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Abstract

Turbo-technology (i.e., a heat/shear treatment) potential in modifying rice flour technological properties (i.e., damaged
starch, pasting properties, apparent cold viscosities, and color) depending on cooking temperature (120-200 °C), added
water (30-40%), and drying temperature (160-200 °C) was evaluated. Applying a Box—Behnken design, highly significant
(p < 0.001) models were found for moisture, damaged starch, pasting properties, and cold viscosities. The most important
factor was the added water, significantly (p < 0.001) affecting all treated flour characteristics. The optimization resulted in
200 °C as cooking and drying temperature and 40% added water, but values of damaged starch and cold viscosities in the
treated flour were still low. Thus, flour was overnight wetted (40% water) before cooking and drying at 200 °C, obtaining
high values of damaged starch (49.5 + 1.5 g/100 g db) and cold viscosities (from 6213 to 21,436 cP). The study represents
a guide for the application of turbo-technology to design flour with tailored technological properties.
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Introduction

Rice (Oryza sativa L.) is one of the leading food crops of the
world and is a staple food for over half the world’s popula-
tion (FAOSTAT, 2018). It is consumed as brown or milled
rice, or it is further processed to obtain flour. Rice flour is
considered suitable for many consumers’ categories such
as infants, elders, coeliacs, vegetarians, and vegans. It is
gluten-free (GF) and has a plain taste and color; thus, it can
be included in many food products. For instance, untreated
rice flour can be used in GF breads and cookies (Cappa
et al., 2020a; Kahraman et al., 2018), whereas precooked
rice flour is mainly commercialized for baby foods, bever-
ages, puddings, and GF pasta (Arendt et al., 2008; Mariotti
et al., 2011). In GF pasta production, to create an alterna-
tive to the gluten network, a “scaffold” of retrograded starch
is generally created during the technological process by
applying subsequent heating and cooling steps or by using
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pregelatinized starchy flours as raw materials (Mariotti et al.,
2011).

Pre-gelatinization of rice flour can be obtained in dif-
ferent ways. Physical treatments have the benefit over the
chemical ones of changing protein and starch functionalities
while keeping the green label (Ahmed et al., 2007; Jacobs &
Delcour, 1998). Thermal treatments are the most common,
but they generally require long times and high amounts of
water. Thus, faster processes have been developed based,
for instance, on high hydrostatic pressures, which influence
functional properties of proteins through the disruption and
reformation of hydrogen bonds and hydrophobic interac-
tions, leading to denaturation, aggregation, and gelation
(Cheftel, 1992; Lopez-Fandino, 2006). Cappa et al. (2016)
reported that rice flour treated at 600 MPa for 5 min at 40
°C presented a strong water binding capacity that allowed
GF bread doughs to maintain a good consistency and work-
ability, despite the high amount of water required for their
formation. Other physical treatments used to modify rice
flour functionality involve microwave heating (Villanueva
et al., 2018, 2019), enzymatic extrusion (Xu et al., 2017),
or extrusion cooking (Chuang & Yeh, 2004; Hagenimana
et al., 2006; Martinez et al., 2014). In particular, the lat-
ter is a high-temperature short-time cooking process dur-
ing which flours are subjected to high temperatures and
mechanical shearing at relatively low levels of moisture
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content (Camire et al., 1990). This treatment promotes
interesting technological and nutritional modifications, such
as starch pre-gelatinization, protein denaturation, reduction
of antinutritional factors, and increase of resistant starch
content (Camire et al., 1990; Hagenimana et al., 2006;
Martinez et al., 2014), the extent of which are dependent on
the applied process conditions (e.g., die temperature, feed
moisture, feed rate, screw speed, residence time) as well as
the extruder configuration (Chuang & Yeh, 2004; Cappa
et al., 2020b; Guha et al., 2003).

Another treatment combining heat and shear is based on
the turbo-technology patented by VOMM® Impianti e Pro-
cessi S.p.A. (Rozzano, Italy), which can be used for modi-
fying technological properties of different types of flours.
Thanks to a specially designed turbine and a centrifuge, this
technology guarantees a rapid and uniform treatment of the
product by creating strong turbulence in a thin layer of mate-
rial in contact with a heated surface (Vezzani & Foti, 1989).
For flour treatment, a turbo-cooker and a turbo-dryer are
installed in a cascade configuration. Indeed, water is added
during cooking to favor starch gelatinization, thus, a follow-
ing drying step is necessary to assure flour shelf life.

The aim of this study was to investigate the effective-
ness of the turbo-technology in modifying the technological
properties (i.e., damaged starch amount, starch gelatiniza-
tion and retrogradation properties, apparent cold viscosity
and color) of rice flour as a function of cooking temperature
(120-200 °C), added water (30-40%), and drying tempera-
ture (160-200 °C). Based on the results of a three-factor
Box—Behnken design of experiments (BBD), a technologi-
cal progress is suggested to improve the suitability of the
turbo-treated rice flour as new ingredient with higher values
of damaged starch and cold viscosities, needed, for instance,
in GF pasta products.

Materials and Methods
Materials and Turbo-Technology Treatments

The trials were carried out using Carnaroli rice belonging
to Distretto Rurale “Riso e Rane” (Cassinetta di Lugagnano,
Italy). Broken milled rice grain was powdered (down to par-
ticle size below 0.75 mm) to obtain the raw flour (sample
R) that was then turbo-treated by Zini Prodotti Alimentari
S.p.A. (Cesano Boscone, Italy), using the equipment by
VOMM® Impianti e Processi S.p.A. (Rozzano, Italy). The
turbo-treatment consisted in two subsequent steps: cook-
ing and drying. In the turbo-cooker, the following constant
conditions were applied: flour payload, 100 kg/h; turbine
rotation, 700 rpm; and process time, 30 s. The turbo-drier
worked with a flour payload of 80 m?/h, an air payload of
485 m’/h, and a process time of 60 s. The other process

parameters (i.e., cooking temperature, cooking added water,
and drying temperature) were changed according to the
design of experiments (section Design of Experiments). The
treated samples were finally ground to a particle size below
0.75 mm like the raw material and stored at 4 °C in sealed
polyethylene bags until their characterization. For compari-
son, a commercial pregelatinized rice flour (CPF; Molino
Favero Antonino srl, Padova, Italy) commonly used in GF
products was evaluated.

Design of Experiments

Turbo-treatment of rice flour was studied in terms of cook-
ing temperature (120-200 °C), added water (30-40%), and
drying temperature (160-200 °C) by means of a three-factor
BBD (Design Expert software, v. 10.0.0.3, Stat-Ease Inc.,
Minneapolis, MN, USA). The combination of the actual fac-
tor levels and the corresponding sample identification are
reported in standard order in Table 1. Sample codes consist
of capital letters identifying the level (L, low; M, medium,;
H, high) of the three factors (C, cooking temperature; W,
added water; D, drying temperature); the five replicates of
the central point are indicated with lowercase letters from
“a” to “e.” The 17 trials were performed in a randomized

Table 1 Box-Behnken design for the study of the turbo-treatment
condition effects on rice flour: sample identification in standard order
and actual factor levels

Sample* Cooking Added water Drying
temperature (°C) (%) temperature
§©)
LC-LW-MD 120 30 180
HC-LW-MD 200 30 180
LC-HW-MD 120 40 180
HC-HW-MD 200 40 180
LC-MW-LD 120 35 160
HC-MW-LD 200 35 160
LC-MW-HD 120 35 200
HC-MW-HD 200 35 200
MC-LW-LD 160 30 160
MC-HW-LD 160 40 160
MC-LW-HD 160 30 200
MC-HW-HD 160 40 200
MC-MW-MD-a 160 35 180
MC-MW-MD-b 160 35 180
MC-MW-MD-c 160 35 180
MC-MW-MD-d 160 35 180
MC-MW-MD-e 160 35 180

*Capital letters identify the level (L low, M medium, H high) of the
three factors (C cooking temperature, W added water, D drying tem-
perature); the five replicates of the central point are indicated with
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order to avoid systematic errors and minimize the effect of
possible external factors.

Rice Flour Evaluation
Particle Size Distribution

The raw sample was characterized in terms of particle size
distribution as described by Cappa et al. (2013) by using
an analytical sieve shaker Octagon Digital (Endecotts Ltd.,
London, UK), equipped with four certified sieves (openings,
90, 125, 250, 500 um). Results were expressed as g/100 g,
as the average of three replicates.

Proximate Composition

Raw and turbo-treated flours and CPF were analyzed for
moisture (Method 44-15A; AACC, 2000), total starch (TS),
and damaged starch (DS) contents (using the designated
assays provided by Megazyme International Ireland Ltd.,
Bray, Wicklow, Ireland). Raw flour was also characterized
in terms of total nitrogen amount, according to the Kjeldahl
Official Standard Method AOAC 920.87 (AOAC, 1999),
protein (calculated adopting 5.95 as nitrogen conversion
factor), and lipid (method 923.05; AOAC, 2000) contents.
Results were expressed as g/100 g as the average of three
replicates.

Color Evaluation

Color of the raw and turbo-treated flours (approximately 50
g) leveled in petri dishes was measured using a tristimulus
colorimeter (Chroma Meter II Reflectance, Minolta, Osaka,
Japan) with the standard illuminant C. Color was expressed
in the CIE L*a*b* space, where L* corresponds to light-
ness (from 0 = black to 100 = white), a* to the red-green
component, and b* to the yellow-blue component. Results
are the average of five replicates.

Pasting Properties

Pasting properties of raw and treated flours and CPF were
investigated using a Rapid Visco Analyzer (RVA 4500 Perki-
nElmer Italia S.p.A, Milano, Italy) as reported by Cappa
et al. (2020a). From the resulting RVA pattern (evaluated at
least in duplicate), the following indices were extrapolated:
peak viscosity (PV, cP; maximum paste viscosity achieved
during the heating phase); peak temperature (PT, °C; tem-
perature corresponding to PV); peak time (Pt, min; time cor-
responding to PV); breakdown (BD, cP; index of viscosity
decrease during the holding period, corresponding to the
PV minus the viscosity after the holding period at 95 °C);
final viscosity (FV, cP; paste viscosity reached at the end of
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the cooling cycle), and setback (SB, cP; index of the paste
viscosity increase during cooling, corresponding to the dif-
ference between FV and the viscosity reached after the hold-
ing period at 95 °C).

Apparent Cold Viscosity

In order to evaluate the effect of the turbo-treatment on the
apparent cold viscosity, the RVA (RVA 4500 PerkinElmer
Italia S.p.A, Milano, Italy) was unconventionally used. Raw
and treated flours and CPF (10 g) were dispersed in distilled
water (25 g), scaling both the sample and water weight on
a 14 g/100 g sample moisture basis. The suspensions were
kept at 30 °C for 10 min while continuous stirring at 160
rpm. The following indices were extrapolated from the RVA
patterns: initial cold viscosity (IV30, cP; measured after 0.5
min at 30 °C) and final cold viscosity (FV30, cP; measured
after 10 min at 30 °C). Results are the average of at least
two replicates.

Data Elaboration

All data were subjected to one-way analysis of variance
(ANOVA), followed by the least significant difference test
(LSD) to identify significant differences between the sam-
ples (p < 0.05). The statistical analysis was carried out using
STATGRAPHICS Centurion 18 (StatPoint Inc., The Palins,
VA, USA).

BBD data were elaborated by means of response surface
methodology (RSM) (Design Expert software, v. 10.0.0.3,
Stat-Ease Inc., Minneapolis, MN, USA). A square root
transformation was necessary for FV30 to assure a normal
distribution of the results. A complete second-order model
was applied to each response variable, thus calculating the
effect of main factors as well as linear and quadratic inter-
actions. ANOVA was used to determine the significance of
each effect, and the model was simplified in case of non-
significant coefficients, always supporting hierarchy (Cappa
& Alamprese, 2017). The calculated models were also evalu-
ated in terms of coefficient of determination (R?), adjusted
R? (adj. Rz), predicted R? (pred. Rz), and lack of fit (LOF,
p value).

Results and Discussion
Raw Rice Flour Characteristics

As the turbo-treatment is very fast and flour hydration
kinetic is generally affected by granulometry (Cappa et al.,
2018; de la Hera et al., 2013a, b; Kadan et al., 2008), the
particle size distribution of raw rice flour was evaluated and
resulted as follows: 1 g/100 g <90 pm, 12 g/100 g between
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90 and 125 pm, 43 g/100 g between 125 and 250 pm, 40
g/100 g between 250 and 500 pum, and 4 g/100 g > 500 um.

Total starch, protein, and lipid contents were 85.89 +
0.57, 5.66 + 0.26, and 0.65 + 0.01 g/100 g dry basis (db),
respectively. These values are in agreement with Champagne
et al. (2004), who reported starch, protein, and lipid content
of 90, 5.2-12.2, and 0.3-0.6 g/100 g db, respectively, for
milled rice kernels. Lower starch (80-81 g/100 g db) and
higher lipid (0.8—1.4 g/100 g db) contents were reported by
Yu et al. (2012). The discrepancies could be attributed to the
rice variety considered and the rate of milling.

Turbo-Treated Flour Characteristics

As expected, moisture contents of the treated flours (Table 2)
were significantly different (p < 0.05) depending on the
turbo-treatment conditions adopted, ranging between 5.4 and
14.2 g/100 g. Generally, the treated samples showed mois-
ture values significantly (p < 0.05) lower than that of raw
flour (12.28 g/100 g db) due to the drying step. In particu-
lar, only the sample MC-HW-LD, whose treatment involved
the highest level of added water (i.e., 40%) and the lowest
drying temperature (i.e., 160 °C), showed a significantly
higher moisture content (14.2 g/100 g) in comparison to
raw flour (p < 0.05). On the contrary, samples LC-LW-MD,

Table 2 Moisture and damaged starch content of raw (R) and turbo-
treated rice flours (average and standard deviation values). For sample
identification, see Table 1

Sample Moisture (g/100 g) Damaged starch
(g/100 g db*)
LC-LW-MD 5.85+0.01°¢ 226+ 1.1°
HC-LW-MD 5.41+0.05° 237+03°¢
LC-HW-MD 9.93+0.01™ 319+ 1.0
HC-HW-MD 10.69 + 0.08 © 366+ 10!
LC-MW-LD 10.12+0.03" 263 +0.9
HC-MW-LD 9.85+0.02m 30.7 £2.1
LC-MW-HD 7.23 +£0.07°¢ 30.4 + 1.4 °f
HC-MW-HD 5.98 +0.05 ¢ 284+ 12%
MC-LW-LD 821 +0.01" 240+12°
MC-HW-LD 14.20 + 0.06 9 327070
MC-LW-HD 5.26+0.02° 24.4 +0.7°%
MC-HW-HD 821 +0.03" 34.1+14"
MC-MW-MD-a 830+001g 294 +12°
MC-MW-MD-b 9.50 + 0.06 313+ 110
MC-MW-MD-c 9.84 +0.03 1 31.3+09M
MC-MW-MD-d 8.15+0.03" 304 + 1.3°f
MC-MW-MD-¢ 8.50 +0.01" 29.9 + 1.0 °f
R 12.28 +0.04 P 40+0.1°

“db dry basis

*dyalues with different superscript letters in a column are signifi-
cantly different (p < 0.05)

HC-LW-MD, HC-MW-HD, and MC-LW-HD had moisture
content close to 5-6 g/100 g due to the low-to-medium per-
centage of water added during cooking (30-35%) and the
medium-to-high drying temperatures (180-200 °C).

Also damaged starch contents differed significantly (p
< 0.05) among samples (from 3.96 g/100 g db for R to
23.9-36.6 g/100 g db for treated flours), indicating that the
hydro-thermal process applied somehow modified the starch
organization (Table 2) and its gelatinization and retrograda-
tion behavior as detailed below (Table 3). The treated flour
with the significantly lowest (p < 0.05) starch damage was
LC-LW-MD, which underwent a mild heat treatment in the
presence of a low amount of added water (30%). On the
opposite, the sample with the significantly highest (p < 0.05)
damaged starch content was HC-HW-MD, which was sub-
jected to a more severe treatment, as the cooking and drying
temperatures were equal to 200 °C and 180 °C, respectively,
and the added water was at the highest level (40%). However,
the damaged starch values of the treated samples were not
very high (maximum 36.6 g/100 g db), indicating that the
applied process was not particularly severe. In fact, CPF,
which had a total starch content very similar to R (85.1 + 1.2
vs. 85.9 + 0.6 g/100 g db, respectively), showed damaged
starch content of 50.3 + 1.6 g/100 g db.

In order to evaluate the effect of the turbo-treatment on
the starch gelatinization and retrogradation level, the past-
ing properties of raw and treated flours were determined by
the standard RVA method 2 (Table 3). Raw rice flour showed
a typical pasting curve (Fig. 1a) characterized by a low ini-
tial viscosity, followed by a faster viscosity increase due
to the swelling of starch granules; the peak viscosity was
reached around the maximum temperature applied (i.e., 95
°C), and then a fast decrease of viscosity was detected as a
consequence of the starch granule rupture; during the cool-
ing phase, a second increase of viscosity was noticed due
to starch retrogradation. Treated flours showed a behavior
similar to that of the raw sample, indicating that the hydro-
thermal cooking process applied was mild and not able to
deeply disorganize the starch structure; this was already evi-
denced by the medium-low damaged starch values of treated
samples as previously discussed. The pasting temperature
(PT) and the peak viscosity (PV) of raw flour were 84.5 °C
and 3037 cP, while treated samples required significantly (p
< 0.05) higher PT (86.5-88.3 °C) and reached similar PV
(2703-3116 cP), indicating that the process applied some-
how affected the starch granule organization. A higher PT
was noticed also by Cappa et al. (2016) as a consequence of
high hydrostatic pressure treatments applied on rice flour,
whereas lower PT and PV values are typical of extruded rice
flours (Bryant et al., 2001).

As the turbo-cooked rice flours are intended as new
ingredients for GF production (e.g., pasta and baby foods),
their affinity to water was evaluated by means of suitable
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Table 3 Pasting properties and apparent cold viscosities of raw (R) and turbo-treated rice flours (average and standard deviation values). For
sample identification, see Table 1

Sample PT (°C) PV (cP) Pt (min) BD (cP) FV (cP) SB (cP) IV30 (cP)  FV30 (cP)
LC-LW-MD 87.30 £ 0.28 % 3021 £59% 977 +0.05" 1267 +36° 4113 +61°® 2359 +37° 154 4%  270+1°
HC-LW-MD  86.75+0.01% 3116 +10® 9.53+0.01° 1318+ 13" 4267 + 2N 2469 + 6° 228+ 11° 435+16°
LC-HW-MD 87.10 £ 0.01 ¢ 2700+ 15* 9.64 +0.05"® 1166 +8°¢ 3790 + 33 ® 2255 +10° 499 +11° 988 +6¢
HC-HW-MD  87.88 +0.60 " 2765 + 13 9.74 +0.09 1110 + 54 3991 +57°%® 2351 +11° 1133 +26' 4244 + 122!
LC-MW-LT 87.15+0.01°4 2885+28° 9.67+0.01% 1271 +23°% 3899 +235d 2785 18° 283 +18¢ 512+26¢
HC-MW-LT 87.10 £ 0.01 ¢ 2861 +15° 9.64 +0.05® 1216+ 19°% 4001 + 1% 2356 +2°¢ 540 + 281 1844 + 48 ¢
LC-MW-HD 87.88 +0.53 8" 2691 +£94* 9.67+0.09" 1152 +45™ 3811+231°> 2272+92° 589+1% 1067179
HC-MW-HD 8828 +0.04" 2853 +62° 977+0.05" 1076+50% 4272 +16M 2495 +4¢ 706 +22" 1830+ 48 ¢
MC-LW-LT 86.53+0.32° 3128 +5g  9.67+0.01° 1353+4" 4169+ 13¢ 2393 +21° 158 +1° 308+4°
MC-HW-LT 87.08 £ 0.04°¢ 2703 +1% 970 +0.04™ 1221 +2°% 3670+ 10% 2188 +13% 603 +25% 2328 + 13"
MC-LW-HD  87.10 £ 0.01 ¢ 3073 +48° 9.70 + 0.04 ® 1239 + 23 % 4306 + 56 2472430 283+ 1°¢  425+21°¢
MC-HW-HD  88.08 +0.258" 2756 +45% 9.80+0.10¢ 1077 £32% 4090 +37° 2411 +23°% 1155+92" 2949 + 108!
MC-MW-MD-a 87.48 +0.04 %" 2042 + 46 970 + 0.04 ™ 1234 +40% 4103 +23° 2395+ 16 415+29¢ 977 +30¢
MC-MW-MD-b 87.50 + 0.01 %f 2983 + 679 973 +£0.01 ™ 1253 +59°¢ 4170 +33.238 2440 +25%f 581 + 187 1482+26°
MC-MW-MD-c 87.13 +0.04° 2880 +26° 9.73+0.01 ® 1207 £2°%° 4024 + 16.97 %' 2351 +7°¢ 608 + 608 1667 +26F
MC-MW-MD-d 87.50 + 0.01 %f 2935 +23°¢ 9,67 +0.09% 1205 +36°° 4134+ 1273 2404 +26°° 399 +35¢ 1002 +40¢
MC-MW-MD-¢ 87.70 + 0.28 ¢ 2935 + 50!  9.74 £ 0.09 ™ 1194 + 76 % 4142 +35.36 " 2402 + 624 627 +25¢ 1391 +20°
R 84.53 £0.32% 3037 +33°" 974 +0.09% 1346+ 602" 3868 +21.92% 2177 +495° 34+1° 35+2°

PT pasting temperature, PV peak viscosity, Pt peak time, BD breakdown, FV final viscosity, SB setback, IV30 initial viscosity at 30 °C, FV30,

final viscosity at 30 °C

lyalues with different superscript letters in a column are significantly different (p < 0.05)

RVA tests carried out at 30 °C to measure the apparent cold
viscosity (Table 3, Fig. 1b). As expected, the raw samples
showed a very low viscosity (34-35 cP) during the entire
test indicating that raw rice starch — and more in general
raw rice flour — is not able to absorb water and increase the
suspension viscosity. On the opposite, turbo-treated sam-
ples showed an initial viscosity from 5 to 34 times higher
than that of raw flour and a further increase during the test,
reaching significantly (p < 0.05) higher FV30 values, rang-
ing from 270 to 4244 cP. This behavior suggests that starch
was partially gelatinized during the hydro-thermal process
applied, allowing treated flours to fast interact with water
even at low temperature (30 °C). Similar patterns were
reported by Bryant et al. (2001), who evaluated the viscos-
ity of raw and extruded rice flour by running RVA at 25

Fig. 1 Examples of pasting a) 5000
curves (a) and apparent cold

viscosity patterns (b) showing ~ 4000
the minimum (dotted curves) L 3000
and maximum (dashed curves) Z2
viscosities reached in compari- § 2000
son with raw rice flour (solid 2

line) ~ 1000

0 4 8 12

Time (min)

@ Springer

°C; the authors found an increase in cold viscosity that was
attributed to the full cooking of the starch. Furthermore,
the same authors reported that RVA profiles agree with the
water absorption and water solubility indices, concluding
that RVA at constant low temperature can be used to screen
thermally treated (i.e., extruded) flours for potential use in
value-added products.

In agreement with the mildness of the turbo-treatment,
flour color was slightly affected. Generally, when a ther-
mal treatment above 100 °C is applied, a sample browning
is noticed as a consequence of caramelization and Mail-
lard reaction (Fernandez-Artigas et al., 1999; Giovanelli &
Cappa, 2021; Gulzar et al., 2021). In particular, Fernandez-
Artigas et al. (1999) indicated that rice flour thermal pro-
cesses, such as toasting and drying, caused a reduction of

100 b) 5000 100
80 A 4000 P 80
N Cd -
60 23000 e 60
£ ,
s ~ Z2000 7 40
20 7 1000 1 20
’
o y s .
20 24 0 2 4 6 8 10

Time (min)
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L* (from 95 to 92) and an increase of a* (from 0.2 to 0.4)
and b* values (from 5.1 to 9.1). In addition, Gulzar et al.
(2021), who investigated the effects of extrusion process on
rice flour properties, found a negative linear effect of tem-
perature on L* value. However, in the present study, raw
and turbo-treated flours showed similar chromatic values
(data not shown): high lightness (L* = 91-93), a* index
between —1.2 and —1.6, indicating a slight prevalence of
the green component compared to the red one, and b* val-
ues of 3.8-5.4, typical of the slight yellow samples. Thus, it
can be concluded that even if the temperatures involved in
the turbo-treatment were quite high (i.e., 120-200 °C and
160-200 °C for cooking and drying, respectively), they did
not have a great effect on the color parameters presumably
due to the short time of the process (i.e., 90 s).

Modeling of Turbo-Treatment

Among the considered response variables, color param-
eters (L*, a*, and b*) and peak time (Pt) showed very little
changes as a function of turbo-treatment conditions; thus,
they were not considered in the BBD elaboration. For all the
other responses, highly significant (p < 0.001) models were

found, mostly linear (Table 4). Only for peak temperature
(PT) and apparent initial and final cold viscosities (i.e., [V30
and FV30), linear interaction and/or quadratic effects were
significant. All models had a non-significant LOF (p > 0.05),
thus confirming their reliability together with the high values
of R?, adj. R?, and pred. R? (> 0.74). The adequate precision
was good for all the models, being always higher than 14
(data not shown) compared to a threshold of 4.

The most important process parameter was the amount
of added water during turbo-cooking. It significantly (p
< 0.001) affected all the characteristics of the treated rice
flours. Besides the obvious direct effect on moisture, a direct
effect was observed also on damaged starch (DS), PT, IV30,
and FV30, while peak viscosity (PV), breakdown (BD), final
viscosity (FV), and setback (SB) were inversely affected.
These results mean that a higher amount of added water dur-
ing turbo-cooking increases the extent of starch damaging,
thus conferring different pasting properties to the product.
Actually, as demonstrated by Wang et al. (2017), starch gran-
ule disruption is greater when rice is cooked under higher
water content and it leads to lower pasting viscosities and
higher pasting temperatures. Moreover, it is interesting to
note that the higher values of DS, linked to a higher extent

Table 4 Coefficient values (in terms of coded factors) of significant second-order polynomial models and results of one-way analysis of variance
for the Box—Behnken design developed for the study of rice flour turbo-treatment

Response variable fo B By A B P b R? Adj.R*  Pred. R*  LOF (p value)
Moisture (g/100 g) 8.54 —0.15 2.29 —1.96 0.89 0.86 0.80 0.43
n.s sfskok skksk skskck n.s
DS (g/100 g db) 29.30 1.04 5.08 0.43 0.88 0.85 0.79 0.09
n.s HE n.s HkE n.s
PV (cP) 2908 12 -177 0.1 0.91 0.89 0.84 0.31
n.s HkE n.s Hkk n.s
BD (cP) 1209 -17 =75 —65 0.87 0.84 0.75 0.28
n.s sk sfkok skokk n.s
FV (cP) 4074 75 —164 133 0.89 0.86 0.80 0.36
3k skekok sskok ko n.s
SB (cP) 2377 46 —61 70 0.86 0.82 0.74 0.42
sk skokk sksksk sk n.s
PT (°O) 87.52 0.07 0.31 0.43 0.33 —0.30 0.89 0.84 0.76 0.69
n.s skok skekk ke $ok sosksk n.s
1V30 (cP) 527 135 321 144 140 107 0.94 0.92 0.88 0.90
fkok skok sk ke £ B n.s
Sqr root FV30 35 8.57 15.46 2.38 7.33 0.96 0.94 0.92 0.90
(sqr root cP) Hkok Hkok s sk Hok s

Significance levels: n.s. not significant

B, intercept, B, coefficient of cooking temperature, 3, coefficient of added water, f; coefficient of drying temperature, 3, interaction coefficient
between cooking temperature and added water, f3,; interaction coefficient between added water and drying temperature, f3,, quadratic coefficient
of added water, R coefficient of determination, Adj. R? adjusted R?, Pred. R? predicted R?, LOF lack of fit, db dry basis, DS damaged starch, PV
peak viscosity, BD breakdown, FV final viscosity, SB setback, PT pasting temperature, /V30 initial cold viscosity, Sqr root FV30 square root of

final cold viscosity
*p < 0.05; **p < 0.01; ***p < 0.001
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Peak temperature (°C)

200

36
34
Added water (%) 327

176

——— 168  Drying temperature (°C)
30 T160

Fig.2 Response surface of the peak temperature in the pasting profile
of turbo-treated rice flours. Cooking temperature = 160 °C

of starch gelatinization, can increase the retrogradation ten-
dency, thus leading to the formation of a higher amount of
resistant starch (Gulzar et al., 2021). This is important from
a nutritional point of view because the treated rice flours
could be exploited in the development of foods with a low
glycemic impact for people suffering from diabetes.

In the turbo-treatment, drying temperature resulted more
important than cooking temperature in affecting rice flour
characteristics. However, it has to be noticed that this effect
can also be related to the longer drying time (i.e., 60 s) with
respect to the cooking time (i.e., 30 s). Drying temperature
had an inverse effect on moisture and BD (p < 0.001) and
a direct effect on FV, SB, PT, and IV30 (p < 0.001). The
magnitude of the effects was similar to those of the added

Initial cold viscosity (cP)

water (similar absolute values of the significant coefficients
in Table 4), except for IV30 on which the influence of the
drying temperature was more or less half that of the added
water. Conversely, when significant, the cooking temperature
had a lower effect on rice flour pasting properties (i.e., FV
and SB) compared to the drying temperature and the amount
of added water.

As stated above, most of the developed models were lin-
ear and highlighted a higher importance of the added water
and the drying temperature rather than the cooking tempera-
ture. However, more complex models were calculated for
PT and cold viscosities (IV30 and FV30) (Table 4). PT was
significantly and directly affected by the added water and
the drying temperature as the main factors but also by the
linear interaction between the added water and the cooking
temperature; moreover, an inverse effect of quadratic interac-
tion of the drying temperature was determined. The model
resulted therefore in a curved surface (Fig. 2), in which the
highest values of PT corresponded to the higher levels of
added water and drying temperature. PT decreased faster by
reducing the added water rather than the drying temperature.

IV30 was linearly and directly affected by all the three
main processing factors, and the linear interactions were
important as well, whereas for FV30, the drying tempera-
ture was not significant (Table 4). The added water had the
highest effect, particularly when cooking and drying tem-
peratures were at the maximum values (Fig. 3). This means
that turbo-treatment, especially when performed with higher
amount of added water and at high temperatures, increases
the apparent cold viscosity of rice flour, due to changes in
starch granule structure caused by heat and mechanical
stress. Higher values of cold apparent viscosities are also
related to better hydration properties (Espinosa-Ramirez

Final cold viscosity (cP)

40

36

1441%2

136 :
30 790128 Cooking temperature (°C)

Added water (%)

Fig.3 Response surfaces of the initial cold viscosity (a) and the final cold viscosity (b) of turbo-treated rice flours. Drying temperature = 180 °C
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et al., 2021). Thus, the applied treatment affects the techno- 25000 100

functionality of rice flours intended as new ingredients but to e A m - ——— -

a lesser extent than expected. An optimization of the process ~ 20000 L7 80

conditions was therefore explored. > 15000 ,/ 60
‘B

.. . /

Optimization and Improvement of Turbo-Treatment § 10000 Y R R 40
= so00 & 20

To improve the suitability of the turbo-treated rice flour j’ """""""""""""""""""""""""""""

as ingredient for GF products, higher values of damaged 0 &e” 0

starch and cold viscosities are needed, as highlighted by the 0 2 4 6 8 10

comparison of the BBD samples with CPF. Thus, a linear Time (min)

desirability function was applied to the calculated models
(Alamprese et al., 2007), with the constraints of maximizing
damaged starch and cold viscosities (i.e., IV30 and FV30).
The highest desirability value (0.982) was obtained with
cooking and drying temperature of 200 °C and 40% of added
water. The predicted values of DS, IV30, and FV30 for the
optimized sample were 35.8 + 1.0 g/100 g db, 1373 + 81
cP, and 4735 + 72 cP. The real values obtained after turbo-
treatment of the rice flour under the optimized conditions
resulted as follows: DS, 32.0 + 1.6 g/100 g db; IV30, 687 +
25 cP; and FV30, 4937 + 156 cP. Thus, DS and FV30 were
in agreement with predicted values, whereas IV30 was lower
even if higher than most of the viscosities recorded for BBD
samples, suggesting that the optimized conditions allowed
to gelatinize starch the most.

The value of DS was still lower than that of CPF (50.3 +
1.6 g/100 g db), most probably due to the very short treat-
ment time (i.e., 90 s). Actually, also Chuang and Yeh (2004)
for the extrusion cooking technology demonstrated that ade-
quate residence time is required to reach high levels of starch
gelatinization. Thus, a technological progress was tested:
rice flour was mixed with 40% of water before the treat-
ment and rested overnight to allow a homogeneous hydra-
tion of the flour, fundamental for the starch modification to
occur. Then, the turbo-treatment was applied with cooking
and drying temperature of 200 °C. Indeed, the DS resulted
of 49.5 + 1.5 g/100 g db, very similar to the value of CPF.
As a consequence, also cold viscosities definitely increased
(IV30, 6213 + 897 cP; FV30, 21,436 + 663 cP), reaching
values even higher than those of CPF (Fig. 4).

Conclusions

The work allowed to evaluate the potential of the turbo-
technology in modifying rice flour technological properties
(i.e., damaged starch, pasting properties, apparent cold viscosi-
ties, and color). In particular, the role of different processing
conditions was deeply investigated, leading to understand the
great importance of flour moisture in the cooking phase and
of drying temperature to favor starch gelatinization. However,
the very short treatment time of the actual configuration of

Fig.4 Apparent cold viscosity patterns of the optimized treated rice
flour (dotted curve) and the pre-wetted treated rice flour (dashed
black curve) samples in comparison with raw rice flour (solid black
line) and a commercial pregelatinized rice flour (dashed and dotted
black curve)

turbo-technology resulted in a small improvement of the tech-
nological properties of rice flour. A technology advancement
was then suggested and tested, consisting in a pre-wetting step
of the flour before the thermal treatment. This new strategy
resulted effective, assuring to reach high values of damaged
starch and cold viscosities.

The study is of practical importance for food industries,
representing a guide for the application of turbo-technology to
design new technological features (i.e., damaged starch, past-
ing properties, and cold viscosities) in rice flour intended as
added-value ingredient for food products, especially suitable
for GF productions. For instance, high cold viscosities can be
desired for beverages, while tailored pasting properties and
damaged starch level are preferred for baby foods, puddings,
and pasta production.
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