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Effect of extrusion cooking on 
physical and thermal properties 
of instant flours: a review
Remigio Yamid Pismag , Juan David Rivera , José Luis Hoyos , 
Jesús Eduardo Bravo  and Diego Fernando Roa *

Facultad de Ciencias Agrarias, Universidad del Cauca, Popayán, Colombia

The production of instant flour constitutes a fast-expanding sector, and, this is 
an innovative area, that is being modified adjusting continually its methodologies 
to enhance production efficiency, optimizing its resources, fostering innovation 
in its applications, and increasing its economic income. Among the methods 
widely cited for precooked flours production are spray drying, drum drying, and 
extrusion cooking, the latter emerging as a high-potential and versatile solution 
to produce such commodities. In this regard, a comprehensive understanding 
of the extrusion process, its mechanical principles, and its effects on the physical 
characteristics of extruded raw materials is necessary. Analyzing process 
parameters (specifical mechanical energy and mean residence time) is essential 
to achieve the desired outcomes. Furthermore, it was analyzed the effect of 
the process modification conditions (temperature, screw speed, and moisture 
content) on the physical characteristics of the extruded instant flours. This 
review offers insights into the most reported system parameters as Specifical 
Mechanical Energy (SME), Pressure, Torque and, physical properties assessed in 
different instant flour obtained by extrusion such as Water Absorption Index (WAI), 
Water Solubility Index (WSI), Swelling Power (SP), Rehydration Capacity, Wetting 
Capacity, Sinking, Dispersibility, Pasting properties, Thermal properties, and 
Color. The review summarized and discussed the behavior of the hygroscopic 
properties and the water affinity of different instant flours obtained by extrusion.
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precooked flour, process parameters, physical properties, instant flour, drum dry, 
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1 Introduction

The growing urban metropolises, involving lifestyles, and the sustained economic growth 
of industrialized nations significantly influence the dynamics of food production and its 
concurrent demand. It is estimated that the global market for pre-cooked flours reached sales 
of $1.3 trillion in 2020, with projections indicating an expected increase to approximately $1.6 
trillion by 2027, constituting a compound annual growth rate of 0.4% (Markets, 2022). 
Pre-cooked flours exhibit a wide spectrum of utility, serving as intermediate or final products. 
Between the applications are the formulation of infant food, cereal blends, cereal breakfast, 
porridge, soups, and dairy formula development. The food industry that specializes in 
pre-cooked flour, also reports advancements in their utilization as essential components, 
encompassing pre-cooked flours, hydrolyzed flours, bakery premixes, powdered beverage 
substrates, stabilizing agents, gelling agents, and binding agents (Transparency, 2019b). 
Beneficiary sectors of these developments include the pharmaceutical, cosmetic, and animal 
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nutrition industries. The market segmentation for pre-cooked flours 
can be based on the source raw materials like wheat, corn, rice, and 
legumes, among others. An alternative classification criterion is the 
origin of these flours (organic or conventional). Additional 
categorization is feasible based on distribution channels, spanning 
hypermarkets, supermarkets, specialized markets, and retail outlets. 
Final criterion is related to the geographical delineations encompassing 
Europe, South Asia, East Asia, the Middle East and Africa, Oceania, 
North America, and South America (Transparency, 2019a; 
MMR, 2021).

The most reported techniques for the pre-cooking of flours 
include spray drying (SD), drum drying (DD), and extrusion 
processes (E). Pre-cook represents an efficient process because of 
capacity to enhance modify flour attributes at industrial level. Also, 
pre-cook is environmentally friendly because of its low use of water 
and reduced by-products amount (Ma et al., 2022). The properties of 
the resultant flour depend on the specific technique employed, for 
example, the pre-cooked of starchy flours by spray drying generates a 
starch modification with granular integrity, this effect influence the 
generates a starch modification with granular integrity, this effect 
influence properties such as water solubility, particle density, 
wettability, dispersibility. Conversely, extrusion or drum drying exert 
strong starch modifications, enhancing starch solubility and stability 
of viscous cold water (Ma et al., 2022).

Comparing the three techniques (SD, DD, E) available for 
precooking flour, the extrusion process is efficient in the use of 
resources. Extrusion generates a high level of conversion in the 
components of raw materials (starch, protein, fiber) at low moisture 
content. The extrusion equipment is only one process unit that 
involves kneading, mixing, cooking, shaping and others. The extrusion 
process has several effects on the modification of raw material, such 
as starch gelatinization, protein denaturation, reduction of lipid 
oxidation, enhancement of soluble dietary fibers, and others 
(Nikmaram et  al., 2017; Pismag et  al., 2023). In this regard, the 
purpose of this review is to analyze the effect of the changes in process 
parameters (temperature, moisture, screw speed) on the extruder 
performance (system parameters), at same time, discuss the behavior 
of physical and hygroscopic properties (product parameters) of 
different instant flours obtained by extrusion.

2 Extrusion as a method for obtaining 
pre-cooked flours

Food processing methods exert a strong influence on the physical 
and chemical attributes of food products. Emerging techniques of 
food processing yield a diverse range of products. However, it is 
imperative to align these changes with the requirements of customers 
(He et al., 2020). The aim behind the pre-cooking or pre-gelatinization 
of flours or starches is to produce instant preparation foods with high 
digestibility and distinctive flavor profiles, extending beyond 
conventional cooking (He et al., 2020). Pre-gelatinization of starches 
or flours modifies their physical properties, including water 
absorption, water solubility, pasting properties, and storage stability, 
enabling numerous applications (Wiriyawattana et al., 2018).

Extrusion cooking is a high-temperature, short-time (HTST) 
process with high efficiency in food processing, characterized by low 
levels of waste and emissions (Guy, 2001; Ali et al., 2016). Extrusion 

cooking provides enough thermomechanical energy to induce 
substantial physicochemical transformations in raw food materials. It 
facilitates the mixing, dispersion, and homogenization of food 
constituents. The melted materials are subsequently transported 
within a cylinder and pulled through a die designed for shaping 
purposes (Riaz, 2000). Extrusion is a process unit that involves 
different unit operations at the same time, including cooking, 
conveying, mixing, kneading, pasteurization, cooling, shaping, and 
cutting (Riaz, 2000; Ding et  al., 2005; Egas et  al., 2010; Offiah 
et al., 2018).

Extrusion cooking is an alternative technique in the production 
of pre-cooked flour, as it promotes the gelatinization of starches 
(Mouquet et al., 2003). Those conditions cause the breakaging of 
covalent bonds in amylose and amylopectin, resulting in the loss of 
particle integrity and partial depolymerization of the starch 
components. This strong structural breakdown promotes changes in 
the functional properties of starch (Ma et al., 2022). Concurrently, 
extrusion cooking has an influence on other nutritional components, 
enhancing protein digestibility while diminishing the anti-
nutritional factors such as trypsin inhibitors (Mouquet et al., 2003; 
Ali et al., 2016).

3 Extrusion process parameters

The extrusion process can be analyzed by examining the effects of 
modifying independent parameters that influence a set of dependent 
parameters. The multidimensional nature of the extrusion process has 
led to the development of an analytical model described in Figure 1. 
The process parameters (independent) can be adjusted according to 
the desired characteristics of the final product. These parameters can 
be classified as either adjustable or variable parameters. Adjustable 
parameters should be configured prior to equipment operation, and 
they are related to equipment design, such as screw configuration, 
screw rotation, die design, and others. On the other hand, variable 
parameters can be adjusted during equipment operation, for example, 
barrel temperature, moisture content, screw speed, and others 
(Rubin, 2012).

The dependent parameters are classified into two categories: 
system parameters, related to the equipment operation, and product 
parameters, associated with the transformations by the raw materials 
fed to the extruder. The Specific Mechanical Energy (SME) and 
Torque (T) are the system parameters that allow estimate the energy 
consumption and the mechanical force exerted during the extrusion 
process. Likewise, it is possible to estimate the time at which the raw 
material crosses through the extruder barrel, quantified as the Mean 
Residence Time (MRT). Furthermore, it is possible to establish the 
pressure level inside the equipment, this condition can also be partially 
controlled, and its behavior depends on the process parameters.

Conversely, product parameters describe the changes in the 
physicochemical attributes of the final product. These parameters 
represent the outcomes observed at the end of the process, with their 
values depending on the manipulation of process and system 
parameters. The analytically model depicted in the Figure 1 offers a 
comprehensive overview of the unit employed, enabling the 
anticipation of likely changes in the raw materials, the mechanisms 
governing their occurrence, and their development with the extrusion 
equipment (Ding et al., 2005; Patil et al., 2007; Pansawat et al., 2008). 
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This schematic analysis of the extrusion process is essential because it 
aids in understanding how modifying independent parameters affects 
dependent parameters during flour processing using this technique. 
The following sections of the document will explore the interaction of 
the most commonly reported parameters during the production of 
extruded flours.

3.1 Effect of extrusion on system 
parameters

The assessment of system parameters within the extrusion 
process explains the values engendered by the equipment during 
operation in response to the modifications in process parameters. 
The system parameters serve as a descriptor of equipment 
performance during the cooking of raw materials. Specific 
Mechanical Energy (SME), torque (T), and pressure (P) are the 
most frequently documented system parameters in the context of 
extrusion to obtain pre-cooked flours.

Table 1 shows a compilation of different plant-based raw materials, 
either pure or mixed, used in the development of precooked flours by 
extrusion process. Throughout these processes the behavior of the 
extrudate materials has been evaluated. The work applied by the main 
motor to move the melted raw materials through the barrel is 
represented as SME. This crucial process parameter is intrinsically 
associated with the amount of energy required to facilitate the 
transformation of raw materials. For instance, the increasing SME 
corresponds to a dextrinization of starches and denaturation of 
proteins (Heredia et al., 2019).

The temperature during the process influences the viscosity of the 
melted material, while moisture content acts as a lubricant, enhancing 
the flow of the materials inside the extruder. Together, these factors 
contribute to a reduction in energy consumption, resulting in a lower 
SME. Conversely, increasing the screw speed in the extruder elevates 
shear and friction forces, thereby increasing the SME (Pathania et al., 
2013; Ai et al., 2016; Ali et al., 2016).

As with SME, torque (T) is closely linked to the interaction 
between the screw speed and the flow of the melted materials. Torque 
is strongly influenced by changes in temperature, moisture content, 
and screw speed, as shown in Table  1. A decrease in Torque can 
be attributed to the reduction in material viscosity, achieved through 
increased parameters such as temperature, moisture content, and 
screw speed during the extrusion process (Ai et al., 2016; Li et al., 2020).

On the other hand, the variation in pressure (P) inside the extruder 
results from the restriction encountered by the melted material 
troughing the die at the exit in the extruder, often causing accumulation 
just before the exit (Ai et al., 2016). According to the reports in Table 1, 
higher temperatures, moisture content, and screw speed typically lead 
to a decrease in pressure during extrusion. Overall, changes in process 
parameter can modify the viscosity of melted material and affect SME, 
T, and P, as system parameters (Pathania et al., 2013).

3.2 Effect of extrusion on product 
parameters

The extrusion is a versatile operation because it facilitates the 
processing of a wide range of raw materials, including cereals, 

o
o

o
o

FIGURE 1

Multidimensional analysis of the extrusion process. [Modified of Rubin (2012)].
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TABLE 1 Effect of changes in process parameters on system parameters during flour extrusion.

Raw material Extrusion 
conditions

Effect of parameter process Reference

Temperature Moisture Speed screw

SME T P SME T P SME T P

Barley flour
Temperature* 59–148°C

Moisture 30–50%
− − Ge et al. (2024)

Rice flour and sand 

rice mixture

Temperature* 85–115°C

Moisture 27–39%

Speed screw 90–130 rpm

− − − − − − Li et al. (2020)

Buckwheat
Temperature* 62–73°C

Moisture 30–70%
− − Cheng et al. (2020)

Rice flour and whey 

protein mixture

Temperature 120–180°C

Moisture 17–23%

Speed screw 225–375 rpm

− − + Heredia et al. (2019)

Sorghum
Temperature 120–150°C

Moisture 20–24%
− − Wang et al. (2019)

Sorghum flour
Temperature 110–160°C

Moisture 10–18%
− − Jafari et al. (2017)

Fuji Otevo bean

Temperature* 84–88°C

Moisture 25–30%

Speed screw 100–200 rpm

− − − − − − + − − Ai et al. (2016)

Zorro Black been

Temperature* 84–88°C

Moisture 25–30%

Speed screw 100–200 rpm

− − − − − − + − − Ai et al. (2016)

Corn and Mungo bean 

flour mixture

Temperature 108–192°C

Moisture 13–19.4%

Speed screw 349–601 rpm

− − + Ali et al. (2016)

Broken rice and 

Mungo bean mixture

Temperature 108–192°C

Moisture 13–19%

Speed screw 349–601 rpm

− − + Pathania et al. (2013)

(+) Positive effect of process parameter on product parameter, (−) Negative effect of process parameter on product parameter. Temperature* = Temperature profile, Specifical Mechanical Energy (SME) units expression (W.h/Kg; kJ/Kg;), Torque (T) units expression 
(N.m; %), Pressure (P) units expression (Psi).
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legumes, and mixtures, to yield pre-cooked flours with specific 
physical attributes. The development of the physical properties in the 
pre-cooked flours results from the process conditions in the extruder 
and the consequent chemical modifications in the processed materials. 
The outcomes stemming from the process conditions encompass a 
wide range of results, which will be  discussed below. While the 
following discussion clarifies several physical properties of precooked 
flours obtained by extrusion, it is important to highlight that the 
industry leading its innovations toward properties such as flowability, 
water holding capacity, consistency, and thickening among others 
(Transparency, 2019b; Markets, 2022).

3.2.1 Water absorption index and water solubility 
index

The Water Absorption Index (WAI) and Water Solubility Index 
(WSI) are classified as product parameters and are considered indirect 
indicators of the degree of starch conversion within the raw materials. 
The WSI is denoted as the proportion of water-soluble constituents 
within the extruded material, expressed as a percentage of the dry 
matter. This parameter is related to starch dextrinization and its extent 
of gelatinization during the extrusion (González et al., 2007; Atukuri 
et  al., 2019). Aditionally, the WSI measures the capacity of 
solubilization in solvents of pre-cooked flours or food powders. The 
behavior of this property depends on the molecular weight of the 
soluble fractions and their capacity to develop hydrogen bonds with 
water (Gandhi et al., 2018; Atukuri et al., 2019). The behavior of WSI 
in extruded materials is variable, with its response depends on the 
modification of single process parameters or their combinations (see 
Table 2).

Many of the listed samples in Table 2 show an increase in WSI 
due to the increase in the extrusion temperature (Pathania et al., 
2013; Ali et al., 2016; Cheng et al., 2020; Pasqualone et al., 2021; 
Ruiz et al., 2022; Zhang et al., 2023). The temperature facilitates 
starch gelatinization, leaching of amylose, and dextrinization 
through the breaking of starch into lower-weight molecules 
(Gandhi et al., 2018; Atukuri et al., 2019). At the same, the increase 
in screw speed engenders heightened shear forces, advancing 
structural starch changes, causing fractionation and beraking of 
starch particles with an increase in the quantity of soluble material 
(Pathania et al., 2013; Sarawong et al., 2014; Kowalski et al., 2016; 
Arora et  al., 2020; Pasqualone et  al., 2021; Ruiz et  al., 2022). 
Otherwise, increased moisture content inversely affects shear forces, 
reducing the mean residence time of extruded material within the 
extruder, thereby constraining the thermo-mechanical modification 
of accessible starch and other macromolecules (Ali et al., 2016).

On the other hand, the WAI is the ability of the extruded 
material to form a gel in excess of water also described as moisture 
holding capacity of pre- gelatinized starches (Pathania et al., 2013). 
During extrusion, gelatinization affects the molecular interaction 
within starch structures (amorphous and crystalline zones), 
disrupting of intermolecular or intramolecular bonds and exposing 
hydroxyl groups to form hydrogen bonds with water (Sotelo 
et al., 2023).

In many cases from Table 2, WAI shows an inverse correlation 
with WSI, indicating higher WAI values correspond to lesser 
structural change in starches and reduced soluble fraction (WSI). 
Decerasing WAI con occur with higher temperatures and screw 
speeds during extrusion, linked to the starch gelatinization extent. 

Elevated extrusion temperatures enhance the degree of gelatinization 
starch, reducing the WAI. Similarly, heightened screw speeds and 
lower moisture intensify shear and friction forces, causing starch 
granulate changes by fragmentation, resulting in damage by 
mechanical effect.

However, González et  al. (2007), Kowalski et  al. (2016), and 
Cheng et  al. (2020) report unusual behavior of WAI and WSI 
parameters in theirstudies, they observe high WAI with increased 
moisture content and extrusion temperature. In contrast, Dogan and 
Karwe (2003) suggest that WAI is influenced by interactions involving 
low-molecular-weight compounds released during starch 
gelatinization and protein denaturation. These interactions form new 
complexes with hydrophilic properties, thereby increasing both WAI 
and WSI simultaneously.

3.2.2 Swelling power
Swelling Power (SP) refers to the ability of starches to absorb 

water and increase in size (Otondi et al., 2020). It indirectly measures 
the conformation, distribution, and proportion of amylopectin 
within the starch structure (Cheng et  al., 2020). However, these 
properties alone cannot fullypredict swelling capacity. Starch 
structure variations derived from the same botanical species from 
different origins can yield different results (Zhu, 2016). Exploring 
these attributes in pre-cooked flours helps define potential 
applications in formulating highly viscous foods such as soups, 
purées, and porridge.

Table 3 reports indicate that the interaction between extrusion 
temperatures and moisture content influences the swelling capacity of 
starches in pre-cooked flours (Qi et  al., 2020). Severe extrusion 
conditions significantly alter starch structure, leading to dextrinization 
and reduced swelling capacity (Zhang et al., 2016).

Cheng et  al. (2020) studied buckwheat flour extrusion and 
observed an increase of the swelling power (SP) with higher barrel 
temperatures and moisture content. They attribute SP increase to 
damage of starch crystalline structures, exposing more active sites for 
water binding. Conversely, low moisture content during extrusion 
intensifies the SME, fragmentation starches and reducing SP in the 
pre-gelatinized flour.

In contrast, Otondi et al. (2020) noted significantly higher SP with 
increased moisture content during extrusion, this phenomenon was 
attributed to enhanced internal exposure of starch granulates during 
the gelatinization induced by extrusion. The increasing trend of SP 
based on the high level of temperature and moisture content during 
the extrusion process was reported by Martínez et  al. (2014a) in 
extruded rice flour. They suggest that starch gelatinization leads to loss 
of starch granule integrity and higher SP.

Most authors find an improved SP in pre-cooked compared to 
native flours. However, the presence of proteins and lipids in whole 
flours can modify SP behavior in extruded products. Martínez et al. 
(2014a, b) suggest that interaction among components, particularly 
proteins, influence physical properties post-extrusion.

Kesselly et al. (2023) report that increasing extrusion temperature 
reduces the SP in cowpea flour, while higher moisture content 
increases SP by facilitating starch gelatinization. Moisture acts as a 
plasticizer, regulating starch gelatinization, and preventing their 
dextrinization. However, increasing the temperature can alter SP due 
to protein interactions with the starch granules. Vegetable proteins 
with their high water affinity, further modify flour SP behavior turning 

https://doi.org/10.3389/fsufs.2024.1398908
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


P
ism

ag
 et al. 

10
.3

3
8

9
/fsu

fs.2
0

24
.13

9
8

9
0

8

Fro
n

tie
rs in

 Su
stain

ab
le

 Fo
o

d
 Syste

m
s

0
6

fro
n

tie
rsin

.o
rg

TABLE 2 Effect of process parameters on WSI and WAI of extruded flours.

Material Extrusion conditions Effect of process parameters Reference

Temperature Moisture content Screw speed

WSI WAI WSI WAI WSI WAI

% g/g % g/g % g/g

Buckwheat Tartary
Temperature* 70–160°C

Moisture 30–60%
+ − − − Zhang et al. (2023)

Casava flour Moisture 10–40% − + Gborie et al. (2022)

Sesame flour
Temperature 50–170°C

Speed screw 50–240 rpm
+ − + − Ruiz et al. (2022)

Lentil flour

Temperature* 90–107°C

Moisture 27–29%

Speed screw 220–230 rpm

+ − − + + − Pasqualone et al. (2021)

Buckwheat
Temperature* 62–73°C

Moisture 30–70%
+ + − − Cheng et al. (2020)

Corn and Mungo bean flour 

mixture

Temperature 108–192°C

Moisture 13–19.4%

Speed screw 349–601 rpm

+ − − + + − Ali et al. (2016)

Quinoa flour (Var. Cherry 

Vanilla)

Temperature 120–160°C

Moisture 15–25%

Speed screw 300–500 rpm

− + − + + Kowalski et al. (2016)

Green banana flour
Moisture 20–50%

Speed screw 200–400 rpm
− + + − Sarawong et al. (2014)

Rice, soy, and peanut 

mixture

Temperature 108–192°C

Moisture 13–19%

Speed screw 349–601 rpm

+ − − + + − Pathania et al. (2013)

Amaranth starch
Temperature 150–200°C

Moisture 120–200 g/Kg dw
− + + + González et al. (2007)

(+) Positive effect of process parameter on product parameter, (−) Negative effect of process parameter on product parameter. Temperature profile (Temperature*); dw, dry weight; WSI, Water Solubility Index; WAI, Water Absorption Index.
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hydrophobic under high temperatures during extrusion (Wang 
et al., 2019).

Jafari et al. (2017) found a reduction SP in sorghum flour with 
higher barrel temperatures and lower the moisture content, promoting 
amylose-lipid complexes formation that hinder water absorption. 
Lower extrusion temperatures and moisture content favor the starch 
packing, reducing water absorption and SP values.

3.2.3 Rehydration capacity
Rehydration capacity, also known as rehydration rate (Shan 

et  al., 2015) or hydration power (Bhati et  al., 2022), evaluate 
structural changes in the constituents of extruded flours and their 
interaction with water. This parameter is crucial for prospective 
applications like porridge, soups, or infant foods, where the 
hydration is necessary before consumption. Table 4 confirms that 
rehydration rate in extruded flours varies with changes in extrusion 
parameters (Kaur et  al., 2019), influenced by starch and protein 
molecular weight reductions that increase water-binding sities 
(Bhandari et al., 2013).

Increased extrusion temperature enhances starch gelatinization 
and protein denaturation, boosting water-binding capacity (Kaur 
et  al., 2019). However, excessive temperatures favor starch 
dextrinization with reduced hydration rates (Bhati et  al., 2022). 
Conversely, higher moisture content during extrusion decrease 
rehydration rate due to shorter residence time of the melted material 
and promoting gentler extrusion conditions (Yu et al., 2013; Kaur 
et al., 2019). Moreover, higher screw speeds increase the rehydration 
rates by mechanical altering starch and protein structures (Kaur 
et al., 2019).

3.2.4 Wetting capacity
Wetting capacity is the first stage of the rehydration cycle of food 

powders, pre-cooked, or instant flours and is measured as a function 
of time (Barbosa, 2021). This parameter measures the ability of the 

powder to become wet upon contact with liquid (Fitzpatrick et al., 
2016; Oliveira et  al., 2019; Eke et  al., 2021). Changes in wetting 
capacity depend on extrusion process parameters (see Table 5), flour 
composition, the fat content, particle size, and affinity for 
reconstituting liquid (Fournaise et  al., 2021). According to 
Dhanalakshmi et al. (2011), larger particle sizes, high porosity, and 
lipid presence on particle surfaces contribute to optimal wetting 
capacity in pre-cooked or instant flours.

Giraldo et  al. (2019) observed that the increasing extrusion 
temperature and screw speed reduced the wetting capacity of 
commercial extruded banana flour over time. They also noted that the 
particle size significantly influenced wetting capacity. This study 
concluded that under the evaluated process conditions can produce 
extruded banana flour suitable for instant preparation.

Conversely, Filli et al. (2013) investigated the wetting capacity of 
an extruded blend of millet and soy flours over time. They examined 
soy incorporation levels, blend moisture content, and screw speed. 
Their findings indicated that a higher soy content prolonged wetting 
capacity, likely due to an increase in fat content. This underscores the 
substantial impact of raw material compositional on wetting capacity. 
Filli et al. (2013) also highlighted the significant role of particle size in 
influencing wetting capacity.

While none of the presented cases directly relate the modification 
of process variables like temperature, moisture, and screw speed to the 
wetting capacity of flours, it is important to consider the series of 
phenomena occurring during the extrusion. These include thermo-
mechanical effects, starch gelatinization and protein denaturation. 
These phenomena significantly influence particle sizes modification 
and agglomerate formation in water, which are key factors affecting 
wetting capacity (Dhanalakshmi et al., 2011; Fitzpatrick et al., 2016; 
Wang et al., 2020; Eke et al., 2021). Despite wetting capacity being 
essential for the quick preparation of modified flours, there is 
insufficient information on how process parameters modifications 
affect the wetting capacity in pre-cooked flours obtained by extrusion.

TABLE 3 Effect of process parameters on swelling power (SP) of extruded flours.

Material Extrusion conditions Temperature Moisture content Reference

Barley flour
Temperature* 59–74°C

Moisture 30–50%
+ − Ge et al. (2024)

Cowpea bean flour
Temperature 60–70°C

Moisture 10–15%
− + Kesselly et al. (2023)

Casava flour Moisture 10–40% + Gborie et al. (2022)

Pea flour Temperature 50–90°C + Qi et al. (2020)

Buckwheat
Temperature* 62–73°C

Moisture 30–70%
+ + Cheng et al. (2020)

Casava and chia mixture Moisture 10–20% + Otondi et al. (2020)

Sorghum flour
Temperature 110–160°C

Moisture 10–18%
− − Jafari et al. (2017)

Corn waxy flour Moisture 13–19% − Zhang et al. (2016)

Rice flour
Temperature 110–140°C

Moisture 17–30%
+ + Martínez et al. (2014a)

Wheat flour

Temperature 80–160°C

Moisture 30–50%

Speed screw 275-500 rpm

+ + Martínez et al. (2014b)

(+) Positive effect of process parameter on product parameter, (−) Negative effect of process parameter on product parameter. Temperature profile (Temperature*).
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3.2.5 Sinking
When determining the properties of pre-cooked flour or instant 

food, three key phenomena must be considered: wetting, sinking and 
dispersion (Bhandari et al., 2013; Crowley et al., 2016; Nahemiah et al., 
2016, 2017). Sinking occurs immediately after the powder particles 
become sufficiently wet, causing them to precipitate in the solvent due 
to increased density (Crowley et  al., 2016; Eke et  al., 2021). This 
process is rapid, making it challenging to accurately measure the rate 
at which a particles sink. While commonly evaluated in powdered 
milk, a standardized methodology is still developing.

Sinking begins with the wetting, followed by exchange of within 
the particles and surrounding liquid. Due to its speed, obtaining 
precise information about sinking is difficul. This is why specific 
studies on this property are rare, as it is often considered the final stage 
of the wetting process. Barbosa (2021) and Crowley et al. (2016) agree 
that sinking is part of the wetting process of food powders, can refer 
to the same process. Like wetting, the sinking capacity of instant 
powdered food is influenced by its particle size (Hogekamp and 
Schubert, 2003; Wang et al., 2020), process conditions (temperature, 
moisture, screw speed), and the composition of raw materials, 
particularly the relationship between starch, proteins, fat or lipids 
(Bhandari et al., 2013).

3.2.6 Dispersibility
Dispersibility is the third stage of the rehydration process of 

instant food flours or powders. The process begins with wetting, 
followed by the sinking and then the dispersion of the wet 
agglomerates into individual particles which then solubilize (Barbosa, 
2021; Fournaise et al., 2021). Dispersibility dependents on the particle 
size, porosity, material density (Eke et al., 2021; Lee and Yoo, 2023), 
and the chemical composition of the particle surface (Fournaise et al., 
2021). Nahemiah et  al. (2016) found that pre-cooked flour from 
extruded rice and cowpea mixtures improves dispersion when 
processed at low temperatures and low moisture contents. These 
process parameters influence dispersion of the extruded mixture.

However, as shown in Table 6, most studies reports increased 
dispersion with higher extrusion temperatures. According to 
Tanhehco and Ng (2005), an increase in SME during extrusion, under 
certain conditions (temperature and moisture), can decrease 
dispersion due to the formation of aggregates during rehydration.

The energy requirement of the extruder (SME) during raw 
material processing is directly influenced by factors such as 
temperature, which affect the viscosity of the material as it passes 
through the extruder. Low process temperatures increase SME due to 
the challenges in starch gelatinization and protein denaturation, 

TABLE 4 Effect of process parameters on rehydration of extruded flours.

Material Extrusion 
conditions

Temperature Moisture 
content

Screw speed Reference

Corn native flour

Temperature 125–175°C

Moisture 14–18%

Speed screw 400–550 rpm

+ − + Kaur et al. (2019)

QPM corn flour

Temperature 125–175°C

Moisture 14–18%

Speed screw 400–550 rpm

+ − − Kaur et al. (2019)

Corn flour, rice flour, 

and potato starch
Temperature 80–140°C + Shan et al. (2015)

Corn and soy

Temperature 140–180°C

Moisture 18–38%

Speed screw 60–140 rpm

+ + + Yu et al. (2012)

(+) Positive effect of process parameter on product parameter, (−) Negative effect of process parameter on product parameter.

TABLE 5 Effect of process parameters on wetting capacity of extruded flours.

Material Extrusion 
conditions

Temperature Moisture 
content

Screw speed Reference

Sorghum
Temperature 90–110°C

Moisture 22–30%
– – Mohmmed et al. (2022)

Groundnut
Temperature 90–110°C

Moisture 22–30%
– – Mohmmed et al. (2022)

Rice flour

Temperature 100–180°C

Moisture 12–20%

Speed screw 250–450 rpm

– – Kaur (2021)

Banana flour
Temperature 20–50°C

Speed screw 600–1,000 rpm
– – Giraldo et al. (2019)

Millet and soy mixture
Moisture 30%

Speed screw 180 rpm
– – Filli et al. (2013)

(+) Positive effect of process parameter on product parameter, (−) Negative effect of process parameter on product parameter.
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leading to aggregate formation. Similarly, high moisture content 
during extrusion, reduce SME by facilitating starch gelatinization, thus 
improving dispersibility of processed flour (Tanhehco and Ng, 2005).

Dispersion, like wettability and sinking characteristics of the 
pre-cooked flours, is sensitivity to particle size. Generally, large 
particle size enhance these properties. However, excessive fine 
particles may form agglomerates, hindering effective wetting 
mechanisms (Giraldo et al., 2019).

3.2.7 Pasting properties
The pasting properties helps to verify the structural damage to the 

starches caused by hydrothermal processes during extrusion (Akande 
et al., 2017). Generally, these properties decrease in extruded flours 
compared with their native counterparts (Mahasukhonthachat et al., 
2010; Menegassi et al., 2011; Sarawong et al., 2014; Qi et al., 2020), due 
to the loss of the starch structural integrity. Hydrothermal treatments 
like extrusion induce starch gelatinization by swelling and water 
absorption in its amorphous regions, disrupting the crystalline regions 
in the starch granules (Martínez et al., 2014b).

Table 7 describes how extrusion parameters such as temperature, 
moisture content, and screw speed affect pasting properties like 
temperature of extent (TE), the peak viscosity (PV), gel instability or 
break down (BD), and the final viscosity (FV). The interaction 
between the process parameters in the extrusion system influences the 
pasting properties of the extruded flour.

This evaluation helps assess starch integrity but the test can 
be influenced by the presence of proteins, lipids, and fibers available 
in the flours (Qi et al., 2020). Another important consideration is that 
in all the cases reported, the native flours consistently show higher 
pasting values in comparison with extruded flours, indicating 
significant structural modification during extrusion (Menegassi et al., 
2011). Table  7 highlights that extrusion temperature reduces all 
pasting parameters, crucial for designing instant foods (Menegassi 
et al., 2011; Ai et al., 2016; Qi et al., 2020).

During heating of the starch solution, viscosity gradually 
increase to the maximum peak viscosity (PV), considered as the 
balance between the swelling and rupture of the starch granules. 
High extrusion temperatures cause significant starch damage due 
to a starch gelatinization, showing low values in PV (Menegassi 

et al., 2011; Ai et al., 2016; Qi et al., 2020). The increase in moisture 
content also reduce pasting parameters, including gel instability or 
breakdown (BD), indicating gelatinized starch resistance to 
temperature and shear (Qi et al., 2020). The final viscosity decreases 
due to higher extrusion temperatures, reflecting the re-association 
of starch molecules, especially amylopectin during cooling 
(Menegassi et al., 2011).

Increasing moisture content and screw speed during the extrusion 
process both reduce pasting properties. Higher moisture content 
provides sufficient water for starch gelatinization, causing greater 
structural damage and resulting in lower pasting values (Rodríguez 
et  al., 2015). Similarly, higher screw speeds exert significant 
mechanical effect on starches, leading to their modification and a 
reduction in pasting properties (Mahasukhonthachat et al., 2010), as 
shown in Table 7.

However, Sarawong et al. (2014), reported that lower moisture 
content cause greater starch degradation due to increase in shear due 
to a mechanical effect of the screws in the extruder. Although there 
are few reports on the effects of screw speed on pasting properties, it 
can be inferred that higher screw speeds reduce the residence time 
inside the extruder, insufficient for starch gelatinization. This was 
observed by Sarawong et al. (2014) during the extrusion of green 
banana flour. This pattern is also seen in parameters like BD and 
final viscosity.

3.2.8 Thermal properties
In the extrusion processes of starchy raw materials, thermal 

properties change to the loss of molecular order in starch fraction 
(Table 8). The behavior is attributed to the loss in the molecular order 
of the starch fraction and is related to the gelatinization process due 
to starch swelling and a consequent loss in its structural order during 
the extrusion process. The thermo-mechanical effects from change in 
extrusion parameters can significant alter starch structural (Lai 
et al., 2022).

The changes in thermal properties following the extrusion process 
led to variations in To, Tp, and Tc, and reduce endotherms (see 
Figure 2). Garcia et al. (2019) found that the extrusion of two types of 
plantain flour reduce the endotherm and gelatinization enthalpy 
(ΔH), indicating complete starch gelatinization.

TABLE 6 Effect of process parameters on dispersibility of extruded flours.

Material Extrusion 
conditions

Temperature Moisture 
content

Screw speed Reference

Rice flour

Temperature 100–180°C

Moisture 12–20%

Speed screw 250–450 rpm

+ + + Kaur (2021)

Rice and soy mixture
Temperature 84–140°C

Moisture 12–28%
+ + Nahemiah et al. (2017)

Rice flour and cowpea 

mixture

Temperature 86–154°C

Moisture 12–28%
− − Nahemiah et al. (2016)

Wheat and soy lecithin

Temperature* 80–93°C

Moisture 25–35%

Speed screw 200–300 rpm

+ − − Tanhehco and Ng (2005)

Millet and soy mix Temperature* 95–150°C + Fernandes et al. (2003)

(+) Positive effect of process parameter on product parameter, (−) Negative effect of process parameter on product parameter. Temperature profile (Temperature*).
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TABLE 7 Effect of process parameters on pasting properties of extruded flours.

Material Extrusion 
conditions

Effect of process parameters Reference

Temperature Moisture content Screw speed

TE PV BD FV TE PV BD FV TE PV BD FV

Pea flour Temperature 50–90°C + − − − Qi et al. (2020)

Buckwheat Temperature* 62–73°C 

Moisture 30–70%

+ + + + + + Cheng et al. (2020)

Kiwicha Temperature 160–190°C 

Moisture 14–18%

− − − + − − Basilio et al. (2020)

Casava flour Moisture 10–40% + + + Gborie et al. (2022)

Lentil flour Temperature* 90–107°C 

Moisture 27–29% Speed 

screw 220–230 rpm

− − − + + + − − − Pasqualone et al. (2021)

Bean flour variety 

Fuji Otevo

Temperature* 84–88°C 

Moisture 25–30% Speed 

screw 100–200 rpm

− − − + + + + + + Ai et al. (2016)

Native corn flour Temperature* 68–75°C 

Moisture 25–30%

− − − − Rodríguez et al. (2015)

Green banana flour Moisture 20–50% Speed 

screw 200–400 rpm

+ + + − − − Sarawong et al. (2014)

Amaranth flour Temperature 120–180°C 

Moisture 15–25% Speed 

screw 158–237 rpm

− − − − − − − − − Menegassi et al. (2011)

Sorghum flour Moisture 25–40% Speed 

screw 150–300 rpm

− + + + − + − − Mahasukhonthachat et al. 

(2010)

(+) Positive effect of process parameter on product parameter, (−) Negative effect of process parameter on product parameter. Temperature* = Temperature profile, Temperature of extent (TE), Peak viscosity (PV), Breakdown (BD), Final viscosity (FV).
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Menegassi et  al. (2011) explain that low ΔH values in 
pre-gelatinized flours by extrusion are due to the structural starch 
damage. Typically, the parameters defining the endothermic peak (T0, 
Tp, Tc) slightly increase in extruded flours compared to native flours, 
likely due to a structural alteration in starch molecules and to the 
presence of starchy fractions that resist gelatinization, requering more 
energy (Martínez et al., 2014a).

Table 8 shows a direct relationship between thermal properties 
and pasting properties, resulting from structural modifications in 
starch, proteins and the formation of lipid complexes during extrusion 
(Menegassi et  al., 2011). The evaluation of pasting and thermal 
parameters indicates that the greater structural and morphological 

alteration due to cooking extrusion result in lower magnitudes in the 
pasting properties (PV, BD, FV, and TE), reduced ΔH and increased 
values of To, Tp, and Tc.

3.2.9 Color
Color changes in extruded products are mainly related to a 

non-enzymatic reactions, such as Maillard reactions or caramelization, 
resulting from the starch degradation into sugars and their interaction 
with free amino acids during extrusion (Menegassi et  al., 2011; 
Martínez et  al., 2014a,b; Wang et  al., 2020). Controlling color is 
crucial, as it directly influences consumer perception of quality 
(Menegassi et al., 2011; Kowalski et al., 2016).

Color changes in flour extrusion are typically marked by a loss of 
luminosity (L*) and an increasein red (+a*) and yellow (+b*) hues 
(Menegassi et al., 2011; He et al., 2020). As shownin Table 9, thermal 
effects are major contributors to darker colors during extrusion (He 
et al., 2020). In pre-cooked flours, increased process temperatures and 
moisture lead to reduced L* values and higher a* and b* values due to 
Maillard reaction and pigment oxidation, resulting in browner 
products (Jafari et al., 2017).

Jafari et  al. (2017) observed that increasing moisture content 
during extrusion of sorghum flour controls the loss of lightness (L*), 
resulting in lighter shades similar to native flour. This effect is due to 
reduced residence time inside the extruder, insufficient for the 
non-enzymatic browning reactions. Similar findings reported by 
Gulati et al. (2016) and Wang et al. (2020), who noted that higher 
moisture content during extrusion helps maintain L* values and 
reduces red (a*) and yellow (b*) color production by minimizing the 
thermomechanical effects.

However, Kowalski et al. (2016) and Martínez et al. (2014a, b) 
found contrary results, observing that increased moisture content 
intensifies brown colors extruded flours. This darkening results 
from a higher degree of gelatinization, leading to more reducing 
sugars interacting with the amino groups in the flour proteins, 
triggering the Maillard reaction (Kowalski et  al., 2016). On the 

TABLE 8 Effect of extrusion process on thermal properties.

Material Raw material Extruded material Reference

To
(°C)

Tp
(°C)

Tc
(°C)

ΔH
(J/g)

To
(°C)

Tp
(°C)

Tc
(°C)

ΔH
(J/g)

Rice flour 56.6 100.7 124.5 17.4 61.3 100.3 128.0 10.5 Lai et al. (2022)

Amaranth flour 68.1 73.7 83.1 5.6 66.7 73.1 82.1 2.7 Garcia et al. (2021)

Mango flour 66.7 71.5 78.5 6.1 62.6 68.1 76.1 2.6 Garcia et al. (2021)

Plantain flour 

(Unripe pulp)
78.7 7.6 83.9 2.4 Garcia et al. (2019)

Plantain flour 

(Unripe whole fruit)
79.6 8.4 85.2 3.9 Garcia et al. (2019)

Maize flour 82.9 96.5 105.6 321.8 81.2 93.4 98.0 3.6 Zhang et al. (2016)

Rice flour 65.5 71.2 77.9 2.53 71.1 76.4 82.5 1.6
Martínez et al. 

(2014a)

Wheat flour 55.4 60.7 68.7 4.1 61.3 65.2 71.6 0.8
Martínez et al. 

(2014b)

Amaranth flour 70.5 76.1 82.8 5.5 103.2 107.5 111.2 0.7
Menegassi et al. 

(2011)

Onset temperature (To), Peak gelatinization temperature (Tp), Conclusion gelatinization temperature (Tc), and Enthalpy (ΔH).

FIGURE 2

Differential scanning calorimetry of native and extruded flours of 
unripe plantain pulp (UPFP) and whole fruit (UPFW). [Modified of 
Garcia et al. (2019)].
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TABLE 9 Effect of Process Parameters on color changes in extruded flours.

Material Extrusion conditions Effect of process parameters Reference

Temperature Moisture content Speed screw

L* a* b* L* a* b* L* a* b*
Chinese yam flour Moisture 14–34% + − − Ouyang et al. (2024)

Rice flour

Temperature 130–180°C

Moisture 10–35%

Speed screw 50–150 rpm

− + + + − − − (Gulzar et al., 2021)

Kudzu flour
Temperature 85–110°C

Moisture 10–20%
+ − − Wang et al. (2020)

Sorghum flour
Temperature 110–160°C

Moisture 10–18%
− + + + − − Jafari et al. (2017)

Lentil flour
Temperature 100–150°C

Moisture 15–25%
− + + − + − Ghumman et al. (2016)

Horsegram
Temperature 100–150°C

Moisture 15–25%
− + − + − Ghumman et al. (2016)

Millet flour

Temperature 90–150°C

Moisture 17–25%

Speed screw 170–250 rpm

− + − + − − + + Gulati et al. (2016)

Quinoa flour (Var. 

Cherry Vanilla)

Temperature 120–160°C

Moisture 15–25%

Speed screw 300–500 rpm

− + + − − − − + + Kowalski et al. (2016)

Rice flour
Temperature 110–140°C

Moisture 17–30%
− + + − + + Martínez et al. (2014a, b)

Amaranth flour

Temperature 120–180°C

Moisture 15–25%

Speed screw 158–237 rpm

− + + − + + − + + Menegassi et al. (2011)

(+) Positive effect of process parameter on product parameter, (−) Negative effect of process parameter on product parameter.
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contrary, increasing screw speed during extrusion reduces the 
residence time of the sample, preventing the formation of brown 
colors and increasing a* and b* parameters (Gulati et  al., 2016; 
Kowalski et al., 2016).

3.2.10 Bulk density
Bulk density is an important quality criterion for packing, 

affecting storage costs, transportation, product standardization, and 
process efficiency. Bulk density is commonly defined as the mass of 
the powder (m) filling a vessel of known volume (V), expressed as 
m/V (Barbosa, 2021). Whiles some studies measure the bulk of the 
pellets directly after the extrusion, this property is closely related to 
the expansion capacity of the melt material as it exits the extruder. The 
measurement is typically estimated as the weight of the pellet pieces 
per unit volume (Nyombaire et al., 2011; Wang et al., 2019).

During the extrusion process, the melted material undergoes a 
sharp pressure change, causing it to puff and reducing the bulk density 
of extruded flour. Low bulk density powders have high porosity and 
specific surface area, enhancing their interaction with water molecules 
improving wettability of the extruded flour. Analyzing this property 
is particularly important when extrusion conditions (parameter 
process) are modified.

Table 10 shows that temperature and screw speed significantly 
reduce the bulk density of all the extruded flours. This reduction is 
related to the pressure drop from inside the extruder to atmospheric 
pressure. During the extrusion increased temperature and screw speed 
create high-pressure conditions. When the melted material exits the 
die, the rapid transfer from high internal pressure to atmospheric 
pressure causes the internal moisture content to flash off suddenly. 
This promotes bubble formation, which becomes entrapped in the 
melted material, resulting in highly expanded, low-density extrudates 
(Ali et al., 2016; Wang et al., 2019, 2020).

Moisture content is the main factor affecting extrudate density 
and expansion. As shown in Table 10, high moisture levels reduce bulk 
density by altering amylopectin networks in the starch-based 
materials. This change reduce dough elasticity through plasticization 
of the melt, resulting in reduced SME and gelatinization, which in turn 
decreases expansion and increases the density of the extrudates 
(Pathania et al., 2013; Ali et al., 2016).

4 Conclusion

Extrusion is a spreadable operation that is being used as an 
alternative mechanism to obtain pre-cooked flours useful in the 
development of instant preparation foods. It is a process widely 
used on an industrial scale. However, it is a technique that is once 
again gaining interest in the development of food, using as a 
production base unconventional raw materials such as quinoa, 
amaranth, native beans, native corn, and even fruits such as 
bananas and agroindustrial byproducts from the processing of 
other industries such as soybean cakes, all processed by the same 
technique to obtain finished products or bases for the development 
of new foods.

In this sense, the physical behavior of pre-cooked flours obtained 
by the extrusion process is influenced by its chemical composition and 
the changes that each of its components may undergo due to the 

change in extrusion conditions. The thermal and mechanical effects 
developed inside the equipment can modify the availability of 
sufficient active sites that facilitate the raw materials to interact with 
the solvent medium. Likewise, it is necessary to consider that the 
intensity of the thermal and mechanical effect developed inside the 
equipment and applied to the raw materials will promote their 
fractionation or even the formation of complexes that can alter their 
behavior against the solvent medium.

On the other hand, the hydration of pre-cooked flours used in 
the development of instant preparation foods follows a pattern that 
has been fully identified and is described in four stages starting with 
wetting, sinking, dispersion, and solubilization. However, 
information about methodologies that help their quantification in 
flours pre-cooked by extrusion is not yet fully developed. The 
reporting of this type of protocol or results could provide clarity on 
the possible uses of flours modified by extrusion, and it is necessary 
to continue expanding knowledge about the physical behavior of 
pre-cooked flours.

4.1 Prospective

The production of instant flours obtained by different methods 
such as spray dry, drum dry, and extrusion, is a sector that covers 
more and more markets, some of them very selective in terms of 
consumption, however, this type of product is gaining importance in 
the production of food for low-income populations. In this last aspect, 
the usefulness of efficient techniques in the usage of resources, space, 
versatility, and production capacity, such as extrusion, has been 
very important.

Extrusion is a widely studied technique that has allowed the 
transformation of unconventional raw materials such as Amaranth, 
Buckwheat Tartary, Sesame, Sorghum, Millet, and different native 
species of Beans and Maize, all of them produced in regions where the 
development of foods with high nutritional potential is indispensable 
to cover the requirements of vulnerable populations.

However, it is important to know how to understand the changes 
that the use of extrusion generates on the processed raw materials by 
evaluating operating conditions such as changes in temperature, 
moisture content, and screw speed, but it is still necessary to 
investigate other equally important variables such as feeding speed, 
nozzle size, screw configuration, and others.

Likewise, it is important to study the physical properties of 
extruded flours and their capacity for instant preparation, 
understanding in detail the process of interaction with solvents such 
as water. Unfortunately, the information available regarding this type 
of study is scarce, and the methodologies for the physical evaluations 
of instant products are still under development, for this reason, it is 
necessary to continue researching equipment and protocols to obtain 
accurate answers regarding many of the hydration properties of 
instant products obtained by extrusion.
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TABLE 10 Effect of Process Parameters on Bulk density of extruded flours.

Material Extrusion conditions Temperature Moisture content Screw speed

Casava flour Moisture 10–40% + Gborie et al. (2022)

Rice, Sorghum, Bamboo Moisture 15–25 Kg/h + Mohmmed et al. (2022)

Lentil flour Temperature* 90–107°C Moisture 27–29% 

Speed screw 220–230 rpm

− + − Pasqualone et al. (2021)

Kudzu flour Temperature 85–110°CMoisture 10–20% 

Speed screw 130 rpm

+ Wang et al. (2020)

Sorghum and maize Temperature 120–150°C Moisture 20–24% − + Wang et al. (2019)

Maize Temperature 120–150°C Moisture 20–24% − + Wang et al. (2019)

Maize and Chickpea Temperature 125–175°C Moisture 14–18% 

Speed screw 400–550 rpm

− + − Ali et al. (2016)

Corn and Mungo bean flour 

mixture

Temperature 108–192°C Moisture 13–19.4% 

Speed screw 349–601 rpm

− + − Ali et al. (2016)

Rice, soy, and peanut mixture Temperature 108–192°C Moisture 13–19% 

Speed screw 349–601 rpm

− + − Pathania et al. (2013)

Light red kidney bean Temperature* 113–123°C Speed screw 

118–253 rpm

+ Nyombaire et al. (2011)

(+) Positive effect of process parameter on product parameter, (−) Negative effect of process parameter on product parameter. Temperature profile (Temperature*).
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