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Abstract: This study aimed to evaluate how extrusion cooking conditions and microwave heating
play a role in enhancing physical and thermal properties of third-generation expanded cellular snacks
made from yellow pea (YP) and red lentil (RL) flours for the first time. Increasing temperature
and moisture content during extrusion resulted in darker, crunchier and crispier products with
higher expansion index (EI). Microwave heating after extrusion led to an increase in cell size and
porosity of YP and RL products when qualitatively compared to extrusion alone. Additionally,
extrusion followed by microwave heating resulted in extensive damage to starch granular structure
and complete denaturation of proteins. Using microwave heating, as a fast and inexpensive process,
following partial cooking with extrusion was demonstrated to greatly improve the physical and
thermal properties of YP and RL snacks. Microwave heating following mild extrusion, instead of
severe extrusion cooking alone, can potentially benefit the development of high quality nutritionally-
dense expanded cellular snacks made from pulse flours.

Keywords: expanded cellular snacks; extrusion; pulses texture; protein denaturation; starch gela-
tinization

1. Introduction

Plant protein-rich foods, such as those from pulses (e.g., peas, lentils, etc.), offer envi-
ronmentally less resource-intensive and more humane alternatives to animal protein-rich
foods [1]. In addition, processing pulses into appealing snack foods can provide healthier
food options, and facilitate increased consumption of foods rich in plant proteins, as recom-
mended by several health organizations, e.g., Health Canada [2]. The global market value
of plant-based snacks was US$34.69 billion in 2019 with an annual growth rate of up to 8.7%
forecasted for the coming years, i.e., expected to worth over US$73 billion by 2028 [3]. In
this regard, extrusion, a high temperature-short time process which has been traditionally
used for production of starchy snack foods, can also be used for formulating snacks rich in
plant proteins [4–7]. However, when compared to their starch-rich counterparts, protein
enriched extrudates are generally unappealing, e.g., less expanded and harder [8–10]. For
example, in whole cereal-based extrudates, Pastor-Cavada et al. [9] reported a decrease in
expansion when relatively higher protein containing legume flours were added to the for-
mulae. A decrease in expansion together with an increase in density and hardness was also
reported when rice flour extrudates were supplemented with soybean flour [10]. Therefore,
certain adaptations during the manufacturing of high protein extrudates may be required
to ensure satisfactory physical quality at elevated protein concentrations. Accordingly,
process modifications such as the use of physical blowing agent assisted extrusion [4] and
microwave heating in combination with extrusion [11,12] have been introduced.
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Microwave heating is a relatively fast and inexpensive heating process [11]. During
microwave heating, product moisture is converted to superheated steam which creates high
pressure zones within the product. With the temperature rise, as the food matrix transits
from glassy to rubbery state, it yields under pressure and expands [12]. The rapid dielectric
heating advantage of microwaves, especially when combined with mild extrusion, can
be used to develop new food products with novel structures and desired palatability, i.e.,
third-generation snacks [12]. Third-generation snacks are relatively easier and cheaper
to produce than directly expanded snacks and require less storage space than directly
expanded snacks due to the higher density of the former [11].

The effects of processing conditions on physical quality of starchy third-generation
snacks, e.g., corn starch-based snacks with low protein content (<0.10 kg per kg dry flour),
have been well understood [12]. However, there is very limited information available for
snacks with higher protein contents (>0.20 kg protein per kg dry flour). The objective of
this study was to investigate the effects of extrusion temperature, feed moisture content
and the use of microwave heating on physical properties (i.e., overall expansion, colour,
microstructure and texture), starch crystallinity and thermal properties of expanded cellular
foods made from relatively higher protein ingredients (i.e., yellow pea and red lentil flours).
To the best of our knowledge, this is the first study to explore the physical and thermal
characteristics of the third-generation products made from pulse flours alone.

2. Materials and Methods
2.1. Materials

Red lentil (Lens culinaris) and yellow pea (Pisum Sativum) flours were provided by In-
gredion Inc. (Westchester, IL, USA). The particle size distributions of the flours, as received
from the manufacturer, were maximum 5% on U.S.S. 30 mesh (595 micron) sieve and maxi-
mum 10% through U.S.S. 50 mesh (297 microns) sieve for red lentil flour (HOMECRAFT
5135), and maximum 10% through U.S.S. 50 mesh (297 microns) sieve for yellow pea flour
(HOMECRAFT 1135).

2.2. Proximate Composition Analyses

AACC International standard methods were used to analyze moisture (44–19.01),
protein (46–30), ash (08–01) and lipid (30–25) contents of flours [13]. Total dietary fiber
and starch contents were determined using AOAC Approved Methods 991–43 and 996–11,
respectively [14]. Carbohydrate content was calculated by subtracting protein, ash, fat, and
moisture contents from 100%.

2.3. Extrusion Cooking Process

Red lentil (RL) and yellow pea (YP) flours were extruded using a co-rotating twin-
screw extruder (MPF19, APV Baker Ltd., Peterborough, UK) with a die orifice diameter
of 2.3 mm and a 25:1 screw length-to-diameter ratio as described in detail by Koksel and
Masatcioglu [4]. The screw configuration starting from the feeder to the die end was as
follows: 9D (D = 19 mm) feed screw, 2D 60◦ forward paddle, 1D 30◦ reverse paddle, 2D
lead screw, 2D feed screw, 1D 30◦ reverse paddle, 1D feed screw, 1D 60◦ forward paddle,
4D feed screw, 1D 30◦ forward paddle, 1D lead screw. The extruder barrel had five separate
temperature-controlled zones where each zone was heated by external electric band heaters
and the temperature of each zone was measured using thermocouples. Two different tem-
perature profiles in the five heating zones of the extruder barrel extending from the feeder
towards the die were as follows: (1) 60/70/80/90/100 ◦C and (2) 60/80/100/115/125 ◦C.
Two different feed moisture contents (0.20 and 0.24 kg water per kg dry flour) were used.
These temperatures and moisture contents were selected based on preliminary experiments
and represent mild extrusion conditions to allow partial extrusion cooking (i.e., low tem-
perature and high feed moisture content). Accordingly, at these mild conditions that do not
necessarily favour expansion, the effect of extrusion cooking on heat labile components
and temperature sensitive reactions such as Maillard reactions may be curtailed. Extrusion
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runs were performed in duplicate, on separate days to account for day-to-day differences
in production, for each die temperature and feed moisture content. Dry feed and water
rates were calibrated at the beginning of each extrusion run, and process variables (e.g.,
torque, die pressure) were closely monitored during extrusion cooking to ensure the re-
producibility of duplicate extrusion runs. Extrudates were collected as long strings after
the extruder reached steady-state conditions. At each extrusion run, for each extrusion
condition studied, approximately 1 kg of extrudates was collected. Extrudate strings were
initially cooled down to ambient temperature for 1 h, then dried in an air oven (Thermo
Fisher Scientific, Heratherm Oven-OGS100, Dreieich, Germany) overnight at 50 ◦C to reach
a moisture content of <0.10 kg water per kg dry extrudate. Given the relatively low die
temperatures and high moisture contents chosen, the products emerging from the extruder
were not expanded and only partially cooked and are referred to as second-generation
products throughout this study.

Extrusion process variables (torque and die pressure) were recorded during extrusion
cooking (Table 1). Specific mechanical energy (SME) was calculated according to Koksel
and Masatcioglu [4] with actual screw speed of 250 rpm, rated screw speed of 500 rpm,
motor power rating of 2.2 kW, and constant feed rate of 3 kg h−1.

Table 1. Effects of feed moisture content and die temperature (DT) on torque, die pressure and
specific mechanical energy (SME) values of extrudates made from red lentil (RL) and yellow pea
(YP) flours. For each flour type, results in each column are significantly different if designated with
different lowercase letters (p ≤ 0.05).

Flour Moisture Content DT Torque Die Pressure SME
(kg water per kg dry flour) (◦C) (%) (kPa) (Wh kg−1)

RL
0.20

100 34 a 7100 a 297 a
125 29 b 5350 c 257 b

0.24
100 25 c 5900 b 220 c
125 21 d 4600 d 187 d

YP
0.20

100 25 a 8150 a 218 a
125 22 ab 6600 b 196 ab

0.24
100 21 bc 5950 bc 182 bc
125 19 c 5100 c 167 c

2.4. Microwave Heating Process

The dried second-generation products were cut into 2 cm long pieces and individually
placed in the centre of the turntable of a commercial microwave oven (Panasonic NN-
SD980S, 1200 W, Shanghai, China). Each extrudate piece was heated for 40 s, as optimized
for maximum expansion during preliminary experiments following Lee et al. [15]. These
extruded then microwave heated products are referred to as third-generation products
throughout this study.

2.5. Physical Properties

Overall expansion of the second- and third-generation products was evaluated by
measurements of radial expansion index (EI) and density following Koksel and Masat-
cioglu [4] and Ryu and Ng [16], respectively. For the EI, ten products were randomly
selected, their diameter measured with a digital caliper (accuracy 0.01 mm) and divided by
the extruder die orifice diameter, i.e., 2.3 mm. Then, the average of EI for these ten replicates
was reported for each product. For density measurements, a canola seed displacement
method was used. The average density of each product was reported as the average of
5 replications.

Only the third-generation products were tested for their colour and textural quality at-
tributes, since second-generation products were deemed partially cooked during extrusion
and were not expanded. Product colour was measured using a colour spectrophotometer
(CM-3500d, Konica Minolta, Osaka, Japan) following Koksel and Masatcioglu [4]. Briefly,
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third-generation products produced at a specific process condition were cut into cylindrical
extrudate pieces of 1 cm length and vertically placed into a glass measuring container
(3 cm wide and 1 cm high). The colour parameters are defined as darkness/lightness (L∗),
greenness/redness (a∗), and blueness/yellowness (b∗). A reference of L∗

ref = 0, a∗ref = 0
and b∗

ref = 0 was used (Zero calibration box, CM-A124, Konica Minolta, Osaka, Japan)
following Luo et al. [17]. The overall colour difference (∆E) between the third-generation
products and the reference was calculated using the following equation [17]:

∆E =
[
(L∗ − L∗

ref)
2 + (a∗ − a∗ref)

2 + (b∗ − b∗
ref)

2
]0.5

(1)

Textural attributes including hardness, crispiness and crunchiness were obtained
using a Texture Profile Analyzer (TA-XT-plus, Stable Micro Systems, Gudalming, UK)
with a 5 kg load cell and a 1 mm thick Warner-Bratzler shear blade probe. Fifteen third-
generation products were randomly grouped into three and tested following the method
of Luo et al. [17]. Briefly, extrudates were cut into 4 cm long pieces, individually placed
on the equipment platform with a 90◦ shear angle to the blade. Textural properties were
determined using the built-in equipment software (Exponent version 6, Stable Micro
Systems, Gudalming, UK). Hardness, crispiness and crunchiness results were extracted
from the Force (N) vs. Time (s) graph as the peak force (N), the number of positive peaks
(dimensionless) and the linear distance of the force vs. time plot (N s), respectively. These
parameters were obtained and reported as the average of the three groups for each third-
generation product.

Cross-sectional microstructure of second- and third-generation products was evaluated
using a Scanning Electron Microscope (SEM) (Quanta FEG 650, FEI, Hillsboro, OR, USA)
following Koksel and Masatcioglu [4]. Five mm thick slices were cut from the products and
placed on aluminum stubs with silver paste. Samples were coated with Au-Pd alloy by a
cold sputter coater (Denton Vacuum, Desk II, Moorestown, NJ, USA). A magnification of
250× and acceleration voltage of 10 kV were used.

2.6. Starch Crystallinity and Thermal Properties

X-ray diffraction patterns of the YP and RL flours and their second- and third-
generation products were obtained on a Rigaku SmartLab X-ray diffractometer (Shibuya-ku,
Tokyo, Japan) equipped with a monochromator. The monochromator selects the Kα radia-
tion from a copper target generated under 40 kV and 30 mA. The analysis was performed
using 0.1542 nm radiation wavelength. Diffractograms were scanned over the 2θ angles of
5–40◦, with a scan speed of 1◦ min−1 and step width was 0.02◦. The percentage of starch
relative crystallinity (RC) was calculated for each diffractogram by the following equation:

RC(%) =

(
Ac

Ac + Aa

)
× 100 (2)

where Ac is the area under the diffractogram corresponding to the crystalline portion and
Aa is the area corresponding to the amorphous portion.

Thermal properties of the YP and RL flours and their second- and third-generation
products were analyzed using a differential scanning calorimeter (DSC, DSC 1 STARe

System, Mettler Toledo, Columbus, OH, USA) according to Masatcioglu et al. [18] with
slight modifications. Briefly, 3 ± 0.05 mg of ground (<212 µm) samples were weighed into
aluminum DSC pans. After adding deionized water (12 µL), the pans were hermetically
sealed and allowed to stand overnight (~16 h) at 4 ◦C. Each equilibrated sample was placed
in a standard DSC cell with an empty pan as a reference and heated at a rate of 10 ◦C min−1

from room temperature to 120 ◦C. Onset temperature (To), peak temperature (Tp), enthalpy
of starch gelatinization (∆H Peak I) and enthalpy of protein denaturation (∆H Peak II)
were calculated using the STARe Evaluation Software. Results were reported as means of
duplicate analyses.
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2.7. Statistical Analysis

Results were evaluated using Pearson correlations and one-way analysis of variance
(ANOVA) using Minitab Statistical Software (Version 17, Minitab Corp., State College,
PA, USA). Tukey pairwise comparison test was used to compare the means of product
properties at 95% confidence intervals (p ≤ 0.05).

3. Results and Discussion

The effects of extruding RL and YP flours at two extrusion temperature profiles and
moisture contents on torque, die pressure and SME are presented in Table 1. For both RL
and YP flours, increasing the extrusion temperature and moisture content significantly
(p ≤ 0.05) decreased the torque, die pressure and SME; except for the torque and SME
values for YP flour at 0.20 kg water per kg dry flour and the torque, die pressure and SME
values for YP flour at 0.24 kg water per kg dry flour where the decrease with temperature
was not statistically significant. Similar results have also been reported by Onwulata
et al. [19] where an increase in moisture content resulted in a decrease in torque, die
pressure and SME values. An increase in torque values with a decrease in MC was evident
for both flour types (r = −0.893 for RL and −0.850 for YP flours). Similarly, an inverse
relationship between die temperature and SME values was also demonstrated by the high
correlation coefficients, for both flour types (Supplementary Tables S1 and S2). The SME
values varied from 167 to 297 Wh kg−1, in line with the literature for extrusion studies in
similar temperature and moisture content range [20].

3.1. Proximate Composition

Table 2 shows the proximate composition of the raw red lentil (RL) and yellow pea
(YP) flours. Based on these results, YP and RL flours had comparable starch contents.
However, RL flour had approximately 3.2% higher protein and 2.3% lower dietary fiber
content compared to YP flour. Similar results on starch and protein content of yellow pea
and lentil flour have been reported previously by Li and Ganjyal [21]. Compared to wheat
flour, which is commonly used in production of third-generation products, both YP and RL
flours have higher protein and lower starch contents, i.e., protein content of ∼9–10% and
starch content of 60% in wheat flour [22].

Table 2. Proximate composition (mean ± standard error) of red lentil and yellow pea flours.

Composition (g per 100 g dry flour) Red Lentil Yellow Pea

Protein 25.11 ± 0.37 21.89 ± 0.43
Ash 3.37 ± 0.01 3.50 ± 0.05
Lipid 1.29 ± 0.03 0.80 ± 0.02
Total carbohydrates 70.23 73.81

Total dietary fiber 11.21 ± 0.73 13.54 ± 0.84
Starch 52.42 ± 0.60 52.20 ± 0.51

3.2. Radial Expansion Index (EI) and Product Density

The effects of two main extrusion cooking factors, i.e., die temperature (DT) and feed
moisture content (MC) on third-generation product expansion are presented in Figure 1.
The minimum and maximum EI values for second-generation products were 1.45 ± 0.01
(mean ± standard error) and 1.73 ± 0.01, demonstrated as dashed lines in Figure 1a, while
for the third-generation products these values were 1.59 ± 0.01 and 3.08 ± 0.05. As expected,
with microwave heating, the third-generation products had greater expansion compared to
the second-generation products that were extrusion cooked only. In the literature, EI values
of extrusion cooked products at similar DT (i.e., 120 ◦C) have been reported as high as 2.2
for 60% chickpea and 40% sorghum blends (protein content of 16.9% d.b.) [1], which is
higher than those obtained in our study. Not surprisingly, when raw materials with lower
protein content are extruded, the EI values of extrusion cooked products display larger
values. For example, incorporating 15% and 30% navy bean flour to corn starch to achieve
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total protein contents of 4.8% and 8.4% d.b. reduced the EI values from 2.5 to 2.1 and 1.8,
respectively [23]. The EI values of protein enriched third-generation products were also
somewhat lower than those of conventional starch-rich products. For example, a starchy
third-generation product made from blue corn and corn starch (protein content of 5.8% d.b.)
was reported to have an EI of 4.8 [24], while the EI of a third-generation product made from
a higher protein content blend of potato starch, corn protein and soybean meal (protein
content of 11.5% d.b.) was reported as 3.3 at an extrusion die temperature of 85 ◦C [25].
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Figure 1. Expansion index (a) and density (b) of third-generation red lentil and yellow pea products
with moisture contents of 0.20 (MC 0.20) and 0.24 (MC 0.24) kg water per kg dry flour. Dashed
lines refer to the minimum and maximum expansion index (a) and density (b) of second-generation
products. Error bars represent ± standard error. For each flour type, expansion index and density
values designated with different letters are significantly different (p ≤ 0.05).

An increase in extrusion DT resulted in a significant (p ≤ 0.05) increase in EI values of
third-generation products, except for YP with MC of 0.20 kg water per kg dry flour, where
no significant change in EI was observed (Figure 1a). An increase in starch gelatinization
due to increasing DT [18,26] is possibly responsible for the observed higher expansion [12].
This is in line with the findings from thermal analysis of third-generation products (see
Section 3.6 Starch crystallinity and thermal properties). In the case of YP extrudates with
MC 0.20 kg water per kg dry flour, it is longitudinal expansion that was likely more
dominant over radial expansion so that no significant change in EI due to increasing DT
was observed. For both RL and YP flours, at 100 ◦C, EI stayed the same or decreased with
increasing MC, while an opposite trend was observed at 125 ◦C (Figure 1a). The decrease
in EI with increasing MC at 100 ◦C is possibly due to a decrease in melt’s resistance to flow
(i.e., lower apparent viscosity) in the extruder barrel because of water’s plasticizing effect
which is also reflected as lower SME values (Table 1). Accordingly, a higher MC may lead to
structural collapse as the extrudate leaves the die as well as a decrease in overall extrudate
expansion [12,20]. Product expansion was also a function of flour type (i.e., RL vs. YP).
Based on Figure 1a, third-generation RL products expanded to a greater extent compared
to YP products. This greater expansion observed in RL products can be attributed to the
slightly lower total dietary fiber content of RL flour compared to that of YP flour, since
higher total dietary fiber has been shown to reduce overall expansion [12,27].

In Figure 1b, density of the second- and third-generation RL and YP products as a
function of DT and MC are presented. Density values for the second-generation products
ranged from 0.21 ± 0.01 to 1.1 ± 0.04 kg m−3 while the density for third-generation
products ranged from 0.13 ± 0.01 to 0.48 ± 0.01 kg m−3 (Figure 1b). As expected, for all
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products, density was equal or higher for the second-generation products compared to the
third-generation products, in line with previously reported results [28].

Density of third-generation products significantly decreased (p ≤ 0.05) with increasing
DT (Figure 1b), reflecting changes in extrudate expansion both in the radial and longitudinal
directions. The only exception to this trend was YP with MC of 0.20 kg water per kg
dry flour where no significant change in density was observed. A direct relationship
between EI and density of YP extrudates produced at 125 ◦C was observed, i.e., both
EI and density increased with increasing MC. This direct relationship, contrary to the
commonly reported inverse relationship between EI and density might be due to the more
dominant role of longitudinal expansion in extrudate density. Depending on the extent to
which the longitudinal expansion contributes to the final volume of extrudates, the inverse
relationship between EI and density might no longer exist. With an increase in moisture
content, no significant change in the density of third-generation RL products was observed
at 100 ◦C, while a decrease in density was observed at 125 ◦C (Figure 1b), indicating
that the extent to which MC affects product density increased at higher temperature.
This decrease in density is likely due to the higher temperature enhancing MC’s effect
on starch gelatinization/melting, and subsequently affecting overall expansion [20]. For
third-generation YP products, a different trend was observed: the density increased with
increasing MC from 0.20 to 0.24 kg water per kg dry flour, at both DTs. Increasing MC
may reduce the apparent viscosity of melt in the extruder barrel resulting in the increase in
density and decrease in SME (Table 1). Moreover, although increasing MC has been shown
to generally increase product density in starchy extrudates [29], non-starch components in
pulses such as fiber and proteins interact with how moisture is absorbed and distributed
during processing, affecting expansion [24]. The different trend in the effect of MC on
density of third-generation RL and YP products is possibly related to the difference in the
total dietary fiber contents of RL and YP flours. Fiber molecules can bind moisture, reducing
the availability of water for other components (e.g., starch), and thus may reduce expansion
and increase density [12,27]. Consequently, increasing moisture content in YP products
with higher fiber content compared to RL products led to an increase in their density.

3.3. Colour

Colour is an important quality parameter of snack foods that greatly affects the visual
appeal of the final product [30]. The impact of the DT and MC on the third-generation
product colour is presented in Table 3. RL products produced at 100 ◦C were brighter
(higher L∗ value), less red (lower a∗ value), less yellow (lower b∗ value) and had higher
∆E values when compared to their counterparts produced at 125 ◦C, at the same MC. In
general, for third-generation products made from both flours, die temperature and a∗

values were positively correlated (r = 0.903 for RL and 0.696 for YP flours) meaning that as
the die temperature increased products became more red (Supplementary Tables S1 and
S2). It has been shown that Maillard reactions increase with an increase in temperature,
leading to lower L∗ and higher a∗ and b∗ values (i.e., darker, more red and more yellow
products) [31]. Accordingly, the decrease in the ∆E values of RL products with increasing
DT is possibly a result of the higher rate of Maillard reactions in the extrudates at 125 ◦C.
Similarly, Nam [30] reported that the L∗ values of pea starch extrudates decreased with an
increase in extrusion temperature while the a∗ values showed the opposite trend.



Foods 2022, 11, 38 8 of 15

Table 3. Colour parameters (mean ± standard error) of third-generation red lentil (RL) and yellow
pea (YP) products as affected by feed moisture content and die temperature (DT). For each flour
type, results in each column are significantly different if designated with different lowercase letters
(p ≤ 0.05).

Flour Moisture Content
(kg water per kg dry flour) DT (◦C)

Colour Parameters

L* a* b* ∆E

RL
0.20

100 85.1 ± 0.1 a 0.8 ± 0.0 c 23.8 ± 0.4 b 88.4 ± 0.0 ab
125 80.9 ± 0.6 c 2.7 ± 0.1 a 25.4 ± 0.2 a 84.9 ± 0.6 c

0.24
100 85.7 ± 0.1 a 0.6 ± 0.1 c 22.6 ± 0.2 c 88.6 ± 0.0 a
125 83.6 ± 0.3 b 1.8 ± 0.1 b 24.2 ± 0.3 b 87.1 ± 0.3 b

YP
0.20

100 84.5 ± 0.1 a 2.6 ± 0.0 c 25.5 ± 0.0 b 88.3 ± 0.1 a
125 84.2 ± 0.2 ab 2.8 ± 0.1 b 26.03 ± 0.3 b 88.2 ± 0.1 ab

0.24
100 83.2 ± 0.5 bc 2.7 ± 0.1 bc 26.5 ± 0.4 ab 87.4 ± 0.3 bc
125 82.7 ± 0.3 c 3.4 ± 0.1 a 27.5 ± 0.3 a 87.3 ± 0.2 c

Among all the studied products, third-generation RL products produced at MC of
0.24 kg water per kg dry flour and temperature of 100 ◦C showed the highest L∗ value, i.e.,
the lightest colour. These products also had the lowest a∗ value (indicating the lowest red
hue) and the highest ∆E value (suggesting the colour being farthest to the black reference
colour). This possibly indicates a lower rate of Maillard reactions at these processing
conditions, since it has been shown that Maillard reactions are favoured at high temperature
and low moisture content conditions [31]. The lowest ∆E was found for RL products with
0.20 kg water per kg dry flour produced at 125 ◦C, suggesting that these products were the
closest to the reference colour (i.e., black). Total colour difference (∆E) varied from 84.9 to
88.6 for all third-generation products studied (Table 3).

3.4. Cross-Sectional Microstructure

The cross-sectional microstructure images of second- and third-generation RL products
are presented in Figure 2 (as representative of both YP and RL products). Considering
that both second- and the third-generation products were magnified to the same degree,
the second-generation products had relatively smaller air cells while the third-generation
ones showed a more porous cellular structure with relatively larger air cells. The digital
images of second- and third-generation products at 0.24 kg water per kg dry flour MC
and 125 ◦C (overlayed onto the top right corners of the Figure 2g,h, respectively) also
support the increase in expansion with microwave heating, and indirectly the larger air
cells in third-generation products. Similar trends in microstructure have been reported
by Lee et al. [15] who studied extruded and microwaved starch pellets. These changes in
microstructure of second- and third-generation products are due to the rapid evaporation
of water and creation of local regions of high pressure superheated steam by microwave
heating that create a microstructure with larger air cells [12].
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respectively, produced with MC of 0.24 at 125 °C. 

  

Figure 2. Scanning electron micrographs of second-generation (first column) and third-generation
(second column) red lentil products with feed moisture contents of 0.20 and 0.24 kg water per kg
dry flour (MC 0.20 and MC 0.24, respectively) at 100 ◦C and 125 ◦C die temperature (DT 100 and
DT 125, respectively). A 250× magnification was used for all images with a scale bar of 100 µm
shown. Digital images in (g,h) show red lentil second- and third-generation products, respectively,
produced with MC of 0.24 at 125 ◦C.
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3.5. Texture of Third-Generation Products

The effects of DT and MC on third-generation product textural attributes, i.e., hard-
ness, crispiness and crunchiness, are presented in Figure 3. Since the second-generation
products were only semi-finished (i.e., partially cooked), their textural properties were not
measured. For RL products, hardness values were not significantly affected by DT or MC.
For YP products, hardness significantly decreased with increasing DT (p ≤ 0.05, Figure 3).
This reduction in hardness of YP products might be attributable to an increase in starch
gelatinization of the YP products with increasing DT (Table 4). It has been shown that an
increase in starch gelatinization can increase expansion and decrease the hardness values of
extrudates [12]. Another reason for the lower hardness values observed for YP products at
higher DT is possibly a result of the increase in vapor pressure of water with increasing tem-
perature that promotes cell size growth [29], resulting in overall greater expansion and thus
lowering hardness. Similarly, Aguilar-Palazuelos et al. [25] also showed that an increase in
extrusion temperature resulted in reduced hardness values in microwave expanded pellets
made from blends of potato starch, corn protein and soybean meal. However, an increase
in starch gelatinization or water vapor pressure alone does not explain the differences
observed for the third-generation RL and YP products. The different trend of the effect of
DT on hardness of these products is possibly related to the difference in the non-starchy
ingredients such as total dietary fiber contents of RL and YP flours (in this study, YP flour
fiber content is greater than that of RL flour). It has been shown that with an increase in
extrusion temperature some of the insoluble fibers may become soluble decreasing the
hardness of extrudates [32,33]. Consequently, increasing the temperature for YP products
with higher fiber content might have led to the transformation of insoluble to soluble fibers,
and thus decreased their hardness.

Crispiness generally increased with increasing temperature for both RL and YP prod-
ucts. However, this increase was only statistically significant (p ≤ 0.05) for third-generation
products containing higher moisture, i.e., 0.24 kg water per kg dry flour moisture content
(Figure 3). No significant difference was found in the crunchiness of products studied,
except for RL products produced at 125 ◦C and 0.24 kg water per kg dry flour moisture
content for which higher crunchiness was observed when compared to the rest of the RL
products studied (Figure 3). The effect of increasing temperature on the increase in crispi-
ness is again probably due to the promotion of cell size growth arising from an increase in
the vapor pressure of water with increasing temperature [29]. With an increase in expansion
and a reduction in density, products become more porous and the number of breaking
points on cell walls increase on average, causing a higher level of perceived crispiness [29].
The increase in expansion and cell size growth with increasing temperature is in line with
EI, density and microstructure results of third-generation products.
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Figure 3. (A) Hardness, (B) crispiness, and (C) crunchiness values of third-generation (a) red lentil
and (b) yellow pea products with moisture contents of 0.20 and 0.24 kg water per kg dry flour (MC
0.20 and MC 0.24, respectively). Error bars represent ± standard error. For each flour type, texture
parameters designated with different letters are significantly different (p ≤ 0.05).
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3.6. Starch Crystallinity and Thermal Properties

The X-ray diffraction patterns of RL and YP flours and their products are presented in
Supplementary Material (Supplementary Figure S1). While RL flour showed diffraction
peaks at 15.0, 17.6 and 22.8◦ (2θ), the respective 2θ values for YP flour were 15.0, 17.0
and 23.4◦. Hence, both flours showed C-type diffraction patterns characteristic of pulse
starches. The relative crystallinity (RC) calculated based on diffraction intensity was
lower for RL flour (14.9%) than that of YP flour (17.5%). These values are lower than
the RC values reported by Zhou et al. [34] for C-type pulse starches ranging between
27.1–33.5%, possibly due to the utilization of flour samples in X-ray diffraction analysis
in the present study instead of their isolated starches. For second-generation products,
the diffraction peaks completely disappeared, suggesting that the starch in both the RL
and YP extrudates lost their crystallinity under the studied extrusion conditions, due to
the mechanical and thermal energy input during extrusion cooking. Further treatment by
microwave heating of products (i.e., third-generation products) did not substantially affect
the shape of the diffractograms.

The DSC thermograms of raw RL and YP flours showed two endothermic peaks
(Table 4 and Supplementary Figure S2), the first one (Peak I) corresponding to starch
gelatinization and the second one (Peak II) to protein denaturation [35]. For starch gela-
tinization (Peak I), the peak temperature (Tp) value of the second-generation RL products
produced at the MC of 0.20 and 0.24 kg water per kg dry flour and DT of 100 and 125 ◦C
were substantially lower compared to the Tp of raw RL flour. Moreover, change in enthalpy
(∆H) values of these second-generation products were drastically lower compared to that
of RL flour, indicating that starch was gelatinized to a large extent due to the mechanical
and thermal energy input during extrusion cooking. The cross-sectional images (Figure 2)
of the second-generation products show that starch granules considerably melted and
plasticized, specifically at the higher DT, i.e., 125 ◦C, and higher MC, i.e., 0.24 kg water
per kg dry flour, during extrusion. The Tp and ∆H properties of the second-generation YP
products showed a similar trend with their second-generation RL counterpart compared to
the raw material. This trend is also supported by the loss of crystallinity peaks in the X-ray
diffraction patterns of these extrudates (Supplementary Figure S1).

For the starch gelatinization (Peak I), the enthalpy (∆H) values of the third-generation
YP products were much lower compared to those of the second-generation ones (Table 4).
This decrease in ∆H was more evident in products extruded both at higher DT and higher
MC, i.e., 125 ◦C and 0.24 kg water per kg dry flour. In other words, increasing DT and
MC resulted in an increase in the degree of gelatinization, and thus a decrease in the
gelatinization enthalpy and gelatinization temperature range (between To and Tp), in line
with the findings of Jafari et al. [20]. Although no crystallinity was observed in the second-
and third-generation products (Supplementary Figure S1), gelatinization peaks, albeit
small, were observed in the DSC thermograms (Table 4, Peak I) indicating residual granular
structure after extrusion and microwave processing. Hence, a comparison of the results of
X-ray diffractometry and DSC revealed that DSC is much more sensitive in characterizing
starch’s thermal transitions. For both RL and YP third-generation products, the enthalpy
(∆H) values for starch gelatinization were positively correlated with extrusion variables,
i.e., torque (r = 0.912 for RL and 0.879 for YP products), die pressure (r = 0.910 for RL and
0.886 for YP products) and SME (r = 0.881 for RL and 0.826 for YP products). These results
(Supplementary Table S1) indicate that as the torque, die pressure and/or SME increased a
higher level of starch gelatinization occurred during extrusion.

For protein denaturation (Peak II), ∆H values of the second-generation RL and YP
products were lower compared to that of their raw flours, indicating that protein was
denatured to some extent during extrusion. The decrease in ∆H with extrusion was notably
greater at the higher DT. For second-generation RL products, protein denaturation was more
severe when compared to YP products, i.e., Peak II was only observed at the lower DT and
lower MC. It should be noted that Peak II was only observed for some and not detected for
all second-generation products, meaning that complete protein denaturation was achieved
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when the peak is not detected. Ai et al. [35] reported that extrusion cooking caused complete
starch gelatinization and protein denaturation of all common bean powders they studied
at slightly higher extrusion temperatures (120 and 140 ◦C) than the present study. For the
protein denaturation (Peak II), the third-generation YP and RL products did not exhibit any
thermal transition in their DSC thermograms. Therefore, their proteins can be considered
completely denatured after microwave heating.

Table 4. Thermal properties of red lentil (RL) and yellow pea (YP) flours and their products as a
function of die temperature (DT) and moisture content.

Sample DT Moisture Content Peak I Peak II

(◦C) (kg water per kg dry flour) To
(◦C)

Tp
(◦C)

∆H
(J/g)

To
(◦C)

Tp
(◦C)

∆H
(J/g)

RL

Flour (raw) 59.3 ± 0.1 66.2 ± 0.0 4.20 ± 0.3 79.9 ± 0.4 85.5 ± 0.0 0.52 ± 0.0

Second-
generation

100 0.20 44.2 ± 0.4 55.3 ± 0.0 1.44 ± 0.0 84.5 ± 0.1 91.8 ± 0.0 0.48 ± 0.0
0.24 47.2 ± 2.8 54.4 ± 2.7 1.53 ± 0.0 nd nd nd

125 0.20 46.5 ± 1.1 56.8 ± 0.8 1.33 ± 0.0 nd nd nd
0.24 47.7 ± 0.7 57.2 ± 0.1 1.21 ± 0.1 nd nd nd

Third-
generation

100 0.20 49.9 ± 0.3 56.4 ± 1.4 0.46 ± 0.0 nd nd nd
0.24 51.4 ± 0.0 56.0 ± 0.0 0.26 ± 0.1 nd nd nd

125 0.20 51.5 ± 0.3 57.7 ± 0.4 0.27 ± 0.0 nd nd nd

YP

Flour (raw) 62.3 ± 0.1 69.4 ± 0.0 4.57 ± 0.1 81.8 ± 0.2 86.2 ± 0.0 0.26 ± 0.0

Second-
generation

100 0.20 41.9 ± 0.7 55.9 ± 0.0 1.08 ± 0.1 74.4 ± 0.1 79.2 ± 0.0 0.23 ± 0.0
0.24 45.6 ± 0.0 54.5 ± 0.0 0.93 ± 0.0 75.0 ± 0.0 78.7 ± 0.0 0.13 ± 0.0

125 0.20 46.9 ± 0.9 56.7 ± 1.1 0.93 ± 0.0 86.4 ± 0.8 91.0 ± 1.2 0.04 ± 0.0
0.24 46.4 ± 0.8 56.1 ± 3.2 0.84 ± 0.0 nd nd nd

Third-
generation

100 0.20 53.9 ± 4.8 58.4 ± 0.4 0.35 ± 0.0 nd nd nd
0.24 54.3 ± 0.5 58.4 ± 2.2 0.21 ± 0.0 nd nd nd

125 0.20 53.2 ± 1.3 59.2 ± 0.7 0.24 ± 0.0 nd nd nd
0.24 54.3 ± 0.3 58.1 ± 0.9 0.14 ± 0.0 nd nd nd

To: Onset temperature; Tp: Peak temperature; ∆H: Enthalpies of starch gelatinization and protein denaturation
for Peaks I and II, respectively; nd: not detected.

4. Conclusions

The effects of microwave heating on expansion index, density, colour, microstructure,
texture, starch crystallinity and gelatinization, and protein denaturation of YP and RL extru-
dates were investigated. The results showed that microwave heating enhanced the physical
and thermal properties of the final products, e.g., overall increase in expansion and decrease
in density, further starch damage accompanied by protein denaturation. The outcomes
of this study can be used as a basis for the production of third-generation pulse-based
snacks with desired texture by the food industry even at low extrusion temperature and
high moisture contents that are typically used in the manufacture of starchy snack foods.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods11010038/s1, Figure S1: X-ray diffraction patterns of second-generation (a and b) and
third-generation (c and d) yellow pea (YP) and red lentil (RL) products with feed moisture contents
of 0.20 and 0.24 kg water per kg dry flour (MC0.20 and MC0.24, respectively) at 100 ◦C and 125 ◦C
die temperature (DT100 and DT125, respectively); Figure S2: DSC thermograms of red lentil (RL) and
yellow pea (YP) flours, second-generation and third-generation red lentil and yellow pea products
with feed moisture content of 0.20 kg water per kg dry flour (MC0.20) at 100 ◦C die temperature
(DT100). Table S1 Pearson correlation coefficients between extrusion variables and extrudate proper-
ties in red lentil (RL) third-generation products. Table S2 Pearson correlation coefficients between
extrusion variables and extrudate properties in yellow pea (YP) third-generation products.
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