIR)

Samples were characterized using FTIR (Perkin Elmer
- Spectrum 65 FT-IR USA) to identify the main bands and
their variations, including reduction, narrowing and widening.
Analyzes were performed using ATR method with a scan of
4000 to 400 cm!, spectral resolution. 0.5 cm™ and 32 scans.

2.4. Starch acetylation kinetics and
thermodynamics

Kinetics analyses were performed to determine the reaction
order and constant k, based on data collected from the start of
the reaction until the maximum acetylation time (from 10 to
40 min), where the direct reaction was complete. The rate
law was studied based on hydroxyl group consumption along
the starch chain, and Equation 3 was used to calculate OH
consumption as a percentage for each DS obtained.

%OHconsumption =100 — HDTS] x 100} 3)

In kinetic studies of higher-order reactions, conditions
were often used in which these reactions exhibited a kinetic
behavior of “apparently” first, second, or even zero order,
referred to as pseudo-order. This condition was applied when
one of the reagents was in excess, making it constant in the
rate equation. Consequently, the following equations were
employed for pseudo-first order (Equation 4), second order
(Equation 5), and zero order (Equation 6):

In[%OH | =In[%OH |, ~kt 4)

L =kt + ! 5)
[%OH ] [%OH |,

[%OH | = ~kt +[ %OH ] (©)

Where %OH = amount in percentage of OH consumed with
reaction, t = time and k = constant'’.

To calculate the thermodynamic parameters, the following
equations were used:

—AH AH

InOr = = 1 In6,

nor T +RTO+n0 (7)
5

AH:J.TcpdT:Cp(TrTl) ®)
1

5

AS=C, In| =2 )

P {Tl]

where AH = heat of starch acetylation, T = critical temperature
of'acetylation, T = temperature, R = universal gas constant,
C = heat capacity, 0, = critical degree of starch acetylation,
and AS =.entropy variation value'.



Kinetics, Thermodynamics and Structure: An Analysis of Corn Starch Acetylation 3

2.5. Scanning Electron Microscopy (SEM)

SEM was used to analyze morphological changes caused
by acetylation. Samples were examined using a Hitachi
TM 3000 model, with an acceleration of 5 Kv and an
magnifications of 300x, 1000x and 4000x. For preparation,
powdered samples were dried in an oven at 60 °C for 24 hours
and stored in a desiccator. Analyses were performed without
metallic coating.

2.6. X-ray Diffraction (XRD)

XRD analyses were performed using the SHIMADZU-
JP X-ray diffractometer (model XRD-6100), consisting of
the main unit, X-ray tube A-45-Cu, SC-1001 scintillation
detector for XRD-6100, and CM-3121 monochromator
for a copper target. Powdered samples (starch and starch
acetates with varying DS) were exposed to CuKo radiation
at 30 mA, 40 kV, with a scanning speed of 20 = 1°/min
in the range of 3 - 40°. The crystallinity index (Xc) was
calculated using the peak deconvolution method, which
was performed with computer programs that employed
profile functions such as Gaussian, Lorentzian, and Voigt
to fit the curves resulting from the crystalline contributions
of each peak and the non-crystalline contribution of the
sample. The pseudo-Voigt Function type 1 was applied in the
software Origin (version 8.5, Microcal Inc., Northampton,
MA, USA). The crystallinity index (Xc) was determined as
the ratio of the area of the crystalline peaks to the total area
of the diffractogram.

2.7. Dynamic Mechanical Analysis (DMA)

DMA was conducted using a Q800 (TA Instruments)
with a custom-designed powder sample holder. The holder
was specifically created to maintain the powder in a defined
geometry. It consisted of an open, rectangular stainless steel
container with internal dimensions of 60 mm x 11.5 mm x
1 mm, along with a lid (Figure 1a). Approximately 0.2 g

of powdered starch and starch acetate samples were evenly
distributed within the shallow container, and the top plate (lid)
was placed on the powder’s surface. The lid was designed
to fit precisely within the container’s walls (Figure 1b).
The sample holder, containing the powder, was then placed
into the dual cantilever clamp (Figure lc) and secured at
three points with a fixed pressure of 5 psi, ensuring uniform
pressure exerted on the lid and the powder inside the holder.
The analyses were conducted with a heating rate of 3 °C/
min, spanning from -50 to 180 °C, an amplitude of 20 um,
and a fixed frequency of 1 Hz>.

3. Results and Discussion

3.1. Starch acetylation

Figure 2 illustrates the results obtained for corn starch
acetylation as a function of time and temperature. The DS
reached a maximum value of 2.6 at approximately 50 minutes,
after which the reaction stabilized, indicating equilibrium.
Temperature fluctuations were recorded during the process.
Although no external heat was applied, the catalyst increased
the temperature from 19 °C to 50 °C, suggesting the reaction
was exothermic.

This temperature increase likely resulted from an
exothermic reaction mechanism, primarily the dehydration
of starch in the presence of acetic acid. This dehydration was
crucial for facilitating the acetylation process, as it removed
water molecules that could otherwise hinder the formation of
acetyl bonds by hydrolyzing acetic anhydride. Additionally,
residual moisture in the starch may have reacted with acetic
anhydride through hydrolysis, releasing heat and contributing
further to the temperature rise®'. The catalyst likely played
arole in heat generation by lowering the activation energy
and accelerating the exothermic reactions. Consequently,
this exothermic behavior enhanced the efficiency of the
reaction by promoting the substitution of hydroxyl groups

Figure 1. Powder sample holder, top plate, and open (a) and closed (b) bottom tray. Dual cantilever clamp with the powder holder.
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with acetyl groups?. Furthermore, the elevated temperature
increased the starch’s swelling capacity and improved the
diffusion rate of acetic anhydride®.

After 20 minutes, the reaction temperature began to
decline and remained constant until the end of the reaction.
Upon reaching a maximum temperature of 70 °C, the
reaction mixture transitioned from a cloudy white color to
a transparent state, indicating a homogeneous distribution
of reagents in the starch.

A high standard deviation in the DS was observed at
the 90-minute mark. This variability likely resulted from
secondary or parallel reactions that became more prominent
with extended reaction times, leading to varying degrees of
substitution across samples. Additionally, fluctuations in
material homogeneity and temperature during the reaction
likely contributed to this inconsistency. While longer reaction
times may enhance reagent conversion, they also introduce
complexities that undermine reproducibility and consistency.

The study by Sindhu et al.** explored the effects of
acetylation on common buckwheat starch. According to
the authors, prolonged reaction times tend to result in
higher degrees of substitution, as extended exposure to the
acetylating agent allows more acetyl groups to attach to the
starch molecules. This observation aligns with the present
study’s findings, underscoring the importance of balancing
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reaction time to optimize modification outcomes while
maintaining consistency.

3.2. Determination of extent of acetylation by
FTIR

Figure 3a presents FTIR spectra for samples collected
at each reaction time, while Figure 3b highlights the band
at 1740 cm™!, corresponding to the carbonyl group of the
acetyl group. The FTIR spectra confirmed the progression of
acetylation during the reaction. Alongside the expected starch
peaks, new peaks associated with acetyl groups emerged.
The carbonyl band did not appear within the first 10 minutes
of the reaction but became detectable after 20 minutes.
Chemical determination of the DS revealed that acetylation
had already commenced at 5 and 10 minutes, with DS
values of 0.04 and 0.08, respectively. This discrepancy was
attributed to the detection limits of FTIR, as low DS values
may not produce sufficiently intense peaks to be detected.
The sensitivity of FTIR strengthens this observation and
provides a clearer interpretation of the results.

Figure 4 displays the extent of acetylation (EA) at each
reaction time, alongside the DS values obtained via titration®.
The EA was evaluated using the FTIR band ratio method,
comparing the intensity of the acetyl C=O stretching band
at 1740—1745 cm™' with the C—O stretching intensity of the
starch backbone at 1020—1040 cm™' ¢, A direct comparison
showed that the DS increased rapidly during the initial
stages of the reaction, plateauing around 40 minutes, while
the EA exhibited a more gradual rise before stabilizing after
approximately 60 minutes.

This difference suggested that the incorporation of acetyl
groups (DS) occurred predominantly during the early stages
of'the reaction, while the uniformity and distribution of these
groups (EA) continued to improve over a longer duration.
The relationship between EA and DS highlights a critical
dynamic: while a high DS indicates significant chemical
modification, EA provides insights into the homogeneity
of substitution. A higher EA suggests a more uniform
acetylation, which may enhance the functional properties
of the modified starch, such as solubility or interaction with
other components. Thus, understanding both metrics is
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Figure 3. FTIR of samples at each reaction time (a) and band at 1740 cm™' corresponding to stretching of carbonyl of acetyl group (b).
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essential for optimizing reaction conditions to balance the
degree and uniformity of substitution.

FTIR spectra for samples collected up to 50 minutes of
reaction time, with a DS of 2.62, are presented in Figure 5.
Five primary peaks were highlighted to demonstrate changes
associated with acetylation. The O—H stretching band
at 3284 cm™' decreased in intensity as the DS increased,
directly indicating the replacement of hydroxyl groups in
starch with acetyl groups. Peaks associated with acetylation
were observed at 1740 cm™' (C=O0 stretching of carbonyl
groups), 1373 em™' (C-H bending in —-O(C=0)-CH,), and
1221 em™ (C-O stretching of the acetyl group), confirming
the successful modification of starch molecules®’.

Additionally, significant changes were observed in
the disappearance of the 930 cm™' peak, attributed to
al—4 glycosidic bond vibrations in amylose and amylopectin
chains (Figure 6). This disappearance in samples with high
DS suggested possible degradation of starch polymer chains
during extended acetylation times. Previous studies on starch
FTIR spectra have similarly reported structural changes
detectable through shifts in comparable peaks, with slight
variations in wave numbers?.

3.3. Starch acetylation kinetics

Kinetic studies in solution were conducted to elucidate
the reaction mechanism of starch acetylation, specifically
to determine the rate law and rate constants. These studies
confirmed pseudo-first-order kinetic behavior under the
reaction conditions, consistent with previous findings on starch
acetylation in similar systems®-. Establishing this kinetic
order enabled the calculation of reaction rates, reaction times,
and optimal conditions for yield and efficiency. Integrated
equations were applied to validate whether the concentration
changes followed first-order kinetics, a characteristic frequently
observed in acetylation reactions as reported in the literature®'.

The kinetic analysis was performed up to 40 minutes,
as the DS increased significantly during this interval before
reaching a plateau. This behavior suggested that most
accessible hydroxyl groups reacted within this time frame,
after which the reaction rate slowed considerably as it
approached equilibrium. Limiting the kinetic study to this
interval captured the primary active phase of acetylation,
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Figure 4. Graph of extent of acetylation (EA) and degree of
substitution (DS) for reaction time (min).

where reaction dynamics were most pronounced, while data
beyond 40 minutes contributed minimally to the kinetic
understanding due to the stabilization of DS. Using Equations
4, 5 and 6, the data were plotted to derive the line equations
and R? values for pseudo-first-order, second-order, and zero-
order models, respectively.

Applying the integral analysis method, it was concluded
that the starch acetylation reaction followed pseudo-first-order
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Figure 5. FTIR of starch and acetylated starches with different DS.
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chemical kinetics. The pseudo-first-order curve (Figure 7a)
exhibited the highest correlation coefficient (R?), closest to 1,
compared to the other models (Figures 7b and 7c). This result
was expected since first-order reactions exhibit proportionality
between the reaction rate and the concentration of reactants
and products. This linearity was observed as the concentration
of reactants (OH groups) decreased during the reaction.
The angular coefficient, corresponding to the rate constant (k),
was calculated using the integrated equation for pseudo-first-
order kinetics, yielding a value of approximately 0.0609 s™'.

Although the existing literature on starch acetylation
predominantly focused on modifications in the properties
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of acetylated starch and the various acetylation methods, a
noticeable gap existed regarding the kinetics and thermodynamics
of this reaction. Our findings, which revealed pseudo-first-
order kinetics for corn starch acetylation, aligned with those
reported for other substrates, such as corn cob' and wood*.
These studies demonstrated similar reaction mechanisms,
where the reaction rate was proportional to the concentration
of hydroxyl groups, supporting the mechanism described
in this work?>.

3.4. Thermodynamics of starch acetylation

The thermodynamic study of starch acetylation provided
insights into the spontaneity, feasibility, and energetic
requirements of the reaction. Key parameters, such as enthalpy
(AH), entropy (AS), and heat capacity (Cp), were examined to
assess the progression toward equilibrium and to understand the
effects of temperature and reaction conditions on acetylation
efficiency. These thermodynamic evaluations allowed for
the optimization of reaction conditions by identifying the
energetic favorability of acetyl group attachment to starch,
consistent with findings in related acetylation'-°.

Equation 7 enabled the plotting of In 0, versus T'1, where
the slope of the line (AH/R) and the Y-axis intercept (In 0)
provided In 0, while the X-axis intercept (T") yielded AH
/RT,. Here, AH represented the heat of starch acetylation,
T, the critical temperature below which starch acetylation
was not viable, and 6 the critical degree of starch acetylation.
The equation of the line was expressed as y=ax+b, and
Equation 10 below shows the line equation obtained from
the plot based on Equation 7.

3 =-0.0016x +0.0223 (10)

To obtain these data, it was assumed that starch acetylation
occurred as a surface equilibrium reaction. Using the line
equation, the heat of starch acetylation (AH) was calculated
to be approximately -1.33 x 1072 J-mol™!, confirming
an exothermic reaction, as evidenced by the increase in
temperature over the reaction time. The critical temperature
(T,) and critical degree of acetylation (0,) were determined
to be 0.0223 K and 1.0226, respectively.

Heat capacity (Cp) for the starch acetylation reaction
at constant pressure was calculated using Equation 8.
Cp represented amount of heat required for starch acetylation
as the temperature increased, with the variation (7, —7;)
represented this temperature change. Heat capacity obtained
was 1.53 x 107 J.mol K"

Using the Cp value, the entropy change of the acetylation
reaction was determined with Equation 9. Since the reaction
was conducted under constant pressure, the pressure variation
value was zero. The entropy change (AS) calculated for
starch acetylation was -2.31 x 107* J-mol'-K™!. According to
research by Nwadiogbu et al.”’, a very low critical temperature
suggests that acetylation in the presence of a catalyst is a
process that occurs spontaneously. However, the negative
entropy value indicates the opposite.

As far as the literature indicates, no other studies have
reported on the thermodynamics of starch acetylation, except
for the work by Nwadiogbu et al."’, which investigated the
acetylation of corn cob. A comparison with the literature reveals
notable differences in enthalpy, entropy, and heat capacity
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values, which can be attributed to variations in substrate
composition and reaction conditions. The negative entropy
value observed in this study contrasts with the positive entropy
reported for corn cob acetylation, suggesting a lower degree
of molecular disorder during starch acetylation. Furthermore,
the differences in heat capacity reflect the varying thermal
energy requirements between starch and corn cob systems

The entropy value (AS) is closely related to the spontaneity
of the reaction. A negative AS reflects a low degree of disorder
in the starch acetylation reaction. However, spontaneity
is ultimately determined by the overall Gibbs free energy
(AG), which considers both enthalpy (AH) and entropy (AS).
In this case, the exothermic nature of the reaction (negative
AH) drives the reaction forward, even in the presence of a
negative AS. The catalyst played a critical role in overcoming
the activation energy barrier, facilitating the reaction despite
the unfavorable entropy change.

3.5. Scanning Electron Microscopy (SEM)

SEM analysis was performed to morphologically
characterize starch granules before and after acetylation.
Figure 8 presents micrographs of starch and starch acetates
with DS values of 0.04, 0.08, 1.17, 2.07, 2.52, and 2.62 at
different magnifications. Native corn starch granules exhibited
irregularly shaped polygonal structures with smooth surfaces.

As the DS increased, SEM images revealed significant
morphological changes in the starch granules. Larger pores
began to form on the granule surfaces, likely due to the
partial disruption of the granular structure caused by the
incorporation of acetyl groups. This increase in porosity
can be attributed to the chemical modification process,
where the substitution of hydroxyl groups with bulky acetyl
groups introduces steric hindrance and disrupts the hydrogen
bonding network within the starch, rendering the structure
more open and accessible®’.

In addition to increased porosity, SEM images also
demonstrated the fusion of starch granules at higher DS levels.
This phenomenon can be explained by the hydrophilic nature
of'the acetyl groups, which alter the surface properties of the
granules. The agglomeration observed in the micrographs
likely results from the formation of hydrogen bonds or
other intermolecular forces between adjacent starch acetate
molecules. These structural changes are significant, as they
can influence the functional properties of starch acetates,
including solubility, swelling behavior, and their suitability
for various industrial applications’.

Previous studies have reported similar changes in starch
granules, including surface erosion, the formation of ditches
and cavities, and a tendency for granule aggregation®.
The introduction of bulky acetyl groups caused ruptures in
the starch granules. Acetylation primarily occurred in the
amorphous regions of the granules, composed of amylose,
due to the limited penetration capacity of acetic anhydride in
the crystalline lamellae of the granules. Nonetheless, during
acetylation, the granules became more porous®.

3.6. X-ray Diffraction (XRD)

The X-ray diffraction (XRD) technique was employed
to examine changes in crystallinity resulting from starch
acetylation. As shown in Figure 9a and Table 1, the degree

Table 1. Crystallinity index (%Xc) of native starch and starch
acetates with different reaction times.

Sample DS %Xc
Starch 0 39.48
5 min 0.04 33.23
10 min 0.08 29.84
20 min 1.17 28.95
30 min 2.07 28.23
40 min 2.52 27.68
50 min 2.62 31.74

of crystallinity consistently decreased as the DS increased.
Specifically, crystallinity dropped from 39.48% in native
starch to 31.74% in the starch acetate with the highest DS.
This decrease suggests that acetylation disrupts the crystalline
structure of starch.

Corn starch crystallinity typically arises from double
helices formed through intermolecular hydrogen bonding
within amylopectin segments**!. In agreement with the
FTIR analysis, acetylation replaces some hydroxyl groups
with acetyl groups, weakening both intermolecular and
intramolecular hydrogen bonds. This substitution disrupts the
organized crystalline structure of starch, partially breaking
it down during acetylation.

Starch and starch acetates with DS values of 0.04 and
0.08 displayed characteristic diffraction peaks of higher
intensities at approximately 20 = 15°, 17°, 18°, 20°, and 23°.
These peaks are typical of starch with a monoclinic or type
A crystalline structure, characterized by short amylopectin
chains and dense branching, commonly found in cereal
starches. In starch acetate with a DS of 1.17, the same peaks
were present but exhibited reduced intensity.

For starch acetates with high DS values (2.07, 2.52,
and 2.62), the type A crystalline structure was completely
altered, and new broad peaks appeared at 20 = 9.5° and
20°, indicating a structural transformation due to acetyl
group incorporation. These findings are consistent with the
results of Chi et al.*!, who also observed the disappearance
of the native crystalline structure in corn starch upon
acetylation. Both studies highlighted the emergence of
a new crystalline pattern with characteristic peaks at 9°
and 20° (260).

The broad peak and increased intensity at 20° (20) are
attributed to type V starches, which form when acetylation
increases the volume of the starch chains, making them
more hydrophobic. Most starches are semicrystalline, with
crystallinity ranging from 20% to 45%, depending on factors
such as botanical origin, processing conditions, and the
method used to determine the crystallinity index.

3.7. Dynamic Mechanical Analysis (DMA)

Dynamic Mechanical Analysis (DMA) is particularly
effective for detecting changes in mechanical strength near
the glass transition temperature (Tg), especially in self-
supporting systems such as films or fibers. Although its
application to powder samples is unconventional—powders
are typically analyzed thermally using techniques like TGA
or DSC—DMA’s high sensitivity makes it a superior method
for analyzing Tg in powders with low amorphous content.
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=10k

Figure 8. SEM images of starch samples (a,b) and starch acetates: DS0.04 (c,d); DS0.08 (e,f); DS1.17 (g,h); DS2.07 (i,j) and DS2.52

(k,1) with different magnifications.

For this reason, DMA was employed to analyze starch and
starch acetates with DS values of 0.08, 1.17, and 2.62%°4,
Figure 9b shows the tan delta results for starch and starch
acetates. The tan delta peaks decreased as the degree of
acetylation increased, with highly acetylated starch (DS 2.62)
exhibiting no detectable peaks. This reduction is attributed to
the disruption of intra- and intermolecular hydrogen bonds
in the amorphous regions by acetyl groups, which weakens

associative forces and stabilizing interactions. Consequently,
fewer chain relaxations occur, as reflected by the diminishing
tan delta peaks. The absence of a glass transition in highly
acetylated starch suggests enhanced molecular mobility due
to the disruption of its semi-crystalline nature®.

Native starch displayed four peaks in the tan delta
curve, likely corresponding to chain segment relaxations
and amylopectin branch transitions. The peak at 141.6 °C
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Figure 9. Diffractograms of starch and starch acetates with different DS (a) and Tan delta curves of powdered samples of starch and starch

acetates with DS 0.08, 1.17, and 2.62 (b).

may indicate thermal degradation, as the starch exhibited a
yellowish color characteristic of degradation after testing.
The loss modulus is directly related to heat dissipation
caused by the movement of long chain segments or side
segment relaxations, such as those occurring during the glass
transition. Acetylation appears to increase chain separation,
making these relaxations more uniform. As a result, the
peaks diminish, and highly acetylated starch exhibits no
detectable transitions from the glassy to the rubbery state*.

These findings align with previous studies. Garg and
Kumar® reported greater thermal stability in acetylated starches
with reduced hydroxyl groups, a conclusion supported by
Rudnik et al.*, who linked thermal stability to the reduction
in hydroxyl groups. Similarly, Abedi et al.*” demonstrated
that starch acetylation, particularly when combined with
sonication, improves thermal stability and reduces gelatinization
enthalpy (AH), making starch more efficient in processes
requiring thermal resistance.

FTIR, SEM, and XRD analyses confirm that acetylation
introduces acetyl groups, increases porosity, and reduces
crystallinity in starch, shifting its structure toward a more
amorphous state with higher DS values. This structural
modification is directly reflected in the DMA results, where
the loss of crystallinity and hydrogen bonding leads to
reduced tan delta peaks. The absence of a glass transition
in highly acetylated starch (DS 2.62) indicates diminished
chain interactions and greater molecular mobility, as acetyl
groups disrupt the semi-crystalline structure of starch.
Together, these findings suggest that acetylation not only
modifies the molecular structure but also enhances the thermal
stability and viscoelastic properties of starch, making it a
promising material for applications requiring flexibility,
thermal resistance, and durability.

The improved thermal stability and viscoelastic properties
of acetylated starch expand its potential for industrial
applications. For instance, these modifications make it
suitable for biodegradable plastics, coatings, and adhesives,
where enhanced flexibility and thermal resistance are
critical. Additionally, the reduced gelatinization temperature

and enthalpy increase its applicability in the food and
pharmaceutical industries, where efficient processing and
controlled functionality are essential®’.

4. Conclusion

This study investigated the kinetics and thermodynamics
of starch acetylation and its influence on the properties of
acetylated starches. The process was characterized as a
surface reaction, where hydroxyl groups in corn starch were
replaced by acetate groups, following pseudo-first-order
kinetics with a high correlation coefficient (R? close to 1).
Thermodynamic analysis indicated that the reaction was
exothermic but non-spontaneous, requiring catalytic action
to proceed efficiently.

A maximum DS of approximately 2.62 was achieved
within 50 minutes, after which DS stabilized around 2.5 due
to the equilibrium nature of the reaction, where deacetylation
could occur under specific conditions. FTIR spectra confirmed
successful acetylation by the appearance of a carbonyl band
at~1740 cm™' and the disappearance of the peak at 930 cm™,
suggesting some degradation of the starch polymer chains
with prolonged reaction times.

X-ray diffraction and SEM analyses revealed that acetylation
reduced the starch crystallinity from 39.48% to 31.74%
and caused significant morphological changes, including
granule disintegration and agglomeration. The reduction in
tan delta peak intensity with higher DS reflected changes in
relaxation behavior, with highly acetylated starch exhibiting
no transition from a glassy to a rubbery state.

These structural and thermal modifications have significant
implications for industrial applications. The reduced crystallinity
and enhanced thermal stability make acetylated starch suitable
for film formation in packaging, offering greater flexibility
and reduced water sensitivity. Additionally, the changes in
relaxation behavior and glass transition properties support
its use in coatings and adhesives, where thermal stability
is crucial. Furthermore, the improved properties imparted
by acetylation enhance its performance in controlled-
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release systems, making it valuable for agricultural and
pharmaceutical applications. This study demonstrates that
high DS in acetylated starch profoundly alters its structural,
thermal, and mechanical properties, thus broadening its
industrial potential.
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