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Viscometric Characteristics and Physicochemical
Properties of Acid-Modified Cocoyam Starch
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Cocoyam (Colocasia spp.) tuber, which has high starch yield, was
subjected to acid modification. Effects were evaluated relative to the
pasting, structural, physicochemical, and morphological properties. Native
cocoyam starch (NCS) was treated with hydrochloric acid to produce acid-
modified cocoyam starch (AMCS). Pasting properties were examined
using a Rapid Visco Analyzer (RVA), while water and oil absorption
capacities, swelling power, and gelatinization features were evaluated
using standard methods. Morphological and structural alterations were
analyzed. Acid treatment significantly higher peak, final, trough, and
setback viscosities, signifying greater paste stability at high temperature,
higher swelling capacity, and greater retrogradation tendency. AMCS also
displayed higher gel-forming ability at lower concentrations, higher
swelling power, and increased water and oil absorption capacities relative
to NCS. Scanning electron microscopic images showed surface erosion
and granule disruption after acid modification, while FT-IR spectra affirmed
that modification occurred primarily via depolymerization without the
introduction of new functional groups. X-ray diffraction analysis revealed
retention of crystalline polymorphism with improved relative crystallinity
after acid hydrolysis. In all, the acid treatment effectively altered the
granular and molecular structure of cocoyam starch, enhancing its
functional properties and demonstrating its suitability for food and
industrial applications requiring strong gels, stable pastes, and enhanced
hydration characteristics.
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INTRODUCTION

Starch is one of the most abundant biomacromolecules in nature and represents a
major contribution to the human diet, serving as an energy source as well as a vital raw
material for various applications in the industry (Falua et al. 2022; Shoukat et al. 2025). It
is primarily derived from plant storage organs including tubers, roots, seeds, and grains,
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and it plays a crucial role in food systems because of its gelling, thickening, stabilizing,
and binding properties (Rashwan et al. 2024; Culqui-Arce et al. 2025). The rising industrial
demand for starch has led to a rise in the search for alternative botanical sources, with
special focus in regions where diversification is needed for economic development and
food security or where traditional starch crops may not be readily available (Adewale ef al.
2022; Carvalho et al. 2024; Palmero ef al. 2025).

Cocoyam (Colocasia spp.) has gained growing interest among these underexploited
resources as a promising starch-bearing crop with substantial industrial potential for
broader utilization (Boakye ef al. 2018; Otekunrin ef al. 2021). It is widely cultivated in
South America, West Africa, and some parts of Asia, where it primarily serves as a dietary
staple for different people (Boakye et al. 2018; Otekunrin et al. 2021). Despite its
adaptability to varied ecological circumstances and nutritional value, the crop remains
secondary to more dominant tuber and root crops such as yam, potato, and cassava. One of
the most valued characteristics of cocoyam is its relatively high starch yield, with starch
contents in the range of 60% to 80% on a dry weight basis, depending on the age of harvest,
environmental and species factors (Jacob and Adeleke 2019).

Starch derived from cocoyam is characterized by small granule size, often within
the range of 1 to 8 um, and is much smaller than that of starches from other sources such
as potato or cassava (Ojo et al. 2023; Chamorro et al. 2025). These smaller granule sizes
provide functional advantages that enable the starch obtained from cocoyam to be attractive
for specialized industrial uses, including as a binder in pharmaceutical tablets, a thickener
in food products requiring smooth textures, and a filler in biodegradable films (Ariwaodo
et al. 2017; Fadeyibi ef al. 2022).

Nevertheless, just like many other native starches, starch obtained from cocoyam
exhibits intrinsic limitations such as low shear resistance, poor thermal stability, and low
tolerance to acidic environments that limit its direct application in certain processes in the
industry (Amaraweera et al. 2021). These characteristics are a result of the specific
arrangement of amylose and amylopectin molecules as well as the semi-crystalline nature
of starch granules within their structure (Compart et al. 2023; Puri et al. 2025). For
industries including food manufacturing, pharmaceuticals, paper production, and textiles,
starch must often endure mechanical stress, varying pH conditions, and rapid heating and
cooling cycles (Amaraweera ef al. 2021; Puri et al. 2025). Thus, modifying native starch
to enhance its functionality, adaptability, and stability has become a cornerstone of starch
research and application (Puri ef al. 2025).

Chemical treatment is one of the commonly used methods for altering starch
characteristics. Among the numerous chemical treatment techniques such as oxidation,
cross-linking, acid hydrolysis, and esterification, acid treatment is particularly valued for
its low cost, predictable impact on starch structure, and simplicity (He ef al. 2023). Acid
treatment involves reacting starch granules with diluted mineral acids such as sulfuric acid,
nitric acid, and hydrochloric acid, which selectively leave the crystalline zones relatively
intact, but the reaction hydrolyzes the amorphous regions within the starch granule
(Amaraweera et al. 2021; Chakraborty et al. 2022).

The molecular weight of starch polymers decreases, as hydrolysis progresses,
leading to substantial changes in gelatinization behavior, viscosity, paste clarity, and
solubility (Li and Hu 2021). Acidic modification of starches characteristically exhibits
increased cold-paste viscosity, lower hot-paste viscosity, enhanced gel strength, and
improved film-forming capacity (Chakraborty ef al. 2022). The modification by acid also
tends to gelatinize the starch at lower temperatures when compared other native
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counterparts (Javadian et al. 2021). These properties afford acid-modified starches highly
suitable for industrial applications such as textile sizing, where smooth pastes enable fabric
finish; confectionery production, where low-viscosity starch slurries are needed; and
pharmaceutical binding, where enhanced flow and compatibility properties are essential.

Despite all these many documented advantages of acid modification, not much
research has focused specifically on how this treatment impacts cocoyam starch. Most
existing reports have focused on other dominant starches, such as cassava, maize, and
potato. Since starch characteristics strongly depend on botanical origin, it cannot be
assumed that the effects of acid modification noted in one starch type will be applicable to
another. With cocoyam starch possessing distinctive granule morphology, unique
crystalline structure, and amylose—amylopectin ratio that may respond in a different way
to chemical modification, the understanding on how acid hydrolysis changes the
physicochemical and functional properties of starch derived from cocoyam is a vital step
toward expanding its commercial relevance. Similar to most other tuber starches, cocoyam
starch is made up of approximately 20 to 30% amylose and 70 to 80% amylopectin,
although the exact ratio depends on maturity, cultivar, and environmental conditions
(Boakye et al. 2018; Ojo et al. 2023). Amylose usually consists of mostly linear a-(1—4)-
linked glucan chains with molecular weights commonly reported on the order of 10° to 10°
g/mol, whereas amylopectin is a highly branched macromolecule with molecular weights
usually in the range of 107 to 10° g/mol.

In several developing countries, such as Nigeria, there is a need to identify and
promote local crops that can benefit small-scale and large-scale industrial production.
Cocoyam is advantageous due to its tolerance to shade, relatively short maturation time,
and adaptability to marginal soils, making it suitable for sustainable cultivation. Thus,
starch extraction and modification will add value. Farmers and processors can reduce
dependence on imported industrial starches and increase income opportunities.
Accordingly, the aim of this study was to provide a detailed examination of the pasting and
physicochemical properties of cocoyam starch subjected to acid modification. The use of
Rapid Visco Analyzer (RVA) technology allows precise, reproducible measurement of
pasting properties, while physicochemical analysis offers insight into the underlying
structural alterations responsible for observed functional shifts.

RESULTS AND DISCUSSION

Starch Collection and Extraction

Fresh cocoyam tubers were obtained from a local farm in Ifo, Ogun State of
Nigeria. They were washed with running tap water thoroughly to remove dirt and debris.
About 15 cocoyam tubers were peeled and sliced into small pieces to simplify further
processing and thereafter blended using a mechanical grinder with distilled water to
produce a uniform slurry. The slurry product obtained was filtered using a muslin cloth to
separate the fibrous residue from the starch-containing filtrate. The filtrate was allowed to
stand undisturbed for 24 h to enable proper sedimentation of the starch and thereafter, the
supernatant was carefully decanted, leaving behind the starch-rich sediment. The obtained
sedimented starch was washed several times with distilled water to ensure the complete
removal of soluble materials and residual impurities. The purified starch was oven dried at
45 °C, milled into powder, and referred to as native cocoyam starch (NCS).

Al-Hazmi et al. (2026). “Acid-modification, cocoyam starch,” BioResources 21(2), 3910-3930. 3912



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Acid Modification of Starch

About 100 g of NCS was suspended in a 1000 mL of 0.1 M hydrochloric acid, and
the mixture was stirred continuously at room temperature using a magnetic stirrer (IKA C-
MAG HS 7, IKA® Works, Germany) to ensure uniform contact between the acid and the
starch granules. This stirring procedure was maintained for 12 h, after which the starch
suspension was neutralized using 1 M sodium hydroxide and washed with distilled water
until the pH reached 7.0. The modified starch was dried at 45 °C in an oven, ground to
powder, and stored in airtight containers to prevent moisture absorption and referred to as
acid-modified cocoyam starch (AMCS). The acid-modification conditions that was used in
this study (0.1 M HCI, 12 h, room temperature) are comparable to mild acid-thinning
treatments commonly reported for starch processing. In industrial practice, acid hydrolysis
of starch is usually performed using dilute mineral acids (generally 0.05 to 0.2 M) under
controlled time-temperature conditions to achieve partial depolymerization while
maintaining granule integrity. The relatively moderate conditions selected in the present
work were intended to simulate controlled acid thinning and to preferentially hydrolyze
amorphous regions without causing extensive destruction of the crystalline framework.

Water Solubility Index and Swelling Power Determination

Water solubility index (WSI) and swelling power (SP) were measured within the
temperature range of 50 to 90 °C, at 10 °C intervals, following the modified procedure
described by Jacob and Adeleke (2019). About 1 g of starch was weighed accurately and
mixed with 50 mL of distilled water, and stirred gently for 10 min. Thereafter, the slurry
formed was heated in a water bath at 50, 60, 70, 80, and 90 °C for 20 min, with intermittent
stirring to avert clumping. After heating, the sample was centrifuged at 2500 rpm for 10
min. The supernatant was removed, and the sediment was weighed. The moisture content
of the gel was then measured to estimate its dry matter content using the expressions below:

Weight of dissolved solids

e o
Solubility (%) = Original diy samplo weight x 100 0
cting o) - >

Viscometric-based Profiling

The pasting behavior of cocoyam starch was evaluated using a Rapid Visco
Analyzer (RVA-4, Newport scientific, Australia). A starch suspension containing 10%
w/w dry starch was held at 30 °C for 1 min, then heated to 95 °C at 5 °C/min and kept at
this temperature for 10 min. It was then cooled to 50 °C at the same rate and held for 3
min. Pasting properties like temperature (T), trough viscosity (TV), viscosity (V), peak
time (Pt), and final viscosity (FV) were measured. Breakdown viscosity (BV) was
estimated as the difference between pasting viscosity (V) and trough viscosity (TV).

Water and Oil Absorption Capacities of Native and Acid-Modified Starch
Determination

Water and oil absorption capacities were determined by adopting a modified
procedure described by Jung et al. (2017) and Jacob and Adeleke (2019). A 3 g portion of
cocoyam starch was reacted with 40 mL of distilled water or oil and centrifuged for 10 min
at 3500 rpm. Afterward, the mixture was centrifuged, the supernatant was decanted, and
the tube was allowed to drain for an additional 15 min. The tube weight and its contents
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were then recorded, and the amount of bound water was estimated from the change in
weight which was estimated using the expression below:

Water Absorption Capacity (WAC):
Weight of absorbed water

WAC (g/g) = 3)

Weight of dry sample

Oil Absorption Capacity (OAC):

Weight of absorbed oil
A = 4
OAC (g/g) Weight of dry sample ( )

Gelatinization Studies

Gelatinization was determined using the method of Lin et al. (2017). Starch
samples in the concentrations range of 2% to 12% (w/v) were prepared in test tubes with
10 mL of distilled water. The suspensions were then stirred for 5 min, followed by heating
in a water bath for 30 min at 80 °C. After heating, the tubes were rapidly cooled under
running cold water and then chilled for 2 h at 4 °C.

Fourier Transform Infrared Spectroscopy

Fourier transform infrared (FT-IR) spectroscopy was used to investigate the
functional groups available in the starch powder before and after acid modification, using
a Tensor 27 FT-IR spectrometer (Germany). The KBr pellet approach was adopted, in
which 1.99% starch powder was mixed with KBr using a mortar and pestle and then
compressed into a 2-mm-diameter pellet. Spectra were recorded from 4000 to 400 cm™
with a resolution of 4 cm™ and 64 scans.

Scanning Electron Microscopy

The morphology and elemental composition of the native starch and its modified
form were analyzed using a Zeiss EVO 18 scanning electron microscope (Carl Zeiss,
Germany) that is equipped with energy-dispersive X-ray (EDX) spectroscopy. The
instrument was operated under high-vacuum conditions at an accelerating voltage of 15
kV. Before the analysis, samples were mounted on carbon tape and sputter-coated with a
thin layer of gold.

X-Ray Diffraction

The crystalline structure of the native starch and its modified form were
investigated by X-ray diffraction (XRD) using a Bruker D8 Advance diffractometer
(Germany) equipped with Cu—Ko radiation (4 = 1.5406 A). The instrument was operated
at 30 mA and 40 kV, and diffraction patterns were recorded at a scanning rate of 2°/min
over a 26 range of 20° to 80°.

Statistical Analysis

All measurements were carried out in triplicate and the average value reported. Data
were analyzed using descriptive statistics and ANOVA to determine significant differences
among treatments (P < 0.05).
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RESULTS AND DISCUSSION

Pasting Properties

The pasting characteristics of NCS and AMCS, as evaluated by RVA, are
represented in Table 1. The data were obtained from Figs. 1 and 2, respectively. It was
observed that the acid treatment significantly influenced the viscosity properties of
cocoyam starch, as exhibited by the increased peak viscosity of modified cocoyam starch
(AMCS, 4413 RVU) compared to native cocoyam starch (NCS, 3995 RVU). The rise in
peak viscosity seen in AMCS suggests that acid modification partially disrupted the
granular structure, most especially in the amorphous regions, facilitating increased water
penetration and granule expansion before rupture. This structural adjustment is consistent
with observations in other chemically modified starches, where controlled substitution or
hydrolysis creates new sites for hydration, thus enhancing the granule’s capacity to swell
and contribute to higher paste viscosities during RVA analysis (Saleh ef al. 2025). Some
chemical modifications such as esterification with octenyl succinic anhydride (OSA) have
been reported to increase peak viscosity in modified starches relative to native counterparts,
which is accredited to improved granule swelling and water interaction resulting from the
introduced functional groups (Saleh et al. 2025). Controlled acid hydrolysis is known to
specifically cleave glycosidic linkages in amorphous starch regions, which can enhance the
accessibility of water by the molecules and facilitate swelling under thermal conditions
(Compart et al. 2023).

Some literature reports highlight the fact that the impact of acid modification on
pasting properties can vary with the type of acid used, conditions applied and
concentration. There have also been some reports on reduced peak viscosities upon acid-
treatment when depolymerization is extensive, leading to lower molecular weight
distributions that cannot sustain high viscosity and swelling (Halim ef a/. 2024). This
highlights that granule integrity and the degree of hydrolysis are vital determinants of the
pasting properties, with moderate modification increasing viscosity and swelling, whereas
severe hydrolysis lends to decline in these properties due to excessive chain cleavage. Thus,
the higher peak viscosity of AMCS in this study indicates that acid treatment successfully
altered granule structure in a way that enhanced water uptake and swelling, without
extensive degradation of crystalline regions that would otherwise reduce pasting
performance.
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Fig. 1. RVA plot of native cocoyam starch
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Fig. 2. RVA plot of acid-modified cocoyam starch

The pasting profiles of NCS and AMCS revealed clear differences in breakdown
and trough viscosities, indicating alterations in paste stability during shear and heating.
Trough viscosity (TV), which represents the minimum viscosity attained during prolonged
high-temperature holding and shear conditions, was higher in AMCS (3409 RVU)
compared to NCS (3112 RVU). An elevated TV indicates that the acid-treated starch paste
demonstrated higher resistance to mechanical and thermal deformation resulting from
gelatinization. In other words, the AMCS paste retained a comparatively greater structural
integrity under sustained stirring and heat, which can be interpreted as enhanced paste
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stability during the holding phase. Though a majority of studies on acid treatment have
focused on peak viscosity changes, conventional RVA interpretation acknowledges that a
high trough value correlates with better viscosity retention during continuous heating, most
especially in modified starches with altered molecular interactions or structural
reorganization (Halim et al. 2025).

Notwithstanding this apparent enhancement in paste stability, the breakdown
viscosity—computed as the difference between peak and trough viscosity—was also
greater for AMCS (1004 RVU) than NCS (883 RVU). Breakdown viscosity is often
accepted as an indicator of the susceptibility of swollen starch granules to breakdown under
combined mechanical and thermal stress. A higher breakdown indicates that, after reaching
maximum swelling, the granules are more readily disrupted and more susceptible to heat
and shear. This thought is consistent with the known effects of acid hydrolysis on starch
structure: acid modification specially cleaves glycosidic bonds in the amorphous regions
of starch granules, causing partial depolymerization and a decline in molecular weight.
These structural adjustments can weaken granular integrity, making the swollen granules
more vulnerable to disintegration during the holding phase of pasting (Halim et al. 2025).

The combination of higher breakdown and trough viscosities in AMCS signify that
while the treated starch can better retain viscosity at high temperature (higher trough), it
also undergoes greater structural deformation once maximal swelling has occurred (higher
breakdown) (Compart ef al. 2023; Halim ef al. 2024). These dual characteristics may
suggest that acid treatment to a network can retain viscosity more effectively after
gelatinization but is composed of smaller or less cohesive molecular fragments that are
more prone to shear-induced breakdown (Compart ef al. 2023; Halim et al. 2024). Related
conceptual interpretations have been documented in starch pasting literature, where
treatments that change molecular architecture (including acid hydrolysis) also at same time
simultaneously influenced paste stability and granular resilience during continuous heating
(Halim et al. 2025).

The final viscosity (FV) of a starch paste, evaluated at the end of the RVA cooling
cycle, signifies the capability of starch molecules, most especially amylose and
amylopectin, to reassociate and form a three-dimensional viscous network as the paste
cools from the temperatures of the gelatinization. In this study, AMCS demonstrated
greater final viscosity (4125 RVU) compared to NCS (3730 RVU), indicating that the acid-
treated starch had an improved capacity to form a viscous gel upon cooling. This
characteristic is typically indicative of enhanced molecular interactions during
retrogradation, where leached amylose and amylopectin chains are realigning and entangle
to reinforce the paste matrix (Chien-Chun 2009; Gong ef al. 2024)). Literature reports on
starch pasting features highlight that final viscosity correlates with gel strength and the
extent of molecular entanglement; as better FV values are often associated with stronger
paste structures upon cooling, which are beneficial in applications requiring thick, stable
gels like custards, sauces, and fillings.

Setback viscosity (SB), which is defined as the difference between FV and TV, is
often used as a proxy for retrogradation tendency—the reassociation of gelatinized starch
molecules during storage and cooling. In this study, AMCS also demonstrated a higher
setback viscosity (716 RVU) when compared with NCS (618 RVU), signifying an
enhanced propensity for retrogradation. This enhanced setback could be accredited to the
generation of shorter amylose chains and other depolymerized fragments formed during
acid hydrolysis (Falade and Ayetigbo 2017; Li and Hu 2021). Shorter amylose chains are
known to reassociate more quickly and widely during cooling because of their higher
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mobility and accessibility, thus promoting stronger gel networks and higher setback values
(Falade and Ayetigbo 2017; Li and Hu 2021). Studies on root/tuber starches have
previously reported that amylose composition and chain length greatly influence setback
behavior, with greater amylose or shorter amylose units tending to form higher molecular
reassociation and retrogradation (Chien-Chun 2009).

While some like hydrothermal or dual treatments can decrease setback by
disrupting molecular ordering, controlled acid treatment may improve retrogradation
propensities if the treatment increases the relative proportion of amylose accessible for
reassociation during cooling (Javadian et al. 2021: Ghalambor et al. 2022; He et al. 2023).
Acid modification often acts on the amorphous regions of starch granules; breaking bonds
associated with glycosidic linkage and producing shorter polymer fragments without
entirely preventing gel network formation (Wang and Copeland 2015; Soler et al. 2020).
These shorter chains can associate rapidly as temperature declines, facilitating increased
setbacks and final viscosity values relative to native starch. Thus, the observed greater FV
and SB in AMCS likely indicate structural changes caused by acid modification that favor
gel formation upon cooling.

In industrial application, starches with higher final and setback viscosities can
provide higher gel firmness and cold paste viscosity, which are required in food
formulations requiring stability upon cooling and thickened textures (Boonkor ef al. 2022;
Gong et al. 2024; Saleh et al. 2025). The pasting profile of both NCS and AMCS indicated
no significant differences in pasting temperature (78.95 vs. 78.05 °C) or peak time (5.13
min). This indicates that acid modification, under the conditions applied in this study, did
not greatly change the gelatinization thermal stability or kinetics associated with the initial
swelling and disruption of starch granules. Related findings have been documented, where
chemical modifications caused minimal impact on peak time, and pasting temperature,
implying that the primary energy requirement needed for gelatinization remained
comparable to the native starch (Javadian ef al. 2021; Li and Hu 2021; He et al. 2023). The
lack of noticeable alteration can be ascribed to the fact that acid hydrolysis in this case may
have mainly targeted amorphous regions or caused mild depolymerization without
significantly disrupting crystalline regions that govern gelatinization onset (Wang and
Copeland 2015; Soler et al. 2020; He et al. 2023). Studies on starch treatment have shown
that modifications affecting branching patterns or molecular weight do not always modify
pasting onset temperatures except they substantially alter granule architecture or crystalline
(Javadian et al. 2021).

Additionally, many starch treatment studies have shown that the effect on peak time
and pasting temperature depends on the type and severity of modification. For instance,
dual modifications that combine acid hydrolysis with other chemical or physical treatments
often lead to shorter peak time and reduced pasting temperature because of increased
granule disruption and depolymerization (Ghalambor et al. 2022). Nevertheless, in systems
where acid modification is moderate and does not severely weaken crystalline order or
intermolecular bonding, the time and the pasting temperature to reach maximum viscosity
can remain similar between native and treated starches, as was observed in this study.
Furthermore, reports on other modified starches have shown that great changes in peak
time and pasting temperature are more commonly related with alterations to amylose—
amylopectin or crystalline structure interactions instead of mere hydrolytic cleavage in
amorphous regions (Ghalambor et al. 2022; Compart et al. 2023). As such, the present
result supports the view that acid treatment, at levels applied here, changed viscosity
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characteristics (as noted in peak, trough, and final viscosities) without considerably
affecting the gelatinization pathway itself (Javadian et al. 2021).

Table 1. RVA Parameters of Native and Acid-Modified Cocoyam Starch

Pasting Parameters NCS AMCS
Peak Viscosity (cP) 3995 4413
Hold/Trough Viscosity (cP) 3112 3409
Breakthrough Viscosity (cP) 883 1004
Final Viscosity (cP) 3730 4125
Setback Viscosity (cP) 618 716
Peak Time (min) 5.13 5.13
Pasting Time (min) 77.95 78.05

Study on Swelling Power of NCS and AMCS

The swelling power (SP) results for NCS and AMCS showed a clear rise in water
absorption and granule expansion as temperature was increased from 50 to 90 °C (Table
2). This behavior is consistent with the fundamental mechanism of starch gelatinization,
where elevated temperature disrupts intermolecular hydrogen bonds, promoting molecular
mobility, and improves the penetration of water into both crystalline and amorphous
regions of the granule (Wang and Copeland 2015). When subjected to heating, the granule
structure of the starch loosens, permitting more water uptake and subsequently greater
swelling power values at higher temperatures (Wang and Copeland 2015). Within the range
examined in this study, AMCS demonstrated higher swelling power when compared to
NCS, particularly at elevated temperatures (e.g., 2.08 g/g compared to 1.35 g/g at 90 °C).
This improvement signifies that acid modification causes alterations the internal structure
of cocoyam starch granules in a way that facilitates water absorption and expansion. While
some studies often report declined swelling because of excessive hydrolysis or increased
crystalline order, mild to moderate acid treatment can instead produce a more open granule
matrix that enables water penetration and swelling under heat (Wang and Copeland 2015).

These reports are in alignment with recent observations in the literature, where dual
modifications using acid hydrolysis (especially when combined with other treatments)
caused a rise in swelling power at certain temperatures. For instance, dual modification
strategies (acid hydrolysis plus ultrasonic treatment) have been reported to show an
increase swelling power of cassava and similar starches at moderate temperatures,
indicating improved water accessibility and structural loosening (Dewi et al. 2025). The
noticeable increase in swelling power at elevated temperatures (=80 °C) for AMCS
emphasizes the importance of thermal energy in overcoming granule structural constraints.
As temperature rises, intramolecular hydrogen bonds break, and the granule matrix become
more amenable to expansion. A study conducted by Wang et al. (2015) indicated that
temperature is a leading driver of swelling performance, regardless of modification, but
that chemical modifications can temper with the magnitude of this response by causing
alteration in the internal granule architecture (Wang et al. 2015). It is worth noting,
however, that decreased swelling power after acid hydrolysis when conditions are harsher
or when combined with treatments such as heat-moisture treatment has been reported in
some research, which can reinforce intragranular bonding and resist expansion (Sun et al.
2015).
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Table 2. Swelling Power of NCS and AMCS at Various Temperatures

Samples 50 °C 60 °C 70 °C 80°C 90 °C
SP for NCS (g/g) 0.33 0.56 0.89 1.13 1.35
SP for AMCS (g/g) 0.45 0.88 1.04 1.63 2.08

Water and Oil Absorption Capacities of Native and Acid-Modified Starch

The water absorption capacity (WAC) and oil absorption capacity (OAC) of native
maize starch and its acid-modified counterpart were evidently different, indicating that
chemical treatment changed the functional characteristics of starch (Table 3). The WAC of
acid-modified starch (2.31 g/g) was considerably greater than that of raw maize starch (1.22
g/g), signifying improved hydration potency following acetylation. Similarly, OAC
increased greatly after modification (from 0.81 to 1.75 g/g), signifying enhanced capacity
to bind lipids. The rise in WAC upon acetylation is in alignment with recent reports that
chemical modifications that introduce bulky substituents such as acetyl groups decrease
the compactness of starch granules, thus increasing the accessibility of hydrophilic sites
for water interaction (Suri and Singh 2023; Zhang et al. 2024).

Acetylation interrupts intramolecular hydrogen bonds and introduces steric
hindrance, which facilitates hydration and water absorption across a broader range of starch
structures (Chakraborty et al. 2022; Suri and Singh 2023). This behavior has been noticed
in some legumes and tuber-based starches, where acetylated derivatives demonstrate great
improvement in water absorption relative to native forms and such changes enhance
thickening potential, textural properties, and water binding in food systems (Suri and Singh
2023). Directional modification, such as acetylation, mostly increases WAC by exposing
additional hydroxyl groups and loosening the granule matrix, allowing improved starch—
water associations and such enhancement of WAC can improve gel strength, viscosity, and
moisture retention in foods where hydration is critical (Zhang et al. 2024).

Chemical modifications, such as acetylation, increase surface area and introduce
structural irregularities, thus exposing hydrophobic sites capable of interacting with lipid
molecules. Such enhanced OAC has been reported in studies comparing native with
modified starches, supporting the notion that increased surface interaction sites and
structural loosening facilitate oil binding (Suri and Singh 2023). A study on different native
and modified starches (Adewumi et al. 2020) indicated that starches subjected to
acetylation often demonstrated higher water and oil absorption capacities when compare
with their native counterparts, signifying enhanced interfacial interactions with both polar
(water) and non-polar (oil) phases and this kind of dual enhancement makes acetylated
starches valuable as multifunctional ingredients, most importantly in complex food
matrices in need of both lipid and hydration retention functionalities (Adewumi et al.
2020).
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Table 3. Water and Oil Absorption Capacities of NCS and AMCS

Parameters NCS (g/9) AMCS (g/g)
Water Absorption capacity (WAC) 1.22 2.31
Oil Absorption Capacity (OAC) 0.81 1.75

Gelatinization and Gelation of Native and Acid-Modified Cocoyam Starch in
Relation to Recent Studies

The gelatinization and gelation properties of NCS and AMCS across concentrations
(2% to 12% w/v) revealed clear functional differences, which is in alignment with reported
effects of chemical treatments on starch gel structure (see Table 4). In both NCS and
AMCS, inadequate network formation at low concentrations (2% to 4% w/v) indicated
limited entanglement of amylose and amylopectin chains required for gel formation. It is
known that higher polymer concentration elevates the likelihood of intermolecular
interactions and junction zones that are vital for three-dimensional gel networks to produce
granules gelatinize, and amylose leaches out when subjected to heating (Gong et al. 2024).
For NCS, viscous features without a stable gel at 6% w/v and the first appearance of gel
formation at 8% w/v signify that a minimum structural matrix of swollen granules and
leached amylose is needed before a coherent gel network can sustain its shape upon
cooling. On the other hand, AMCS already demonstrated evidence of gelation at 6% w/v
and formed firmer gels at equivalent concentrations relative to NCS, resulting in a very
firm gel at 12% w/v. This increased gel-forming capacity of acid-treated starch indicates
that acid modification changed the molecular architecture of starch in a way that facilitated
gel network development at lower concentrations or yielded stronger junction zones
(Falade and Ayetigbo 2017; Gong et al. 2024).

Although the detailed review of starch gel structure mechanisms highlights multiple
modification routes, acid hydrolysis precisely introduces shorter polymer chains and
interrupts granule integrity, which can promote the leaching of amylose during
gelatinization and improved gel network development (Gong et al. 2024). Moreover,
studies on modified starches in other systems indicate that treatments can both increase and
decrease least gelation concentration (LGC) depending on the severity and nature of
modification. For instance, acid hydrolysis of yam and maize starches has been ascribed to
enhanced gelling capacity and reduced minimum concentrations needed for gelation
compared to native starch, supporting the present observation that AMCS begins to show
structured gel properties at 6% to 8% w/v (Falade and Ayetigbo 2017). A recent study by
He et al. (2023) observed structural insights indicating that acid modifications degrade
certain starch polymer chains while leaving enough structural backbone to support
entrenched network development upon cooling.
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Table 4. Gelatinization Analysis of NCS and AMCS

Sample Concentration (w/v)

Samples | Remark 2% 4% 6% 8% 10% 12%
NCS State/ Liquid Liquid Liquid Viscous Least Gel Firm Gel

Gelation | (No) (No) (No) (Yes) Concentration (Yes)

(Yes)

AMCS State/ Liquid Liquid Viscous Least Gel Firm Gel Very
Gelation | (No) (No) (Yes) Concentration (Yes) Firm Gel

(Yes) (Yes)

Characterizations

The characterization results are illustrated in Figs. 3 to 6 and reveal that acid
treatment of cocoyam starch induces coordinated morphological, chemical, and structural
changes including oxygen-rich surfaces (EDS), eroded and porous granules (SEM),
reorganized hydrogen bonding (FT-IR), and increased relative crystallinity (XRD). These
changes provide mechanistic explanations for the improved swelling power, pasting
performance, gel strength, and water absorption as noticed for AMCS.

Energy-dispersive X-ray spectroscopy

The surface elemental compositions of raw cocoyam starch and acid-modified
cocoyam starch are seen in Figs. 3a and 3b. In the NCS, oxygen exhibited a high content
(65.6 wt%), consistent with a rich presence of hydroxyl and glycosidic oxygen
functionalities inherent to starch molecules. Carbon was also found at the level of 27.4
wt%, suggesting polysaccharide materials dominated by carbon backbone structures of
amylose and amylopectin (Wang and Copeland 2015; Ojo et al. 2023). Minor elements
such as nitrogen (6.6 wt%), and potassium (0.33 wt%) likely indicate the residual protein
and mineral ions related to natural cocoyam starch granules and trace impurities often
observed in root-derived starches.

Following acid modification, considerable shifts in elemental composition were
noticed. The oxygen increased significantly to 69.0 wt%, whereas carbon content declined
to 23.0 wt%. This relative rise in oxygen content signifies greater exposure or formation of
oxygen-rich functional groups on the starch surface after acid modification. This can be
potentially ascribed to partial hydrolysis of glycosidic bonds and increased surface
accessibility of hydroxyl groups. The amorphous regions within starch granules are
specially attacked by the acid hydrolysis, thereby causing a reduction in the molecular
weight and exposing previously internal oxygen-bearing sites (Wang ef al. 2019). In view
of Xie et al. (2015), acid hydrolysis mostly erodes amorphous regions of starch, leaving
behind more ordered crystalline structures and leading to an increase in crystallinity.

The reduction in carbon percentage observed may also indicate a relative loss of
carbon-rich organic matter, as hydrolytic cleavage generates smaller oligosaccharides that
may be washed away during activation. Nitrogen content rose to 7.07 wt% post-activation,
which may have been from enrichment or concentration of proteinaceous residues on the
granule surface after partial removal of carbohydrate fractions during acid modification, a
characteristic occasionally seen when non-carbohydrate components remain bound to
modified starch matrices (Wang and Copeland 2015; He ef al. 2023).

Collectively, the EDS results showed that acid modification created a more
inorganic-lean and oxygen-rich surface when compared with native starch. Such chemical
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modifications are in alignment with reported effects of acid hydrolysis on starch structure,
where protonation of glycosidic oxygen leads to the disintegration of amorphous domains
and increased relative crystallinity as the more ordered regions become predominant
(Chakraborty et al. 2022; Zhang et al. 2023). This increased exposure of oxygen functional
groups and altered mineral content could improve functional and reactivity performance of
acid-treated starches in applications requiring high solubility, surface polarity, or
interaction with other chemical species, such as in composite materials, adsorbents, or food
formulations.

@ (a) @ (b)

d b

Element |Wt. (%)

Element |Wt. (%)
0 69.05

0 65.58 ¢
C 27.45 N
N 6.64 K
K

0.33

Energy KeV

Energy KeV

Fig. 3. EDS Analysis of (a) Native; and (b) Acid-modified cocoyam starch

Scanning electron microscopic analysis

Figure 4 displays the morphological differences between native and acid-modified
cocoyam starch granules. The NCS granules showed relatively compact structures, smooth
surfaces, and well-defined shapes, which are in alignment with previous reports describing
cocoyam starch as having small, polygonal to rounded granules with intact surfaces
(Ariwaodo et al. 2017; Ojo et al. 2023). On the other hand, AMCS showed visible surface
erosion, fissures, roughness, and occasional pitting. These morphological interruptions are
features of acid hydrolysis, which selectively attacks amorphous regions while leaving
crystalline lamellae relatively intact. Surface weakening and internal stress result in granule
cracking and pore formation as hydrolysis progresses.

Fig. 4. SEM Analysis of (a) Native; and (b) Acid-modified cocoyam starch
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Similar SEM features have been documented for acid-treated maize, cassava, yam,
and quinoa starches, where partial fragmentation and surface roughening reflect controlled
depolymerization (Chakraborty et al. 2022; Halim et al. 2024). The increased surface
irregularity noticed in AMCS correlates well with its increased WAC and SP, supporting
the observed improvements in pasting and hydration properties of AMCS, as surface
defects enable water penetration into the granule interior and accelerating hydration and
gelatinization under thermal conditions.

Fourier Transform Infrared Spectroscopy

Figure 5 displays the FT-IR spectra of NCS and AMCS, indicating the chemical
integrity of the starch before and after acid treatment. Both spectra exhibit features of starch
absorbance bands with broad O—H stretching vibrations shown at 3255 to 3480 cm™', C-H
stretching close to 2920 cm™, and strong C—O—C and C-O stretching peaks in the 1040 to
1150 cm™ region, which are related to glycosidic linkages (Lin ef al. 2017; Soler et al.
2020; Zhang et al. 2023).

After acid treatment, no new functional group peaks were observed, suggesting that
acid hydrolysis changed the starch mainly via depolymerization instead of chemical
substitution (Wang and Copeland 2015; Soler ef al. 2020; Li and Hu 2021). The
rearrangement of hydroxyl groups and alterations of intermolecular interactions can be
attributed to acid hydrolysis, which caused disruption of amorphous regions and is often
reflected as changes in FT-IR band intensities instead of the appearance of new peaks
(Soler et al. 2020; Li and Hu 2021). Recent research on acid-treated starches consistently
reports that FTIR spectra retain core starch signatures while displaying subtle intensity
variations related to the rise in crystallinity or reorganization of molecular domains (He et
al. 2023; Zhang et al. 2023).
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Fig. 5. FTIR Analysis of native cocoyam starch (NCS); and acid-modified cocoyam starch (AMCS)
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X-Ray Diffraction Analysis

Figure 6 shows the XRD patterns of NCS and AMCS with the native starch
exhibiting diffraction peaks characteristic of A-type crystallinity, which is commonly seen
in tropical root and tuber starches with relatively dense packing of double helices. The
observed well-defined peaks suggest semi-crystalline granules made up of alternating
crystalline and amorphous regions.
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Fig. 6. XRD Analysis of native cocoyam starch (NCS) and acid-modified cocoyam starch (AMCS)

After acid treatment, the diffraction pattern retains the same polymorphic type but
shows improved peak intensity and sharpness, signifying a relative increase in crystallinity.
Similar trends have been documented in acid-hydrolyzed potato, maize, cocoyam, and
cassava starches (Wang and Copeland 2015; Soler et al. 2020; Ojo et al. 2023). The
improvement in relative crystallinity observed explains several functional changes seen in
AMCS, such as enhanced gel firmness and higher final viscosity. While crystalline regions
resist swelling, their enhancement following elimination of amorphous domains causes
stronger molecular reassociation during cooling, thereby facilitating gel network formation
and retrogradation. Some studies highlight that controlled acid hydrolysis can optimize the
balance between amorphous flexibility and crystalline stability, producing starches with
enhanced gel strength and cold-paste viscosity (Chakraborty et al. 2022; Gong et al. 2024).
The observed changes in the XRD patterns can be interpreted in light of amylose
crystallization behavior. During cooling and storage, leached amylose chains tend to
reassociate into ordered single- and double-helical structures, which subsequently pack
into crystalline domains. Amylose has been confirmed as the primary contributor to early
retrogradation and gel network formation, leading to increased structural order detectable
by XRD (Guo et al. 2024). In addition, amylose can organize into multiple aggregate forms
such as V-type complexes and retrograded crystallites, each contributing differently to
starch functionality and setback behavior (Shao ef al. 2025). The progressive increase in
helical order during retrogradation has been well documented, with amylose double helices
forming rapidly and dominating early crystalline development (Lu ef al. 2023).
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CONCLUSIONS

This study examined the modification of cocoyam starch using acid hydrolysis
method. Results obtained from the study are summarized below:

1. Treatment with acid significantly improved the pasting properties of cocoyam starch,
as evidenced by rheological properties compared to native starch.

2. Acid-modified cocoyam starch displayed higher swelling power, increased gel-forming
capacity at lower concentrations, and greater water and oil absorption capacities,
indicating enhanced hydration and network-forming ability.

3. The acid treatment induced surface erosion and granule disruption, signifying
preferential degradation of amorphous regions while maintaining overall granule
integrity as revealed by morphological analysis.

4. Selective amorphous-region hydrolysis was confirmed via X-ray diffraction analysis,
which showed retention of the native crystalline polymorphic pattern with increased
relative crystallinity, indicating enrichment of crystalline domains.

5. Investigation via Fourier transform infrared (FT-IR) spectroscopy revealed that acid
treatment did not introduce new functional groups, signifying that structural changes
occurred mainly through reorganization and depolymerization of hydrogen bonding
rather than chemical substitution.

6. Conclusively, acid treatment proved to be an effective approach for improving its
suitability for food, enhancing cocoyam starch functionality, and industrial
applications.
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