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Ethanol-treated starch (ETS) is known to absorb a high amount of water at room temperature. The influences of
pore characteristics and structural properties of ETS prepared from 4 different starch sources (maize, potato,
cassava, and rice starches) at three conversion temperatures (80, 90 and 100 °C) on water absorption capacity
(WAC) were investigated. The results indicate that ETS from maize and potato starches contain non-rigid and
slit-shaped pores. For ETS from maize and potato starches, water penetrated the granules through the fissures,

hydrated the amorphous regions, melted the V-type crystalline structure, and was held within the ETS granules
upon water absorption. For non-granular ETS from cassava and rice starches, water hydrated the amorphous and
V-type crystalline structures, and was entrapped within a three-dimensional network of starch components upon

contact with water.

1. Introduction

Developing porous foods have recently become one of the most
interesting research topics. New porous foods for specific applications,
such as extruded products (Karathanos & Saravacos, 1993), en-
capsulating agents for flavor compounds (Weirong & Huiyuan, 2002),
drug carriers (Najafi, Baghaie, & Ashori, 2016), and nutraceutical car-
riers (Wang et al., 2016) are increasingly in demand.

Pore characteristics are a fundamental property of porous materials
that influence their macroscopic properties, such as bulk density, me-
chanical strength, and thermal conductivity (Sing et al., 1985). In-
vestigation of these properties is necessary particularly for food in-
dustry since they are essential to choose suitable porous materials for
specific applications, such as for adsorbents, catalysts, encapsulating
agents, and pigment carriers (Lowell, Shields, Thomas, & Thommes,
2010). Materials with high porosity mostly possess a high surface area
and pore diameter size within the micropore range (i.e., less than 2 nm)
(Lowell et al., 2010; Sing et al., 1985).

Native starch granules are known to have low porosity.
Nevertheless, they contain some sources of porosity within their

* Corresponding author.

granules. Hall and Sayre (1970) reported that wheat, rye, and barley
starches exhibit surface pores. Moreover, Fannon, Hauber, and Bemiller
(1992) stated that rice, oat, potato, tapioca, arrowroot, and canna
starches do not have surface pores. However, the latest investigation
suggests that all native starch granules contain pores of different sizes
when the nitrogen sorption isotherm method is used to probe the por-
osity of starch granule (Sujka & Jamroz, 2010). The second source of
porosity in native starch granules is their internal channels. Huber and
BeMiller (1997) reported that they appear to be serpentine and they
connect internal cavities or channels with openings on the surface of
the granules. The pore size of native starch granules has been char-
acterized such as most native starches have pores with a diameter of
about 2-3 nm, while pores of native corn and rice starches have a
diameter of 100-200 nm (Lestaw Juszczak, Fortuna, & Wodnicka, 2002;
Sujka & Jamroz, 2010); however, the other pore characteristics of na-
tive starch granules such as pore rigidity properties have not yet been
reported.

Water absorption capacity is one method that can be used to eval-
uate the porosity of starch granules (Wang et al., 2016). Water mole-
cules penetrate the inner region of a starch granule via the granule
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surface pores upon hydration. Then, water goes into the amorphous
region and preferentially hydrates this region over the crystalline
structure (Gallay & Puddington, 1943; Tako, Tamaki, Teruya, & Takeda,
2014; Zobel, Young, & Rocca, 1988). The water absorption capacity of
starch is dependent on the number of pores, channels, and cavities
within the starch granule (Wang et al., 2016; Weirong & Huiyuan,
2002).

Porous starch is a modified starch product which is prepared to
enhance the porosity of native starch, thus increasing its water ab-
sorption capacity (Wang et al., 2016; Weirong & Huiyuan, 2002). An-
other type of starch that exhibits high water absorption capacity is cold
water swelling starch (CWSS). Many studies have reported the cap-
ability of CWSS to absorb water at low temperatures (Dries, Gomand,
Goderis, & Delcour, 2014; Rajagopalan & Seib, 1992). CWSS can absorb
water up to 12 times more than its weight (Majzoobi, Kaveh, Blanchard,
& Farahnaky, 2015). Meanwhile, porous starch can only maximally
absorb water up to 3 times more than its weight (Wang et al., 2016).
Therefore, it is advantageous to use CWSS over porous starch because of
its greater water absorption capacity.

Among methods to prepare CWSS, heating starch with ethanol,
which is commonly termed as ethanol-treated starch (ETS), is con-
sidered to be the simplest method. It only requires ethanol as the
converting reactant which can be removed from the product by dehy-
dration, thus leaving little or no residue of this reagent in the final
product (Dries et al., 2014; Zhang, Dhital, Haque, & Gidley, 2012).

Porous starch contains pores in the macropore range since its pore
diameter is predominantly about 1 pum (Sujka & Jamroz, 2009, 2010).
Among porous starches porous rice starch has the highest surface area
(1.66 m?/g) meanwhile porous potato starch has the lowest area
0.4 rnz/g) (Lestaw Juszczak et al.,, 2002; Sujka & Jamroz, 2010).
Therefore, porous rice starch possesses a high potential for use as a
carrying agent (Sujka & Jamroz, 2010).

The capability of ETS to absorb high amount of water can be an
indication that it has high porosity. As proposed by Jane, Craig, Seib,
and Hoseney (1986) that the structure of native starch drastically
changes after it is converted to ETS. The crystalline structure of amy-
lopectin double helix melts and it turns to amorphous structure of
amylopectin single helix. According to the free volume theory, amor-
phous structure provides more free space therefore allowing guest
molecules to reside within it (Turnbull & Cohen, 1961). However, since
the pore characterizations of ETS have not yet been conducted, the
cause of high water absorption capability of ETS is still unclear. Thus,
the main objective of the present study was to investigate the pore
characteristics of ETS. The influence of pore characteristics on the water
absorption capacity was studied. Moreover, the impact of the structural
properties of ETS on the water absorption capacity was included to gain
a comprehensive view of the factors affecting this property.

2. Materials and methods
2.1. Materials

Normal maize and potato starches were supplied by National Starch
and Chemicals Ltd. (Bangkok, Thailand). Rice and cassava starches
were provided by General Food Product Co. Ltd. and Sanguan Wongse
Industries Co. Ltd. (Nakhon Ratchasima, Thailand), respectively.
Analytical grade ethanol was purchased from Carlo Erba Ltd. (Val de
Reuil, France).

2.2. Sample preparation

ETS was prepared by the method of Dries et al. (2014) with some
modifications. Starch (15 g) from different sources (maize (MO0), potato
(P0O), cassava (CO0), and rice (R0)) was dispersed with 135 ml of ethanol
(50 %v/v) in Schott bottles. It was then heated at different tempera-
tures of 80, 90 and 100 °C (M80, M90, M100, P80, P90, P100, C80, C90,
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C100, R80, R90, and R100) for 30 min and cooled at room temperature
for 3 h. The sediment was separated from the supernatant by vacuum
filtration, washed with absolute ethanol three times and finally dried in
a vacuum oven at 55 °C for 12 h. The dried sample was ground and
sieved with a sieve with aperture size of 150 pm. All treatments were
carried out in triplicate.

2.3. Water absorption capacity

A method described by Wang et al. (2016) was modified to de-
termine the water absorption capacity (WAC) of samples. A sample
suspension of 0.5 g (5% (w/v)) was centrifuged (CR22GIII, Hitachi,
Japan) at 1500 rpm for 10 min. The sediment was carefully separated
from the supernatant. The WAC was determined according to the fol-
lowing equation:
the weight of sediment [g] — the initial weight of sample [g]

the initial weight of sample [g]

x 100 % (@)

WAC [%] =

2.4. Morphological properties

The morphological properties of the samples were observed by a
Field Emission-Scanning Electron Microscope (AurigaTm-Carl Zeiss,
Jena, Germany). The sample was mounted on a metal stub and coated
with gold. Then, an accelerating voltage of 2 kV was used during ob-
servation.

2.5. Pore characterization by nitrogen adsorption

The pore characteristics of ETS were determined by the nitrogen gas
adsorption method using BELSORP mini-II sorption isotherm apparatus
(MicrotracBel Corp., Osaka, Japan). The nitrogen sorption isotherms of
native starches and their corresponding ETS are shown in Fig. S1. The
specific surface area (BET surface area) and pore size distribution (BJH
pore size distribution) were determined from the sorption isotherm
according to the IUPAC standard method (Sing et al., 1985).

2.6. The crystalline structure of ETS

The crystalline structure of ETS was assessed by the wide-angle X-
ray scattering (WAXS) technique at Synchrotron Light Research
Institute (SLRI), Nakhon Ratchasima, Thailand. The beamline was set
according to Soontaranon and Rugmai (2012) with some modifications.
A program called SAXSIT was employed to fit the crystalline peaks by
the pseudo-Voigt fitting method. Then, the relative crystallinity of
samples was determined by the following equation:

area of crystalline peaks x 100%

Relative Crystallinity [%] =
ive Crystallinity [%] total area of diffractogram 2)

2.7. Statistical analysis

Statistical analysis was performed using SPSS version 17.0 in which
the ANOVA procedure was employed. Duncan's post-hoc test was used
to verify the significant differences between the mean values
(P < 0.05).

3. Results and discussion
3.1. The water absorption capacity of ETS
Fig. 1 displays the WAC profiles of native starches and their corre-

sponding ETS. As the conversion temperature increased, the WAC va-
lues of all ETS samples increased proportionally independent of the
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Fig. 1. The water absorption capacity of
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origin of the native starch (Fig. 1). However, the WAC of C100 was
slightly lower than that of C90. This might be because the water is
difficult to penetrate into the agglomerated particles of C100 during
hydration (arrows in Fig. S3, C100). The WAC values of ETS from
maize, potato, cassava, and rice starches at the highest conversion
temperature (100 °C) reached 796, 869, 645, and 854% w/w, respec-
tively. These results imply that a higher heating temperature is required
to obtain ETS with higher WAC. For porous starch, the highest WAC is
about 300% w/w (Wang et al., 2016). The presence of physical pores
has been reported to be the most important factor for the high water
absorption capability of porous starch (Wang et al., 2016; Weirong &
Huiyuan, 2002). For ETS, the water absorption capability might be
influenced by the presence of a V-crystalline structure (Dries et al.,
2014) since the V-type crystalline structure of the amylose-ethanol
complex is soluble in cold water (French & Murphy, 1977).

3.2. Morphological properties of ETS

The morphological properties of native maize, potato, cassava, and
rice starches and their corresponding ETS are presented in Fig. 2. The
native maize starch granules exhibited polyhydric to round shapes, and
some granules showed pores on their surface (Fig. 2, M0). The native
potato starch granules showed oval shapes with a smooth surface
(Fig. 2, P0). The native cassava starch granules displayed round shapes
with some truncated and smoothed surface granules (Fig. 2, C0). The
native rice starch granules showed polyhedral shapes and tended to
aggregate (Fig. 2, RO) (Chen, Yu, Chen, & Li, 2006; Jivan, Yarmand, &
Madadlou, 2014; L.; Juszczak, Fortuna, & Krok, 2003).

Among ETS prepared at 80 °C, the granules of P80 showed the most
obvious alterations in that most granules exhibited indentation and
were donut-shaped with wrinkles on their surface (Fig. 2, P80). Some
granules of C80 melted and became aggregated particles with a wrin-
kled surface (inset of Fig. 2, C80). Also, some R80 granules were in-
dented on their polyhedral sides (inset of Fig. 2, R80). Drastic mor-
phological alterations were observed on the surfaces of the ETS
granules from the conversion temperatures of 90 and 100 °C (Fig. 2,
M90, M100, P90, P100, C90, C100, R90, and R100). The M90, M100,

P90, and P100 granules showed wrinkles and fissures on the granule
surfaces (insets of Fig. 2, M90, M100, P90, and P100), and some of the
granules melted and stuck to each other. Moreover, M90 and M100
granules still exhibited granular forms (Fig. 2, M90 and M100). The
granular structure of P90 and P100 was also still preserved (Fig. 2, P90
and P100). The capability of maize and potato starches to maintain
their granular form during ETS conversion might be because they
contain amylose with a high degree of polymerization (DP) (McDonagh,
2012, pp. 162-174) and amylose tie-chains (Saibene & Seetharaman,
2010). Long amylose and amylose tie-chains hold their granular form
tightly preventing them from excessive disruption during heating
(Cheetham & Tao, 1998; Saibene & Seetharaman, 2010). In addition,
ETS contains a V-type crystalline structure which also prevents the ETS
granules from collapse (Dries et al., 2014; Dries, Gomand, Delcour, &
Goderis, 2016; Sarifudin, Soontaranon, Rugmai, & Tongta, 2019; Zhang
et al., 2012). It is suggested that these factors work collaboratively to
prevent pore collapse and preserve the ETS granule integrity (Dries
et al., 2014, 2016; Sarifudin et al., 2019).

Granules of C90, C100, R90, and R100 underwent extreme mor-
phological transformations in which the granules were destroyed,
melted and formed agglomerates (Fig. 2, C90, C100, R90, and R100).
The granular shapes of C100 and R100 were also not maintained; in-
stead, debris shaped-like particles were observed. Rice and cassava
starch granules are known to be easily disrupted because the role of
amylose in maintaining the granules’ integrity is limited due to the fact
that the amylose of rice starch has low DP (Dries et al., 2016) and
cassava starch lacks amylose-tie chains (Rolland-Sabaté et al., 2012).

3.3. Pore characteristics of ethanol-treated starch

The profiles of the BET surface areas of native starches and their
corresponding ETS are displayed in Fig. 3. In accordance with the
previous reports (Sujka & Jamroz, 2007, 2009, 2010) among the native
starches, rice starch exhibited the highest value (1.07 mz/g), followed
by maize starch (0.83 m?/ g), cassava starch (0.69 m?/ g), and the lowest
value was for potato starch (0.35 m?/g).

The BET surface areas of ETS from maize and potato starches
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Fig. 2. Scanning electron micrograph of native maize (MO0), potato (P0), cassava (C0), rice (RO) starch and their corresponding ethanol-treated starch (ETS) from the
heating temperatures of 80 °C (M80/P80,/C80/R80), 90 °C (M90/P90/C90/R90) and 100 °C (M100/P100/C100/R100), respectively.

increased as the temperature increased (Fig. 3). The BET surface areas
of M100 and P100 reached 3.2 and 2.3 m?/g, respectively. These results
suggest that for ETS from maize and potato starches, new pores are
formed during ETS conversion, resulting in the increase of the starch
surface areas (Lowell et al., 2010). At the high conversion temperatures
(90 and 100 °C), the ETS from maize and potato starches still showed
granular forms (Fig. 2, M90, M100, P90, and P100). This result implies
that the pores of ETS from maize and potato starches are located within
the ETS granules. The sorption isotherms of M90, M100, P90, and P100
showed S-shapes with wider hysteresis gaps at a high partial pressure

(p/po 0.6-0.99) (Fig. S1, M90, M100, P90, and P100). These hysteresis
shapes are almost similar to type H3 of the IUPAC hysteresis shapes
(Lowell et al., 2010; Seaton, 1991). This suggests that the pore of ETS
are slit-shaped in form as indicated by the slit-shaped fissures on the
ETS granule surfaces (insets of Fig. 2, M90, M100, P90, and P100). The
S-shapes of the sorption isotherms indicate that the pores of ETS have
characteristic of non-rigid pores (Lowell et al., 2010). Pores with non-
rigid features are more susceptible to environmental conditions, i.e.,
temperature, pressure, and interaction potential between the vapor
(adsorbate) and the pore surface (Lowell et al., 2010). Upon soaking,

Fig. 3. The specific surface area of native
maize (MO), potato (P0), cassava (CO) and
rice (RO) starch and their corresponding
ethanol-treated starch (ETS) from the
heating temperatures of 80 °C (M80/P80/
C80/R80), 90 °C (M90/P90/C90/R90) and
100 °C (M100/P100/C100/R100), respec-
tively. * Same letters represent that samples
are not statistically different (p > 0.05).
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Fig. 4. Pore size distribution of native (" =) maize (MO) (A), potato (P0) (B), cassava (C0) (C), rice (RO) (D) starch and their corresponding ethanol-treated starch
(ETS) from the heating temperatures of 80 °C (—) (M80,/P80,/C80,/R80), 90 °C (- -) (M90/P90,/C90/R90) and 100 °C (- —) (M100/P100/C100/R100), respectively.

water molecules immediately hydrate the surface of starch granule and
penetrate the starch granules through the surface pores. Then, the in-
teractions between water and hydroxyl groups of starch components via
hydrogen bonding occur, hence modifying the internal energy of the

starch granules and resulting in the granule's swelling (Khankari &
Grant, 1995). The impact of hydration effects is more pronounce due to
starch granules contain pores with non-rigid characteristic; thus, the
starch granules are easy to swell (Fig. S3, M90, M100, P90, and P100).
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Meanwhile, the BET surface areas of ETS from cassava and rice
starches decreased as the temperature increased (Fig. 3). The BET
surface areas of C100 and R100 were 0.2 and 0.4 m?/g, respectively.
Moreover, the hysteresis gaps of C90, C100, R80, R90 and R100 iso-
therms at a high partial pressure have not developed (Fig. S1, C90,
C100, R80, R90, and R100, respectively). These results indicates that
pores which exist in native rice and cassava starches were annihilated
during ETS conversion, resulting in the decrease of the granule surface
areas (Fig. 3) which is confirmed by the morphological data (Fig. 2,
C90, C100, R90, and R100).

The profiles of the pore size distribution of native starches and their
corresponding ETS are shown in Fig. 4. Different starch sources possess
different pore size distribution profiles. The native maize starch shows a
broad pore size distribution in the mesopore range (2-50 nm) with
major pores of 3.8 nm in size. The native potato also exhibits a bimodal
pore size distribution profile in which the major pores are 3.3 and
4.8 nm. The native cassava and rice starches show a narrower pore size
distribution with major pores of 3.7 and 16 nm, respectively.

The results of the pore size distribution analysis suggest that for ETS
from maize starch, the new pores which were formed during the ETS
conversion have a pore size distribution within the mesopore and
macropore ranges (Fig. 4, A). Meanwhile, for ETS from potato starch,
the new pores have a pore size distribution in the mesopore ranges
(Fig. 4, B). The new pores formed during ETS conversion may have
originated from granules cracking as indicated by fissures on the ETS
granule surfaces (insets of Fig. 2, M90, M100, P90, and P100). The
pores of ETS from cassava and rice starches are of a smaller size than
those of their native starches (Fig. 4C and D) which could be due to pore
collapse as indicated by the low surface areas (Fig. 3) and morpholo-
gical data of both starches after ETS conversion (Fig. 2, C90, C100, R90,
and R100).

3.4. The crystalline structure of ETS

The WAXS patterns of native starches and their corresponding ETS
are shown in Fig. S2, and their crystallinity profiles are displayed in
Fig. 5. The peaks of V-type crystalline structure of all ETS samples,
which were identified at 20 of 7.8°, 13.6°, and 20.9° (Le Bail, Bizot,
Pontoire, & Buleon, 1995) emerged at 90 and 100 °C. However, the V-
type crystalline structure of ETS from cassava starch appeared at a
lower temperature (80 °C) (Figs. S2 and C) which might be because the
amyloses of cassava starch are in free form (Rolland-Sabaté et al.,
2012). Therefore, it is easier to form a V-type crystalline structure at a
low temperature (80 °C). M90 and M100 showed doublet peaks at 26 of
19.8° and 20.9° which were probably the result of a mixture of two V-
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type crystalline structures, namely Vh and Va, respectively (Le Bail
et al.,, 1995). ETS contains a high proportion of V-type crystalline
structure of the amylose-ethanol complex (Dries et al., 2014; Zhang
et al., 2012) which is known to be water soluble (French & Murphy,
1977).

When the ETS conversion temperature increased, the native crys-
tallinity decreased drastically, and the V-type crystallinity increased
proportionally (Fig. 5). During ETS conversion, the crystalline region
was destroyed, consequently increasing the amorphous proportion
(Fig. 5). The amorphous structure is known to have more voids within
its structure (Jenkins & Donald, 1998); therefore, water penetrates and
hydrates an amorphous structure easily than a crystalline structure
(Gallay & Puddington, 1943; Tako et al., 2014; Zobel et al., 1988).

Two mechanisms for the water absorption of ETS are proposed. For
granular ETS from maize and potato starches, when the ETS granules
are in contact with water, water penetrates the ETS granules via fissures
on the surface (insets of Fig. 2, M90, M100, P90, and P100). Then,
water passes through the new pores which are formed during the ETS
conversion (Fig. 4A and B). The pores of granular ETS from maize and
potato starches with mesopore and macropore sizes allow water to
penetrate the ETS granules. Water preferentially penetrates and hy-
drates the amorphous structure and also melts the V-type crystalline
structure. Since ETS granules contain non-rigid pores (downside insets
of Fig. S1), (Lowell et al., 2010; Sing et al., 1985) the ETS granules are
easy to swell by water. Finally, water is held within the ETS granules of
maize and potato starches (arrows in Fig. S3, M80, M90, M100, P80,
P90, and P100). Meanwhile, upon hydration of the non-granular ETS
from cassava and rice starches, water is in direct contact with the
amorphous regions at the outer surfaces of ETS particles (Fig. 2, C90,
C100, R90, and R100). Then, the starch components in amorphous
structures move slightly and become entangled with the neighboring
starch components forming a three-dimensional network of a typical
amylose-amylopectin-water gel structure which is commonly found in
the gel system of fully gelatinized starch (Kawabata, Akuzawa, Ishii,
Yazaki, & Otsubo, 1996). Thus, for non-granular ETS from cassava and
rice starches, water is entrapped within the three-dimensional structure
of starch components upon water absorption (arrows in Fig. S3, C90,
C100, R90, and R100).

Based on the results, ETS is potential for some industrial applica-
tions. The ETS that show high surface area with intact granular shapes,
such as M90, M100, P90, and P100, are prospective for encapsulating
agent. These ETS exhibit high porosity that allows active ingredients to
penetrate into their granules (arrows in Fig. S3, M90, M100, P90, and
P100). Moreover, these ETS might be more efficient for encapsulating
material than porous starch. This is because these ETS show higher

Fig. 5. Crystallinity profile of native maize
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WAC (600-900% w/w) (Fig. 1) than porous starch (300% w/w) (Wang
et al., 2016). The ETS that show high WAC but without granular forms,
such as C90, C100, R90, and R100, can be applicable for ingredients of
instantaneous products (Eastman, 1987) and sustained-release medic-
inal tablet (Sarifudin, Soontaranon, Peerapattana, & Tongta, 2020).
Water is entrapped within a matrix formed by the ETS particles en-
tanglement (arrows in Fig. S3, C90, C100, R90, and R100).

4. Conclusions

The pore characteristics and structural properties influence the
water absorption capacity of ETS. Pores of ETS are characteristically
non-rigid and slit-shaped pores. During ETS conversion, the new pores
are formed for ETS from maize and potato starches; meanwhile, the
pores are annihilated for ETS from cassava and rice starches. ETS
produced at higher conversion temperatures contains a higher percen-
tage of V-type crystalline and amorphous structures. Upon water ab-
sorption, water penetrates the ETS granules via fissures on the surface;
then, it passes through the new pores to enter the ETS granules, hydrate
the amorphous region and melt the V-type crystalline structure. For
granular ETS from maize and potato starches, water is kept within the
ETS granules upon water absorption. For non-granular ETS from cas-
sava and rice starches, water hydrates the amorphous structure of the
ETS particles and melts the V-type crystalline structure. Then, the water
is entrapped within the three-dimensional assembly of starch compo-
nents upon hydration.
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