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SUMMARY
Starch stability under the processing conditions can be improved by modifying the 

granule structure using chemical and/or physical processes. The effect of heat-moisture 
treatment (HMT) on the physicochemical, morphological, pasting and thermal properties 
of green banana (Musa paradisiaca L.) starch was investigated. To analyze the changes in 
starch properties due to the combined effect of the process variables, time (h), moisture 
(%), and temperature (°C) were considered as independent variables using a central com-
posite rotatable design. The native starch extracted using ammonium hydroxide as an an-
tioxidant contained 80.4 % total carbohydrates, 53.7 % apparent amylose, 11.46 % mois-
ture, and other constituents (ash, protein, lipids), which accounted for less than 1 %. The 
granule morphology was affected by the moisture and temperature used in HMT. A and 
B type X-ray diffraction patterns were observed in the native and modified starch. Mathe-
matical models that describe the behaviour of modified starch properties as a function of 
the evaluated parameters were obtained. The variables time and temperature significantly 
affected the physicochemical, rheological and digestibility properties of starch.

Key words: Musa paradisiaca L., physical changes, physicochemical properties, thermal 
properties, digestibility

INTRODUCTION
The main sources of commercial starch are corn, wheat, potato and cassava. However, 

there is a trend towards different sources of natural starch with characteristics and prop-
erties that meet the consumer demand and different industrial segments. Thus, the pro-
cessing of unexplored raw materials, like the starch extracted from green banana (Musa 
paradisiaca L.), has been studied to assess its properties for industrial applications. The 
green banana starch exhibits physicochemical, functional and digestibility characteristics 
different from those of conventional sources such as corn, wheat, rice and potato (1). This 
starch has high concentration of indigestible or resistant starch fraction, which presents 
health benefits and physiological improvements, controlling or preventing diseases, with 
important applications in processed foods, making them more nutritious and commercially 
viable. In addition, bananas have low production costs, and the starch extraction may be a 
viable alternative to minimize post-harvest losses (2).

Several factors can impair the industrial applications of native starch, including low 
shear stress resistance, thermal decomposition, high retrogradation and syneresis, and 
structure instability under different temperatures, pH, and pressure conditions (3). How-
ever, the polysaccharide molecule can be modified to reach the desirable characteristics, 
for example using a physical method, such as heat-moisture treatment (HMT), once no 
chemical reagents are used and the resulting product does not need to be classified as a 
modified starch for commercialization (4).

The HMT involves the treatment of starch under insufficient moisture and temperature 
values higher than those of gelatinization for a given period of time, leading to structural 
modifications in the granules without destruction of the structure, with significant impact 
on the general properties, including starch digestibility (3–5).
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Several authors have studied heat treatment to modi-
fy starch granules, including rice starch (6), potato starch (5), 
cashew nut starch (7), Morato banana starch (8), and corn starch 
(9). However, statistical tools have not been used to optimize 
variables that influence the modification process (i.e. HTM). Al-
though most studies have evaluated the specific and non-sys-
tematic conditions of hydrothermal treatment (temperature, 
time and moisture content), changes in all the operating con-
ditions have not been assessed. In this context, this study eval-
uates the effect of temperature, time and moisture on physic-
ochemical, morphological, pasting and thermal properties of 
banana (Musa paradisiaca L.) starch using the central composite 
rotatable design (CCRD) as optimization method.

MATERIALS AND METHODS

Starch extraction

Green banana (Musa paradisiaca L.) was purchased from 
the local grower (Bahia, Brazil), and standardized according to 
the maturity degree, with a completely green peel. Starch was 
extracted as reported by Moorthy (10), with some modifica-
tions, using 0.03 mol/L ammonium hydroxide as an antioxidant 
at a ratio of 1:7 (m/V). The green banana was triturated in a do-
mestic blender (Philips Walita, Varginha, MG, Brazil), followed 
by successive washing with distilled water and centrifugation 
at 3000×g (Q222tm2; Quimis, Diadema, SP, Brazil) until the su-
pernatant was clear. Then, the resulting mass was dried in a 
forced air circulation oven TE-394/1 (Tecnal, São Paulo, SP, Bra-
zil) at 40 °C for 24 h.

Heat-moisture treatment

The heat-moisture treatment (HMT) of banana (Musa para-
disiaca L.) starch was performed according to the method de-
scribed by Chung et al. (11). Starch was subjected to different 
moisture levels, temperature, and time conditions. For that, the 
initial moisture content of the native starch was determined, 
which was subsequently adjusted by the addition of distilled wa-
ter to reach the desired level, according to the central composite 
rotatable design (CCRD) (Table 1), using the following equation:

   /1/
 
where mw (g) is the mass of water to be added, Mi (%) is the 
initial moisture of the sample, Mf (%) is the desired moisture, 
and m (g) is the sample mass.

A mass of 60 g native starch was placed in a stainless steel 
reactor, and distilled water, according to the experimental 
planning shown in Table 1, was added and mixed. The sam-
ple remained in the reactor at 4 °C for 24 h. The hermetically 
sealed samples were oven-heated at the set temperatures and 
times. Starch samples were dried in an oven TE-394/1 (Tecnal) 
with forced air circulation at 40 °C until reaching a moisture 
content close to 12 %.

Physicochemical characterization

The moisture content (AOAC method 945.15) (12), ash 
(AOAC method 923.03) (13), protein (AOAC method 945.18) 
(14) and pH (AOAC method 945.27) (15) values were deter-
mined according to AOAC. 

The total lipids were determined as described by Bligh 
and Dyer (16) using 5 g of starch and a homogeneous solution 
of chloroform, methanol and water in a ratio 1:2:0.8, respec-
tively. The apparent amylose content was measured by the 
colorimetric method, which is based on the transmission of 
light through the coloured complex the amylose forms when 
reacting with iodine, according to the method of Martinez et 
al. (17). The water absorption index was determined at 30 °C 
by the method proposed by Kaitaranta et al. (18), while swell-
ing power and solubility were determined at 95 °C according 
to the method of Schoch (19). 

Resistant starch and non-resistant starch were determined 
using the Megazyme International Reagent Kit (Bray, Ireland), 
according to the method described by the manufacturer. Sam-
ples were incubated in a shaking water bath (Q215m2; Quimis) 
at 200 rpm with pancreatic α-amylase and amyloglucosidase at 
37 °C for 16 h, during which time non-resistant starch was solu-
bilised and hydrolysed to d-glucose by the combined action of 
the two enzymes. The reaction was terminated by the addition 
of an equal volume of ethanol or industrial methylated spirits 
(IMS, denatured ethanol), and the resistant starch was recovered 
as pellets after centrifugation at 1000×g (Q222tm2; Quimis). The 
pellets were then washed twice with the suspension of aque-
ous IMS or ethanol (50 %, by volume), and separated by cen-
trifugation at 3000×g. Free liquid was removed by decantation. 
Resistant starch pellets were dissolved in 2 mol/L KOH P.A.-A.C.S 
(Synth, Diadema, SP, Brazil), by vigorously stirring at 1000×g in 
an ice-water bath over a magnetic stirrer (Q215m2; Quimis). The 
solution was then neutralised with acetate buffer (Synth) and the 
starch was quantitatively hydrolysed to glucose with amyloglu-
cosidase. d-Glucose was measured with glucose oxidase/perox-
idase reagent (GOPOD; Megazyme), and this was a measure of 
the resistant starch content of the sample. Non-resistant starch 
(solubilised starch) was determined by pooling the original su-
pernatant and washings with distillated water, adjusting the vol-
ume to 100 mL and measuring d-glucose content with GOPOD.

X-ray diffraction analysis

X-ray diffraction (XRD) analysis of starch was performed in 
a Bruker D2 Phaser diffractometer (Karlsruhe, Germany) using 
CuKα (30 kV and 10 mA) radiation in the range of 5º≤2θ≤40º, 
at 1600 V, in a continuous step.

Pasting properties of green banana starch

The pasting properties of green banana (Musa paradisiaca 
L.) starch were determined in a rapid visco analyzer (RVA 4500; 
Perten Instruments, PerkinElmer, Hägersten, Sweden), accord-
ing to Hart Weber et al. (20), with modifications. Starch suspen-
sions at the concentration of 0.1 g/mL were analysed with RVA 
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2.3; Thermo Fisher Scientific, Waltham, MA, USA), operating at 
5 kV, with acquisition software Scanning Electron Microscope 
(SEM) Control User Interface v. 2.24 (21). The samples were 
mounted on the stubs using double-sided conductive tape, 
the excess was sprayed with CO2 and then placed in Desk V ap-
paratus (Denton Vacuum, LLC, Moorestown, NJ, USA) for gold 
deposition for 2 min, using gold as the conductive metal. These 
analyses were performed in the High Resolution Microscopy 
Multiuser Laboratory (LabMic), at the Institute of Physics, UFG 
(Federal University of Goiás, Goiânia, Brazil).

Statistical analysis

To analyze the effect of the heat treatment on the starch 
properties, a central composite rotatable design (CCRD) was 
used with 19 trials and 15 treatments, and five replicates at 
the central point (Table 1). The results were subjected to re-
gression analysis to evaluate the effect of treatments and vari-
ables, with their respective interactions. The regression coeffi-
cients were estimated from the experimental data by multiple 
linear regression and a second-order polynomial model. The 
regression coefficients of quadratic model were tested, and 
the model with significance (p≤0.05), non-significant lack of 
adjustment (p>0.05) and suitability of the model to the phe-
nomenon was selected. All analyses were performed using 
the SAS software, version University Edition (22).

calibrated at 50 °C for 1 min, followed by heating to 95 °C at a 
rate of 6 °C/min for 5 min, and cooling to 50 °C at a rate of 6 °C/
min. The measured parameters were: pasting temperature (°C), 
maximum viscosity (mPa·s), final viscosity (mPa·s), breakdown 
temperature (°C), and setback viscosity (mPa·s).

Starch thermal properties

Starch gelatinization was evaluated using a differential 
scanning calorimeter (DSC model Q20; TA Instruments, New 
Castle, DE, USA), as described by Hart Weber et al. (20), with 
modifications. For that, 2.0 mg (on dry basis) sample was 
weighed into aluminum pans and 6 μL distilled water were 
added. The pans were hermetically sealed and held for 12 h 
at room temperature, and then brought to the equipment 
where they were subjected to a heating cycle from 40 to 120 
°C at a rate of 10 °C/min. An empty hermetically sealed alumi-
num pan was used as a reference, the DSC cell was calibrated 
with indium, and the experiment was performed under a dy-
namic nitrogen atmosphere (50 mL/min).

Morphological properties

The morphological properties of granules were evaluated 
by scanning electron (SEM, JSM-6610; JEOL Ltd., Tokyo, Japan) 
equipped with energy-dispersive spectroscopy (EDS, EDS NSS 

     Table 1. Central composite rotatable design (CCRD) of the experiment

X1 X2 X3

Temperature 
°C

t
h

w(moisture) 
%

CP 100 13 25

Delta 12 6.5 6

Coded level Actual level

Trial Repetition X1 X2 X3 Temperature 
°C

t
h

w(moisture) 
%

1 1 –1 –1 –1 88 6.5 19

2 1 1 –1 –1 112 6.5 19

3 1 –1 1 –1 88 19.5 19

4 1 1 1 –1 112 19.5 19

5 1 –1 –1 1 88 6.5 31

6 1 1 –1 1 112 6.5 31

7 1 –1 1 1 88 19.5 31

8 1 1 1 1 112 19.5 31

9 1 –1.68 0 0 79.84 13 25

10 1 1.68 0 0 120.16 13 25

11 1 0 –1.68 0 100 2.08 25

12 1 0 1.68 0 100 23.92 25

13 1 0 0 –1.68 100 13 14.92

14 1 0 0 1.68 100 13 35.08

15 1 0 0 0 100 13 25

15 2 0 0 0 100 13 25

15 3 0 0 0 100 13 25

15 4 0 0 0 100 13 25

15 5 0 0 0 100 13 25
     CP=central point
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RESULTS AND DISCUSSION

Characterization of native starch

The extraction yield (19.4 %) indicated the industrial po-
tential of green banana as a starch source when compared to 
the varieties commonly used, such as sweet potato (18 %), ar-
rowroots (8–16 %), yam (18–23 %), and Peruvian carrot (5–23 
%) (23). Native starch had a moisture content of 11.48 g/100 
g, and low protein (0.06 g/100 g), lipid (<0.1 g/100 g), and ash 
(0.06 g/100 g) levels, and total carbohydrate content of 88.4 
g/100 g. The pH remained alkaline (8.26), between 9 and 10, 
similar to the pH of the pulp, as reported in the literature (10). 
The starch had a high apparent amylose content on dry mass 
bases (53.7 g/100 g), probably due to the used method, which 
measures a blue complex formed by the classical reaction be-
tween the α-1,4 bonds of amylose and iodine. The extent of 
this complex may vary essentially based on the characteris-
tics of its formation, depending on the molecular mass of the 
amylose and the concentration of iodide, increasing the ab-
sorbance with the increase in these variables (24).

Morphology of native and heat-and-moisture-treated 
green banana starch granules

The effect of the variables time, temperature and mois-
ture during the heat treatment on granule morphology was 
observed by scanning electron microscopy (Fig. 1). The gran-
ules had some imperfections on the surface (Fig. 1c) when 
compared to the native starch (Fig. 1a), which had a smooth 
and uniform surface. This can be explained by the high tem-
perature and moisture content used during the modification, 
which possibly caused pre-gelatinization of starch, evidenced 

by the apparent deformity in the outer structure of the gran-
ules, being less pronounced in the samples of trials 1 (Fig. 1b) 
and 12 (Fig. 1d), which were subjected to milder temperature 
and moisture conditions. The observed physical changes were 
possibly a result of the partial melting and restructuring of the 
amylose and amylopectin chains on the granule surface (4).

Physicochemical characterization of heat-and- 
-moisture-treated starch

In the diffractogram of the native starch, well-defined peaks 
(2θ) were observed at 11°, 15°, 17°, 20°, 23° and 26°, character-
izing starch types A and B (25). After modification, all starch ex-
hibited diffraction peaks at 17° and 18°, an unfolding of native 
starch peak at 17°, with an A-type crystalline structure typical of 
gelatinized starch (26,27). This characteristic is in accordance with 
the modifications observed in the morphology of HMT starch, 
which was compatible with the pregelatinized starch. The modi-
fied starch showed higher crystallinity, as demonstrated by the 
peak shape at 23°. Changes in crystallinity after HMT depends 
on the botanical origin and the conditions used in the treatment 
(24). The increase in crystallinity of the starch after the applied 
treatments may be related to the high concentration of appar-
ent amylose, and in the native starch it is mainly associated with 
the amorphous region, which has a vitreous nature. That may 
result in a granular structure of the native starch. However, after 
gelatinization, the amylose plays a role in the crystallization due 
to its linear partial structure that favors the formation of junction 
zones. Thus, it is possible to suppose that in native starch with low 
crystallinity, a large number of junction areas are formed in an ap-
propriate energy state after gelatinization, showing greater crys-
tallinity of gelatinized starch than of the native starch granules.

Fig. 1. Scanning electron micrographs of green banana (Musa paradisiaca L.) starch at magnification of 2000×: a) native starch, b) sample in trial 
1, c) sample in trial 8, and d) sample in trial 12
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The apparent amylose contents of heat-and-moisture-
treated starch were affected by the temperature and mois-
ture used in the treatment. The sample of trial 8 contained 
58.78 g/100 g apparent amylose, which was higher than the 
value found in the native starch (53.70 g/100 g), confirming a 
direct relationship between temperature and moisture and 
apparent amylose. When the experimental data for water ab-
sorption index and swelling power were evaluated, no chang-
es were observed when lower temperatures and moisture 
were used, with values similar to native starch (1.81 g/g and 
13.66 g/g, respectively). Higher temperatures and moisture 
levels led to a decrease in solubility compared to native starch 
(9.85 %), reaching a value of 5.56 %.

Mathematical models in the statistical analysis were fitted 
to the experimental data of the apparent amylose content 
(wAap), water absorption index (WAI), swelling power (SP) and 
solubility index (SI), with the aim to evaluate the behaviour of 
these properties as a function of the process variables. After 
regression analysis, the non-significant terms were eliminat-
ed. The models (Eqs. 2–5) demonstrated no significant effect 
of the variable time for all evaluated properties. Although R2 

values can be considered low for some models, the non-sig-
nificant lack of fit (Faj) demonstrated that they are suitable for 
describing the behaviour of these properties. Graphs were 
generated from the models to better understand the influ-
ence of variables in the process (Fig. 2).

 w wAap mx= + +21 22 0 16 0 15. . .  /2/

(R2=0.47; non-significant lack of fit)

 WAI x n m= + - +2 30 0 01 0 17 0 004 2. . . .w w  /3/

(R2=0.71; non-significant lack of fit)

 SP x m= - -24 84 0 09 0 19. . . w  /4/

(R2=0.57; non-significant lack of fit)

 SI x xm= - - +61 47 1 03 0 06 0 005 2. . . .w  /5/

(R2=0.78; non-significant lack of fit)

where x is temperature in °C and wm is moisture content. 
Fig. 2a shows the variation of apparent amylose content as a 

function of the variables of the model. The increase in apparent 
amylose as a function of temperature and moisture content is 
probably due to the increased degradation of the outer chains 
of amylopectin, thus forming linear chains that were detected 
as amylose molecules (28). The results of water absorption index 
(Fig. 2b) may be due to the breakdown of the double helix struc-
tures held by hydrogen bonds during heating, thus leading to 
the release of hydroxyls to bind to water molecules, increasing 
the water absorption index (9). With the increase of linear helical 
structures there is an increase in OH exposure susceptible to the 
formation of more energetic and stable hydrogen-polymer/pol-
ymer bonds than those originally present in the original amyl-
ose and amylopectin structures, decreasing the solubility of the 
starch. The hydrogen bonds (2 to 7.9 kcal/mol) are directional, 
meaning that in a structure that favours the formation of parallel 
bond, the energy and, consequently, the stability of this bond 
tend to be larger. In addition, the low humidity at which HMT is 
conducted prevents water from occupying these binding sites 
preferentially, as would be expected because of its high per-
mittivity and dielectric constant. When high temperatures are 
used, even at low water content, the gelatinization with conse-
quent leaching of the amylose and amylopectin occurs, favoring 
the solubilization of the starch. Moreover, after HMT, the gran-
ule size and agglomerates facilitate the water absorption, thus 

Fig. 2. Response surfaces of: a) apparent amylose content (Eq. 2), b) water absorption index (Eq. 3), c) swelling power (Eq. 4), and d) solubility index 
(Eq. 5).  Experimental data
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increasing water absorption index (29). An opposite trend was 
observed for swelling power (Fig. 2c), once the pregelatinization 
of starch with HMT results in reduction of the hydration capac-
ity by the absence of granular structure. The swelling power is 
positively correlated with the size and distribution of the starch 
granules (30). This was confirmed by the micrographs of heat-
and-moisture-treated samples, which showed a uniform gran-
ule distribution at mild temperature and moisture conditions, 
in which the swelling power remained close to that observed 
in native starch. In solubility analysis, an opposite trend was ob-
served, due to the retrogradation of pregelatinized amylose dur-
ing HMT. The response surface graph (Fig. 2d) shows a point 
of minimum response, possibly due to pregelatinization occur-
ring at higher moisture and intermediate temperature values. 
The swelling power and solubility index of the physically mod-
ified starch change because of the internal rearrangement of 
the granules, providing greater interactions between the func-
tional groups of starch, increased crystallinity, formation of am-
ylose-lipid complexes and structural rearrangements between 
amylose and amylopectin chains (4). According to BeMiller and 
Huber (4), these physical variations within the granules and the 
breaking of double helices that reduces granular stability may 
be responsible for the decrease in starch dilatability and solu-
bility at higher temperatures.

Pasting properties of heat-and-moisture-treated starch

The modified starch viscosity profile is shown in Fig. 3. The 
sample in trial 12 showed a more pronounced drop of max-
imum viscosity (1348 mPa·s) when compared to the native 
starch (9210 mPa·s), which was affected by the higher treat-
ment time at intermediate temperatures and moisture levels. 
In all trials modified starch had higher pasting temperature 
than the native starch (71.55 °C), with a higher value observed 
for the sample in trial 8 (84.35 °C). For final viscosity and set-
back viscosity, higher values were observed in the samples 
subjected to lower moisture and temperature conditions.

Statistical adjustments were made from the experimental 
data with the purpose of generating mathematical models ca-
pable of predicting the behaviour of the response variables 
maximum viscosity (ηmax), pasting temperature (xp), final vis-
cosity (ηfinal)), and setback viscosity (ηsetback) of the hydrother-
mally modified starch (Eqs. 6–9).

 hmax m mx y x y= - - - + + +65338 792 8 505 96 1097 37 3 5 14 38 19 832 2 2. . . . . .w w
 

 
hmax m mx y x y= - - - + + +65338 792 8 505 96 1097 37 3 5 14 38 19 832 2 2. . . . . .w w

 /6/

(R2=0.83; non-significant lack of fit)
 x x yp m= + + +53 92 0 16 0 20 0 31. . . . w  /7/

(R2=0.73; non-significant lack of fit)

 hfinal x= -22810 173 82.   /8/

(R2=0.34; non-significant lack of fit)

 hsetback m= - -15899 99 13 141 02. .x w  /9/

(R2=0.49; non-significant lack of fit)

where x is temperature in °C, y is time in h, and wm is mois-
ture content in %.

Fig. 3. Effect of modification on green banana starch pasting profile

Figs. 4a, 4b and 4c show the minimum point for the val-
ues of maximum viscosity, which was reached when using in-
termediate values of HMT variables. This was a result of the 
pregelatinization of starch subjected to hydrothermal treat-
ment, where a small fraction of the starch components, mainly 
amylose molecules, have already leached and undergone ret-
rogradation during cooling, thus increasing the resistance to 
gelatinization. The pasta viscosity is related to the level of deg-
radation of starch granule after the hydrothermal treatment, 
which then becomes less swollen, not being able to reach the 
same viscosity as the native granules, resulting in a decrease 
of viscosity (31). With the increase in inter- and intramolecular 
interactions, higher temperatures are required for breaking, in-
creasing the pasting temperature (22), which can be observed 
in Figs. 4d, 4e and 4f. Under these conditions, starch had high-
er crystallinity than native starch, requiring more energy to dis-
sociate the intramolecular hydrogen bonds, resulting in higher 
pasting temperature. The results of final viscosity (Fig. 4g) are 
probably due to leaching of the granule and exposure of amyl-
ose and amylopectin molecules to high temperatures. For set-
back viscosity (Fig. 4h), higher values were observed at lower 
temperatures and moisture levels. This increase in gel forma-
tion by the association of starch molecules after modification 
is due to the high apparent amylose content of starch. Amylose 
is, besides representing the largest starch fraction of this study, 
also the main molecule involved in the first stage of retrogra-
dation, which was analyzed by rapid visco analyzer.

Thermal analysis of heat-and-moisture-treated starch

A gradual increase in the initial and pasting temperatures 
was observed in the modified starch, when compared to the 
native starch at the gelatinization level, with higher values in 
the sample in trial 8 (83.59 and 87.92 °C, respectively) than in 
the native starch (69.22 and 74.10 °C, respectively). The final 
temperature required for gelatinization was affected by the 
starch characteristics since no change was observed (84.83 
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°C) under mild moisture and temperature conditions (sample 
in trial 1) compared to the native starch (85.21 °C). Opposite 
trend was observed for gelatinization enthalpy, with values 
inversely proportional to the temperature of the modifica-
tion process. Melting curves, with endothermic peaks, were 
observed for all samples, which are associated with the ge-
latinization process.

When analyzing initial temperature (Eq. 10), pasting tem-
perature (Eq. 11) and final temperature (Eq. 12) in the mod-
els, linear behaviour was observed as a function of tempera-
ture and moisture content, with moisture having the most 
significant effect. For the gelatinization enthalpy (Eq. 13), a 

quadratic term was observed for the variable moisture, and a 
linear term for temperature, which was the most significant.

 X xi m= + +46 72 0 15 0 55. . . w  /10/

(R2=0.65; non-significant lack of fit)

 X x yp m= + + +46 68 0 15 0 21 0 53. . . . w  /11/

(R2=0.80; non-significant lack of fit)

 X x yf m= + + +64 10 0 15 0 13 0 37. . . . w  /12/

(R2=0.86; non-significant lack of fit)

 DH w w= - + -9 06 0 17 1 75 0 04 2. . . .x m m
 /13/

(R2=0.60; non-significant lack of fit)

Fig. 4. Response surfaces of the pasting properties measured with rapid visco analyzer: a-c) maximum viscosity (Eq. 6), d-f) pasting temperature 
(Eq. 7), g) final viscosity (Eq. 8), and h) retrograde of starch (Eq. 9).  Experimental data
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where Xi, Xp and Xf are initial, pasting and final temperature 
in °C, respectively, y is time in h, ΔH is gelatinization enthalpy 
and wm is moisture content in %.

The increase in the initial temperature of gelatinization with 
an increase in temperature and moisture content (Fig. 5a) shows 
that the physical modification altered the structure of native 
starch, leading to the pregelatinization of the granules, requir-
ing a greater amount of energy to start the gelatinization pro-
cess. This behaviour may also explain the changes in pasting 
temperatures (Figs. 5b, 5c and 5d). The results of final temper-
ature (Figs. 5e, 5f and 5g) are due to the new arrangements in 

the structure of the starch molecules, because of the presence 
of retrograded amylose, leading to greater cohesiveness in the 
paste formed and greater strength of the hydrogen bonding be-
tween amylose and amylopectin and water molecules, making 
it difficult to dissociate, thus increasing the final temperature (9).

The graph of enthalpy of gelatinization (Fig. 5h) shows the 
point of maximum response. This variable reflects the amount 
of energy required to break the intramolecular bonds of the 
starch granules during gelatinization. Since thermal analy-
sis was done between 40 and 120 °C, the measured enthalpy 
is only associated with gelatinization process of the native 

Fig. 5. Response surfaces of the thermal analysis regarding the parameters: a-c) initial temperature (Eq. 10), d-f) pasting temperature, (Eq. 11), g) 
final temperature (Eq. 12) and h) gelatinization enthalpy ΔH (Eq. 13).  Experimental data
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starch granules that resisted the hydrothermal treatment. In 
view of that, much higher temperatures would be required to 
verify the energy involved in the melting of the junction zones 
resulting from the crystallization in the pregelatinized starch, 
given the high concentration of apparent amylose present in 
the studied starch.Thus, the more severe the HMT, the lower 
the amount of remaining native granules, resulting in lower 
gelatinization enthalpy.

Digestibility in vitro of heat-and-moisture-treated starch 

The digestibility in vitro of resistant and non-resistant 
content heat-and-moisture-treated green banana starch was 
measured. The samples subjected to the lowest temperature 
and moisture levels gave the highest resistant starch content, 
as observed in the sample in trial 1 with 51.63 g/100 g, which 
was higher than the native starch (37.71 g/100 g). However, 
a marked drop was observed in the sample in trial 8 with an 
increase in time and temperature, which had the lowest re-
sistant starch content (0.96 g/100 g). Great changes were ob-
served in non-resistant starch contents, with the lowest (11.42 
g/100 g) and highest (97.23 g/100 g) values for the samples in 
trials 1 and 8, respectively.

A linear model as a function of temperature (x) and mois-
ture (wm) was obtained for the non-resistant starch content 
(wnrs) (Eq. 14), and despite the low R2 value, the significance of 
the model associated with lack of adjustment (Faj) shows that 
the model is adequate and satisfactorily describes the behav-
ior trend for non-resistant starch content.

 w wnrs mx= - + +138 01 1 64 1 90. . .  /14/
(R2=0.67; non-significant lack of fit)
The content of non-resistant starch (Fig. 6) can be due to 

the effect of pregelatinization of starch during the hydrother-
mal treatment, again showing that the green banana starch 
granule is relatively fragile under rigorous hydrothermal con-
ditions. The hydrothermal treatment leads to a disorganiza-
tion in the semicrystalline structure of the starch granule, 

indicating that type B polymorphism is critical for the diges-
tion property, which was observed in the present study, since 
a small change in the crystalline region of the modified starch 
was detected by X-ray diffraction (1). Thus, the hydrothermal 
treatment favours the reduction of non-resistant starch frac-
tions when subjected to low temperature and moisture levels, 
which is desirable, whereas degradation of the granular struc-
ture can occur at high temperature and moisture levels, great-
ly increasing the amount of this starch fraction, thus modify-
ing the properties of digestibility inherent to banana starch.

CONCLUSIONS
Mathematical models describing the behaviour of mod-

ified starch properties as a function of the evaluated varia-
bles were obtained through statistical analysis. The variables 
time and temperature had a significant effect on the physico-
chemical, rheological and digestibility properties of starch. The 
heat-moisture treatment (HMT) has generated modified starch 
with very distinct properties ranging from the high tendency 
to retrograde and high viscosity to the low tendency to ret-
rograde and low viscosity. Reduction of resistant starch con-
tent was great in the samples subjected to higher tempera-
ture and moisture levels, but it was higher in milder treatments, 
evidencing that the green banana starch granule is relatively 
fragile under the most rigorous hydrothermal conditions. The 
results showed that heat-moisture treatment can be an effec-
tive method to improve heat stability and shear stress resist-
ance of banana starch.
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