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Abstract
This study evaluated the effects of superheated steam treatment (SST) on rice starch and changes in vitro digestibility, mor-
phostructural, thermal, and functional characteristics were investigated. SST was applied at 150 °C for 3 min (SS150/3) and 
5 min (SS150/5) and for the same times at 190 °C (SS190/3 and SS190/5), followed by drying and storage. SST affected 
the structural order, favoring gelatinization and exposing more of the double helix structure. Results indicated increased 
mobility of starch chains and disrupted ordered structures. The control shown a higher amount of long branches (DP ≥ 37), 
whereas thermally treated starches by SST exhibited a higher proportion of small amilopectin molecules, with SS190/5 being 
particularly noteworthy. Longer treatment times and higher temperatures caused pronounced morphological changes, includ-
ing gelatinization, agglomeration, granule destruction, and surface roughness. SST also increased water and oil absorption, 
reduced syneresis index, and altered crystallinity. Crystallinity experienced a significant reduction for all starches subjected 
to SS, with SS190/5 standing out with a maximum reduction of 55.07%, as confirmed by the IR (1047/1022)  cm−1. The 
results demonstrated the feasibility of structural and morphological modification of starch with superheated steam, mainly 
SS150/5 and SS190/5, obtaining properties distinct from native starch.

Keywords Starch modification · Digestion kinetics · Thermal pretreatment · Gelatinization

Introduction

The largest fraction of the rice grain is the endosperm (70%), 
rich in starch and containing some protein bodies, with 
approximately 20% of amylose, featuring distinct molecular 
masses, degrees of branching, and physicochemical proper-
ties [1]. Starch plays a fundamental role as an energy source 

in staple foods, and its digestibility directly impacts human 
health and nutrition. Various intrinsic factors such as ther-
mal properties, crystalline structure, molecular order, and 
surface characteristics, along with extrinsic factors including 
physical, chemical, and enzymatic modifications, influence 
starch digestibility [2, 3].
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It can be used in its natural state after extraction, 
referred to as "native starch," or undergo one or more 
modifications (physical, mechanical, biological, and/or 
chemical) to attain desired properties and become "modi-
fied starch". Several thermal techniques for starch modi-
fication have been investigated in previous studies, such 
as hydrothermal methods (autoclaving and cooking), and 
heat-moisture treatments [4].

In most cases, starch modification methods are time-
consuming and can lead to increased production costs and 
energy consumption, especially in large-scale production.

Superheated steam treatment (SST) has emerged as a 
promising technology for food processing, particularly in 
food drying, due to its enhanced heat transfer coefficients 
and efficient use of latent heat of evaporation [5]. Zhong 
et al. [6] describe SST as an innovative method offering 
high thermal efficiency, low pollution, and reduced energy 
waste compared to conventional techniques like thermal-
moisture treatment. Operating in shorter time intervals, 
SST involves heating saturated steam beyond its saturation 
point, making it capable of overcoming the limitations of 
traditional approaches by maximizing heat transfer coeffi-
cients and reusing evaporative heat [7]. These advantages 
encompass superior energy efficiency, rapid treatment, and 
the ability to achieve high temperatures owing to its high 
enthalpy and heat transfer capacity. Moreover, Koc et al. 
[8] highlight SST's potential for inducing structural and 
morphological changes in materials, alongside increased 
water retention capacity, compared to other industrial 
processes.

Zhong et al. [6] applied SST to produce resistant starch, 
converting slowly digestible starch (SDS) into resist-
ant starch (RS) at 120 °C. Hu et al. [9] demonstrated the 
impact of SST on starch digestibility in wheat flour, while 
Hu et al. [10] examined its effects on potato starch's struc-
tural and rheological properties. Among the various starch 
modification techniques, superheated steam proves to be 
viable due to its short processing time and the potential 
for operation on heating belts, where only the moisture 
content needs to be controlled at the beginning. The heat 
used in the process can come from steam produced by 
the industry's boilers. Additionally, it is an environmen-
tally friendly technique that does not harm the consumer's 
health, as it does not involve the use of acids or harmful 
chemical reagents. In addition to establishing a relationship 
between what happens in the structure of starch granules 
after SST with digestibility and affinity with water, oil, and 
retrogradation behavior after gelatinization. Therefore, the 
objective of this study is to evaluate the influence of SST at 
different times and temperatures on the in vitro digestibility 
and morphostructural, thermal, and functional character-
istics of rice starch.

Materials and methods

Materials

Basmati rice (Urbano, Brazil), sunflower oil (Soya, Brazil), 
sodium hydroxide (Neon, Brazil), α-amylase from human 
salivary Type XIII-A (EC 232-565-6), 3,5-dinitrosalicylic 
acid (DNS), ethyl alcohol, isoamylase from Pseudomonas 
sp. sodium metabisulfite, sodium acetate, acetic acid was 
purchased from Sigma Aldrich (Sigma Aldrich, USA). 
Anhydrous dimethyl sulfoxide (DMSO) (99.9%) from Synth 
(São Paulo, Brazil).

Starch extraction and superheated steam treatment 
(SST)

Rice grains were soaked in a 0.5% sodium metabisulfite 
solution at a ratio of 1:2 (w/v) at 7 °C for 72 h. After rinsing 
with running water for 3 min, the grains underwent grind-
ing in an industrial blender (KOHLBACH, KM42A) with 
distilled water at a ratio of 1:2 (w/v) for 5 min. The result-
ing suspension was filtered through an organza mesh, with 
the process repeated four times. The liquid collected during 
filtration was stored at 7 °C, with the supernatant discarded 
every 12 h, repeated five times with 200 mL of distilled 
water added each interval. At the end of the process, the 
starch has a moisture content of 70–75% moisture and needs 
to be adjusted by adding distilled water to 80% as a form of 
standardization before it can be inserted into the superheated 
steam equipment.

For SST, rice starch (300 g) with 80% moisture was 
treated using an SST equipment (NINGBO, DCZF-
F30-T300) at 150 °C and 190 °C for 3 min and 5 min, respec-
tively (SS150/3, SS150/5, SS190/3 and SS190/5). Untreated 
starch served as the control, following parameters extrapo-
lated from Ma et al. [11]. The flow speed was adjusted to 
1.00 m  s−1 and the steam was produced by a mini boiler 
coupled to the equipment with a pressure of 2 bar. After 
cooling, samples were dried at 50 °C with an air velocity of 
1.0 m  s−1 until reaching 14% water content. Starch pastes 
were spread onto aluminum plates (15 × 2 cm, 5.0 mm thick-
ness), then dried in a circulating oven (MARCONI, MA048) 
at 50 °C and 1.0 m  s−1 for 630 min, as determined in previ-
ous analyses. Subsequently, they underwent grinding three 
times using a disk mill (BOTINI, B55) [12].

In vitro digestion

In the salivary digestion phase, a solution of α-amylase 
(10 mg of α-amylase dissolved in 10 mL of 100 mmol/L 
sodium acetate buffer at pH 6.8) was added to 2  g of 
starch, and the mixture was agitated for 2 min at 37 °C. 
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Subsequently, gastrointestinal digestion occurred, wherein 
supernatants from the simulated digestion (0.5 mL) were 
collected at various time intervals during small intestine 
digestion (5, 30, 60, 90, 120, 150, 190, and 200 min) and 
promptly diluted with 2.5 mL of 95% ethanol to deactivate 
the enzymes. Maltose concentrations were determined using 
the reducing sugar method proposed by Miller [13]. The 
starch digestion curve at different maltose concentrations 
was constructed according to Eq. 1. Then, the area under 
the curve (AUC) was calculated (Eq. 2). The glycemic index 
(GI) was calculated using Eq. 3 [14].

where  C∞ is the estimated percentage of final starch diges-
tion;  Ct is the starch digestibility in t (min) and k is the starch 
digestion rate coefficient, AUC is the area of the curve;  tf is 
the final time (min),  t0 is initial time (min) and HI is hydroly-
sis index.

X‑ray diffraction (XRD)

XRD measurements (SHIMADZU, XRD-7000) were 
conducted with a 0.01º/s step in the 5–35° range at room 
temperature, operating at 80 mA and 40 kV. The relative 
crystallinity was calculated using the amorphous (Aa) and 
crystalline areas (Ac), as shown in Eq. (4) [7].

Fourier transform infrared Spectroscopy (FTIR)

The FTIR (Agilent, Cary 630) was conducted with 32 scans 
and a resolution of 4 cm-1 in the ranges of 600–1500  cm−1 
and 1500–3900   cm−1. The ratio between the bands at 
1047/1022  cm−1 and 1022/995  cm−1 was calculated to relate 
to the degree of order and double helix, respectively [15].

Scanning electron microscopy (SEM)

Images captured by a Superscan SSX-550 scanning electron 
microscope (SEM) were used to observe native (Control) 
and modified starch samples (SS150/3, SS150/5, SS190/3, 
and SS190/5). The samples were coated with a thin layer of 
gold, and SEM images were captured at a magnification of 
1000 × using a 10 kV potential [16].

(1)Ct = C∞ × (1 − e−kt)

(2)AUC = C∞

(

tf − t0
)

−

(

C∞

k

)

[1 − exp
(

−k
(

tf − t0
))

]

(3)GI = 39.71 + (0.549 × HI)

(4)RC(%) =
Ac

Ac + Aa
× 100

Differential Scanning Calorimetry (DSC)

The starch (2 mg, dry basis) was weighed and mixed with 
distilled water (6 µL), then left to equilibrate at 25 °C, for 
12 h. Subsequently, it was subjected to heating from 20 to 
180 °C, at a rate of 10 °C,/min using a DSC (2920 Modu-
lated DSC), where the onset temperature (To), conclusion 
temperature (Tc), and transition enthalpy (ΔH) were calcu-
lated [17].

Amylopectin branch chain‑length distribution

The processing began with the addition of 10 mg of starch 
to 3 mL of 90% DMSO, followed by heating in a water bath 
(CAP LAB, CAP-BMD) until boiling for 20 min. Then, 6 mL 
of anhydrous ethanol were added to the mixture, which was 
centrifuged at 5000 rpm for 15 min. The resulting precipitate 
was dissolved in 2 mL of 50 mM sodium acetate buffer (pH 
4) in a water bath for 20 min. After cooling the dispersion 
to 40 °C, it was treated with isoamylase (5 μL) for 24 h. The 
reaction was stopped in a boiling water bath for 20 min, and 
then 400 μL of the hydrolysate were extracted and diluted 
in 2 mL of NaOH (120 mmol/L), filtered through a 0.45 μm 
nylon filter. Next, 25 μL of the sample were injected into 
the Dionex™ CarboPac™ PA200 system to determine the 
average length of the amylopectin chain. The elution of the 
sample occurred at a rate of 1 mL/minute with a sodium ace-
tate gradient, prepared by adding eluent B (150 mM sodium 
hydroxide containing 500 mM sodium acetate) to eluent A 
(150 mM sodium hydroxide) [18].

Water absorption capacity (WAC) and oil absorption 
capacity (OAC)

Starch (1  g) was added to 10  mL of distilled water or 
sunflower oil, then the suspension was vortexed for 30 s 
(KASVI, K45-2810) and allowed to stand for 30 min. Sub-
sequently, the samples were centrifuged (SOLAB, SL706) 
for 15 min at 2000 rpm, the supernatant was discarded, and 
the calculation was performed by weight difference to deter-
mine the amount of water or oil retained by the starch [19].

Syneresis index

Starch pastes were formulated at a concentration of 10% 
(starch/water) (w/v) and heated at 80 °C for 12 min using 
a thermostatic water bath (Laborglas, Alpha A12). Subse-
quently, they were stored for 72 h at 7 °C and then centri-
fuged (SOLAB, SL706) at 2000 rpm for 10 min. Syneresis 
was determined by calculating the ratio of the mass of water 
separated from the paste to the initial sample mass.

[20].
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Solubility and swelling power

Starch (0.5 g) was added to 50 mL of distilled water and 
vortexed for 20 s (KASVI, K45-2810). The mixture was 
subjected to temperatures of 40, 60, and 80 °C in a ther-
mostatic water bath (LaborgLas, Alpha A12) for 30 min. 
Subsequently, it was cooled to 20 °C and centrifuged at 
3000 rpm for 20 min, then dried at 120 °C in an oven (Mar-
coni, MA048). The dry weights of the supernatant (P1), 
post-centrifugation pellet (P2), and initial starch weight (P) 
were used to calculate the solubility and swelling power 
(Eqs. 8 and 9) [21].

Analysis statistical

The statistical analysis was conducted using Statistica 7.0 
software (Statsoft, USA) with three repetitions (n = 3). Sta-
tistical significance (p < 0.05) was determined through one-
way ANOVA with Tukey's post hoc test. For the analysis of 
the distribution of the branched chain length of amylopectin, 
the online software ASTRA 6.1 (Wyatt Technology, USA) 
was employed. The graphs were generated using OriginPro 
8.5 software.

Results and discussion

Impact of treatment conditions on the in vitro 
digestion of rice starch

The catalytic reaction of α-amylase was evaluated, and the 
graph depicting starch digestion over time is shown in Fig. 1. 
It was observed that starch digestibility increased rapidly at 
the beginning of the process and then gradually reached sta-
bility. For the control and SS150/3 (Fig. 1), the time to stabi-
lization was 150 min, with the increase in exposure time and 
temperature, the digestion stabilization time was reduced 
to 120 min. This indicates that the SST process facilitates 
the entry of α-amylase into starch granules, reducing diges-
tion time. According to Kumar et al. [22], starch molecules 
become more complex and harder to be decomposed by 
α-amylase after a certain digestion time, leading to a decel-
eration in the digestion rate and a gradual attainment of the 
digestibility peak.

The statistical parameters used to measure the degree of 
fit to the experimental data were summarized in Table 1. 

(8)Solubility (%) =
P1

P
× 100

(9)Swelling Power (g∕g) =
P2 × 100

P × (100 − solubility)

For all treatment conditions, the model provided an accu-
rate description with a coefficient of determination  (R2) 
greater than 0.94 and ϰ2 less than 1.798, indicating a sat-
isfactory fit to the experimental data for all conditions 
evaluated in this study. When evaluating the kinetic param-
eters  C∞ and k (Table 1), a significant difference (p < 0.05) 
between the control and SST-treated samples is evident, 
with SS150/5 and SS190/5 standing out, showing the high-
est hydrolysis percentages with rates of 2.94 ×  10–2  min−1 
and 3.14 ×  10–2  min−1, respectively.

The results showed that rice starch treated with SST 
resulted in higher rates of enzymatic reaction. This can be 
observed for the samples treated for longer periods, SS190/5 
and SS150/5 (Fig. 1), which exhibited more pronounced 
digestion curves, indicating higher digestibility rates. This 
occurs because SST promotes partial gelatinization of starch, 
breaking down crystalline structures and making starch mol-
ecules more soluble and available for the action of digestive 
enzymes [10]. Starch treated with SST for a longer period 
may lead to the fragmentation of starch granules, increas-
ing their available surface area for the action of digestive 
enzymes [11].

As observed in Table 1, the control sample exhibited the 
smallest area (2416.15) and consequently the lowest hydrol-
ysis Index (HI) (17.76), in contrast to the treated samples 
which showed larger areas ranging from 4628.68 (SS150/3) 
to 9192.61 (SS190/5), and HI ranging from 34.06 to 67.59%, 
contributing to a more efficient starch hydrolysis during the 
digestion process. The control sample had a GI of 49.46, 
while the modified starches' GI values were significantly 

Fig. 1  In vitro digestibility of rice starch treated by superheated steam 
adjusted to the general first-order model: Control: native (untreated) 
rice starch; SS150/3: rice starch steamed at 150  °C for 3  min; 
SS150/5: rice starch steamed at 150  °C for 5  min; SS190/3: rice 
starch treated at 190 °C for 3 min and SS190/5: rice starch treated at 
190 °C for 5 min
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higher (p < 0.05) and above 50. According to the classifi-
cation proposed by Osman et al. [23], SS150/3, SS150/5, 
and SS190/3 belonged to medium GI foods (56–70), while 
SS190/5 was considered a high GI food (> 70), with a GI of 
76.82. According to Dadi et al. [24], the increase in GI with 
the application of SST treatment can be attributed to starch 
gelatinization, as gelatinized starch is more easily digested 
and absorbed by the body, leading to a faster increase in 
blood glucose levels and consequently a higher glycemic 
index.

After 210  min of reaction, the fraction that remains 
unchanged in the starch is called resistant starch (RS), as the 
enzyme did not have access to the internal structure of the 
granules. Only SS150/3 (4.55%) showed a lower RS value 
than the control (5.16%), indicating that at prolonged times 
and temperatures, the clusters of amorphous rice starch par-
ticles formed by SST hinder the complete breakdown of the 
molecules. This can also be explained by the rearrangement 
of internal molecules forming more complex structures and 
the saturation of the active sites of α-amylase after extended 
hydrolysis times [10].

X‑ray diffraction (XRD) and relative crystallinity

In Fig. 2, the main peaks in the rice starch diffractogram 
are presented. It was found that the control, SS150/3, and 
SS190/3 exhibited characteristic peaks of type A pattern 
at 14.85°, 16.84°, 17.83°, 19.66°, and 22.81°, indicative 
of cereal starch. These results suggest that SST at shorter 
times did not alter the crystalline pattern of rice starch. How-
ever, with prolonged treatment (SS150/5 and SS190/5), a 

flattening of the doublet between 17–18° was observed, with 
a shift to 19.86°. The peak intensity decreased with longer 
heat application, possibly due to structural rearrangements 
within the starch granule's crystalline domain, leading to the 
displacement of double helices between the crystals. Guo 
et al. [25] found a more pronounced peak at 20°, indicat-
ing the formation of the amylose–lipid complex due to the 
type V pattern formation. This confirms that the type and 
crystallinity index of these formulations were significantly 

Table 1  First-order model 
parameters adjusted for in vitro 
digestion of rice starch treated 
by superheated steam and 
glycemic index (GI)

Values were expressed as the mean ± standard deviation of triplicate experiments.
Control native (untreated) Rice starch, SS150/3 rice starch steamed at 150 °C for 3 min, SS150/5 rice starch 
steamed at 150  °C for 5  min, SS190/3 rice starch treated at 190  °C for 3  min and SS190/5: rice starch 
treated at 190 °C for 5 min. Equal superscript capital letters in the same column indicate that there was no 
significant difference between formulations for the same parameter (p < 0.05)., R2 Coefficient of determina-
tion, �2 Chi-Square. C∞ estimated percentage of final starch digestion, k starch digestion rate coefficient, 
AUC  curve area, HI hydrolysis index, GI glycemic index, RS resistant starch

Formulations C∞ (%) k ×  102  (min−1) R2
�
2

Control 15.18 ± 0.21E 2.07 ± 0.10E 0.957 0.673
SS150/3 30.36 ± 0.31D 2.43 ± 0.05D 0.976 1.553
SS150/5 42.33 ± 0.62B 2.94 ± 0.03B 0.954 1.798
SS190/3 39.11 ± 0.52C 2.73 ± 0.08C 0.948 0.857
SS190/5 55.35 ± 0.19A 3.14 ± 0.04A 0.945 1.298
Formulations AUC HI (%) GI RS (%)
Control 2416.15 ± 3.93E 17.76 ± 0.15E 49.46 ± 0.21E 5.16 ± 0.21D

SS150/3 4628.68 ± 4.19D 34.06 ± 0.22D 58.39 ± 0.10D 4.55 ± 0.10E

SS150/5 7120.44 ± 5.81B 52.35 ± 0.11B 68.45 ± 0.18B 10.78 ± 0.21B

SS190/3 6395.50 ± 3.85C 47.02 ± 0.17C 65.52 ± 0.07C 6.31 ± 0.07C

SS190/5 9192.61 ± 5.26A 67.59 ± 0.20A 76.82 ± 0.13A 12.01 ± 0.11A

Fig. 2  X-ray diffraction of rice starch treated by superheated steam. 
Control: native (untreated) rice starch; SS150/3: rice starch steamed 
at 150  °C for 3  min; SS150/5: rice starch steamed at 150  °C for 
5 min; SS190/3: rice starch treated at 190 °C for 3 min and SS190/5: 
rice starch treated at 190 °C for 5 min
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affected, especially for SS190/5, where an elevation of the 
peak at 19.86° and a large amorphous area were observed.

The variation in crystallinity index from 21.77 to 9.78% 
can be observed in Table  2, with the lowest value for 
SS190/5. It is possible to verify that the crystallinity index 
decreased as the time and temperature of SST treatment 
increased, showing significant differences for all formula-
tions. The SST increased the mobility of starch chains, frag-
menting unstable crystalline areas and altering the arrange-
ment of ordered helical structures, resulting in structural 
changes in the starch granules [26].

Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra of the starches treated by SST are presented 
in Fig. 3A and B. The ratio between the bands corresponding 
to amylose and amylopectin chains was chosen to quantify 
the structural changes in the granules after SST treatment. 
The short-range structure of starch was characterized by 
absorbance at 1047  cm−1 (crystalline area) and 1022  cm−1 
(amorphous area), while the range at 995  cm−1 represented 
the hydrated starch structure [11]. The IR 1047/1022  cm−1 
ratio decreased for the SST-treated samples, indicating a 
reduction in short-range molecular ordering. In contrast, the 
IR 1047/995  cm−1 ratio increased, suggesting partial gelati-
nization due to limited water availability during SST. Formu-
lations with the same processing time showed no significant 
differences for the IR 1047/1022  cm−1 ratio, while differ-
ences were observed for the IR 1022/995  cm−1 ratio only 
between SS150/5 and SS190/5. A decrease in peak intensity 
around 3300  cm−1 (OH and hydrogen), 2931  cm−1 (CH), and 
1625  cm−1 (H–O) was observed for samples treated for 5 min 
and SS190/3, indicating the disruption of hydrogen bonds 
and exposure of double helices during SST, as observed by 
Ma et al. [27]. It is noticeable that a consistent band pattern 
was maintained for all formulations, with no new functional 
groups found, only differences in intensities.

Table 2  Results of IR (1047/1022)  cm−1, (1022/995)  cm−1, crystallinity index and thermal parameters of rice starch

Values were expressed as the mean ± standard deviation of triplicate experiments. Control: native (untreated) rice starch; SS150/3: rice starch 
steamed at 150 °C for 3 min; SS150/5: rice starch steamed at 150 °C for 5 min; SS190/3: rice starch treated at 190 °C for 3 min and SS190/5: 
rice starch treated at 190 °C for 5 min. To: onset temperature, Tc: conclusion temperature and ΔH: enthalpy of gelatinization. Equal superscript 
capital letters in the same column indicate that there was no significant difference between formulations for the same parameter (p < 0.05)

Formulations IR (1047/1022)  cm−1 IR (1022/995)  cm−1 Crystallinity index (%) To (ºC) Tc (ºC) ΔH (J/g)

Control 0.63 ± 0.01A 0.74 ± 0.01D 21.77 ± 0.16A 60.11 ± 0.03D 69.09 ± 0.08E 9.89 ± 0.05A

SS150/3 0.61 ± 0.01B 0.77 ± 0.01C 19.39 ± 0.21B 62.22 ± 0.08C 70.39 ± 0.18D 8.59 ± 0.09B

SS150/5 0.58 ± 0.01C 0.88 ± 0.02A 11.23 ± 0.05D 62.16 ± 0.06B 70.88 ± 0.09C 7.91 ± 0.10D

SS190/3 0.61 ± 0.01B 0.80 ± 0.01B 18.33 ± 0.19C 61.13 ± 0.13C 71.91 ± 0.15B 8.33 ± 0.17C

SS190/5 0.58 ± 0.01C 0.85 ± 0.01A 9.78 ± 0.12E 64.09 ± 0.09A 73.02 ± 0.22A 7.04 ± 0.23E

Fig. 3  Rice starch FTIR: A Total FTIR spectrogram 600–1500  cm−1 
and B 1500-3900  cm−1 magnification. Control: native (untreated) rice 
starch; SS150/3: rice starch steamed at 150  °C for 3 min; SS150/5: 
rice starch steamed at 150 °C for 5 min; SS190/3: rice starch treated 
at 190  °C for 3  min and SS190/5: rice starch treated at 190  °C for 
5 min
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Scanning electron microscopy (SEM)

SST was also evaluated on the morphology and surface char-
acteristics of rice starch particles (Fig. 4). In Fig. 4A, the 
control starch granules with intact surface can be observed, 
characterized by an ovoid geometry with some multifaceted 
parts due to the extraction and grinding method. As the treat-
ment time and temperature in the SST processing of rice 
starch increased, more pronounced morphological changes 
were observed. For SS150/3 (Fig. 4B), it can be observed 
that the granules began to partially gelatinize and form a 
single agglomerate, while the geometry of the granules is 
still visible. In Fig. 4C, with the increase in treatment time 
from 3 to 5 min, gelatinization becomes more pronounced 
and a significant portion of the granules is destroyed, form-
ing large agglomerates with irregularities and roughness 
on the surface. With the increase in temperature to 190 °C 
(Fig. 4C and D), the granules appear to be dissolved due to 
complete gelatinization, and the geometry of the granules 
can no longer be defined. In SS190/5, porosity and rough-
ness of the starch are observed, being the formulation where 
the action of SST treatment was most efficient. According 
to Ma et al. [28], after SST, some starch granules showed 
partial fragmentation, with irregular shapes and rough sur-
faces, due to partial gelatinization under conditions of low 
water availability.

Thermal properties

The values of onset gelatinization temperature (To) and peak 
temperature (Tc) are presented in Table 2 and Fig. 5. Higher 
values of To and Tc were observed for starches modified 
by SST compared to the control. When comparing SS150/3 
and SS190/3, it was observed that increasing the tempera-
ture from 150 to 190 °C at a fixed time of 3 min did not 
significantly modify the thermal parameters of rice starch. 
However, when comparing SS150/5 and SS190/5, there 
was a significant difference (p < 0.05) between the formula-
tions, with the latter showing even higher temperatures (To: 
64.09 °C and Tc: 73.02 °C), indicating greater resistance 
to hydration and intermolecular bond breaking. Chen et al. 
[29] reported that during SST, the interaction between starch 
granules and water resulted in partial breakage of intermo-
lecular hydrogen bonds and a decrease in double helix con-
tent, leading to partial gelatinization of starch granules.

SS190/5 showed a 28.81% reduction in ΔH values com-
pared to the control, indicating that even with high To and 
Tc, the time required for complete gelatinization is low, 
resulting in less energy for this process. This can be justi-
fied because the broken molecules could reorganize, lead-
ing to increased interaction between starch chains, result-
ing in improved double helix formation and reduction of 
starch granule destabilization [30]. The positive enthalpy of 

gelatinization reflects the starch crystallinity and the energy 
required to disrupt its ordered organization. During the ini-
tial stages of gelatinization, starch double helices begin to 
unwind, with this process being intensified with increasing 
time and temperature [31].

Length of the branched chain of amylopectin

This parameter could be related to the crystallinity index, 
where according to 32), a decrease in crystallinity corre-
sponds to an increase in the branching degree of amylopec-
tin, especially for shorter chains (Table 3). The proportions 
of (DP 6–12) and (DP 13–24) were lower for the control, 
while (DP 25–36) remained constant for all formulations. 
The control presented higher proportions of intact amylo-
pectin with larger branches (DP ≥ 37), due to non-covalent 
bonds or co-crystallization with other large amylopectin 
molecules [33]. However, these bonds may break as heating 
disrupts the crystalline structure, making them easily remov-
able from the surface through heat treatment [34]. This is 
why starches treated with SST exhibited a higher proportion 
of smaller amylopectin molecules.

Water absorption capacity (WAC), oil absorption 
capacity (OAC) and syneresis index

As the temperature and treatment time increased, the WAC 
values of all samples increased, with SS190/5 showing the 
highest WAC, reaching 63.69 g 100  g−1 (Fig. 6A). These 
results indicate that higher heating temperatures are required 
to increase the WAC of rice starch. This increase is attrib-
uted to the decrease in water content and reduction in hydro-
gen bonds caused by SST.

Keppler et al. [35] found that SST increased WAC due to 
water interaction with polar carbohydrate groups.

The results indicate that SST application led to an 
improvement of up to 10.37% in oil absorption capacity 
(OAC) compared to control starch (Fig. 6B). However, 
starches subjected to 190ºC showed no significant differ-
ences for the studied times (3 and 5 min), with values of 
64.99% (SS190/3) and 65.86% (SS190/5), respectively. This 
suggests that our strategy is promising as an alternative to 
increase OAC levels. Almeida et al. [36] obtained OAC val-
ues ranging from 47 to 71% for enzymatically modified red 
rice starch.

The study revealed that water release is influenced not 
only by the treatment temperature but also by the treatment 
duration (p < 0.05). All treated formulations showed lower 
syneresis index (Fig. 6C) values compared to control starch, 
which recorded a value of 24.33 g 100  g−1. SS190/5 exhib-
ited the most significant reduction in the syneresis index 
(22.07%), due to the increased concentration of the gel-
forming polymer, effectively minimizing syneresis.
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Fig. 4  SEM image of the starch rice surface: A Control, B SS150/3, 
C SS150/5, D SS190/3 and E SS190/5. Control: native (untreated) 
rice starch; SS150/3: rice starch steamed at 150  °C for 3  min; 

SS150/5: rice starch steamed at 150  °C for 5  min; SS190/3: rice 
starch treated at 190 °C for 3 min and SS190/5: rice starch treated at 
190 °C for 5 min
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Swelling power and solubility of rice starch

SST significantly increased swelling power values but 
decreased solubility values for all formulations. Swelling 
power values ranged from 9.37 to 16.35 g/g, with the high-
est value observed for SS190/5 (Fig. 7A), while solubility 
values ranged from 10.13 to 14.97%, with the highest value 
for the control. 32) observed that a higher number of short 
branches in amylopectin chains resulted in greater swell-
ing capacity, while longer and more branched chains had 
the opposite effect. The increase in swelling power can be 
justified as SST caused starch granules to break down due 
to partial gelatinization, enhancing the interaction between 
starch and water [37]. Meanwhile, the rearrangement and 

strengthening of the molecular order of functional groups 
may be responsible for the decrease in solubility [38].

Conclusion

In conclusion, the results of this study demonstrate the fea-
sibility of modifying rice starch using the SST treatment, 
which rapidly altered properties, employing a low-cost 
and environmentally friendly technique. This opens up the 
possibility of expanding the application of starch in large-
scale food industries. Rice starch treated with SST showed 
increased water and oil absorption, reduced syneresis, and a 
higher glycemic index. These modifications were attributed 
to changes in crystalline structure, porosity, and availability 
of amylose and amylopectin for enzymatic digestion. The 
formulation SS190/5 stood out, with a significant reduction 
in crystallinity index (55.07%) and the appearance of the 
amylose–lipid complex, leading to a change in crystallin-
ity type to type V. The control showed a higher quantity of 
long branches (DP ≥ 37), while starches treated thermally 
with SST showed a higher proportion of small amylopectin 
molecules (DP 6–12 and DP 13–24). Modified rice starch 
also exhibited higher To and Tc values and lower ΔH val-
ues, with a maximum reduction of 28.81% for SS190/5. The 
results demonstrated the feasibility of structural and mor-
phological modification of rice starch with SST, especially 
at SS150/5 and SS190/5, obtaining distinct properties from 
native starch.

Finally, this methodology can be applied to various starch 
sources and even expand the range of time and temperature 
to evaluate the limits of modification with SST without sig-
nificant nutritional losses. As shown, the morphostructural 
changes are related to the time–temperature combination 
used in the process. Therefore, the focus now is to study 
how SST influences the textural, rheological, and viscosity 
parameters in paste formation and when applied to foods 
that require further thermal treatment. This study has some 

Fig. 5  DSC thermograms for rice starch treated under different con-
ditions of temperature and superheated steam treatment time. Con-
trol: native (untreated) rice starch; SS150/3: rice starch steamed at 
150 °C for 3 min; SS150/5: rice starch steamed at 150 °C for 5 min; 
SS190/3: rice starch treated at 190  °C for 3  min and SS190/5: rice 
starch treated at 190 °C for 5 min

Table 3  Distribution of 
amylopectin chain length 
for rice starch modified by 
superheated steam treatment

Values were expressed as the mean ± standard deviation of triplicate experiments. Control: native 
(untreated) Rice starch; SS150/3: rice starch steamed at 150 °C for 3 min; SS150/5: rice starch steamed 
at 150 °C for 5 min; SS190/3: rice starch treated at 190 °C for 3 min and SS190/5: rice starch treated at 
190 °C for 5 min. DP: degree of polymerization. Equal superscript capital letters in the same column indi-
cate that there was no significant difference between formulations for the same parameter (p < 0.05)

Formulations DP 6–12 DP 13–24 DP 25–36 DP ≥ 37

Control 19.03 ± 0.08D 54.29 ± 0.22E 11.76 ± 0.06A 14.01 ± 0.12A

SS150/3 19.31 ± 0.10C 54.80 ± 0.11D 11.77 ± 0.06A 13.79 ± 0.09B

SS150/5 19.52 ± 0.15BC 55.28 ± 0.09C 11.78 ± 0.05A 13.42 ± 0.05C

SS190/3 19.61 ± 0.03B 55.71 ± 0.17B 11.80 ± 0.03A 13.21 ± 0.05D

SS190/5 19.88 ± 0.07A 56.14 ± 0.10A 11.82 ± 0.04A 13.07 ± 0.06E
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limitations, as one concern in thermal modification pro-
cesses of starch is developing new methods to cool the starch 
quickly, aiming for starch recovery after the process. There-
fore, new techniques such as forced ventilation with cold air, 
direct and indirect cooling, and freezing can be employed.
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