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ABSTRACT

Pulses, which are the dry seeds of legume crops, have gained global popularity, leading to a notable rise in their production. They

are rich in protein, minerals, fibers, and low in fat content. However, they have some antinutrients that need to be removed. Novel

techniques like radiofrequency (RF) and microwave (MW) heating can enhance pulse quality by reducing the antinutrients. The

key mechanism behind this improvement is the rapid heating that disrupts the native structure of the pulses. These technologies

offer several advantages, including speed, consistency, sustainability, and energy efficiency. The effectiveness of RF and MW

processing depends on the heating conditions used and the kind of pulses being treated. This review highlights the mechanisms

and influencing factors of RF and MW heating as well as their effect on the nutritional and antinutritional qualities of various

pulses. Additionally, the limitations of these technologies are summarized, and future research prospects focusing on pulse

processing are identified.

1 | Introduction

Pulses are a great source of various macronutrients and micronu-
trients, offering numerous health benefits. Because of their abun-
dance, affordability, simplicity of processing, and productivity,
they have been a part of the human diet since ancient times, typ-
ically serving as an additional source of protein along with staple
foods (Divekar et al. 2017). They are eaten as whole seeds, dehulled
split grain, and flour. All over the world, various pulses are pro-
duced and consumed. Among them, beans, chickpeas, dry peas,
lentils, cowpeas, mung beans, urad beans, and pigeon peas are
the most common (Rawal and Navarro 2019). On a global scale,
the cultivation area for pulses has risen from 71.47 to 98.57 Mha
between 2001 and 2022. This expansion in cultivation has seen a
corresponding increase in production from 61.50MT in 2001 to

100.82MT in 2022. Over the same period, pulse productivity has
also seen a rise, climbing from 234 to 268 T/ha (FAOSTAT 2024).
The total increase in pulses production has been reflected in the
individual rise of different pulses. As seen in Figure 1, total quan-
tity of the common pulses has increased during this time. Over
the years, peas and chickpeas have been two dominant pulses
worldwide. India leads the world in pulse cultivation, covering
33.35Mha, which is 35% of the global area. Despite this, India con-
tributes about 26% of the total pulse production in the world. The
global trade of pulses amounts to 19.01 M T, with Canada being the
largest exporter at 5.70MT and Australia coming in second with
exports of 2.07MT (Bhat et al. 2022).

Pulses are rich in protein along with essential vitamins, miner-
als, and dietary fiber. Their high nutrient makes them valuable
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dietary components, especially for those seeking alternatives to
animal proteins. They are an affordable protein source and pro-
mote sustainable farming by fixing nitrogen in the soil that re-
duces the need for synthetic fertilizers (Lal 2017). Additionally,
their versatility in culinary applications allows for a wide range
of dishes, making them accessible and appealing to diverse pop-
ulations worldwide. Due to their affordability, the highly nu-
tritious proteins present in legumes and pulses are sometimes
colloquially termed as “the protein of the poor” (Venkidasamy
et al. 2019). With respect to nutritional suitability, pulses have
different antinutritional compounds, which are basically bioac-
tive substances that impact on the bioavailability of different nu-
trients (Sathe 2012). Pulses contain antinutritional compounds
such as enzyme inhibitors, phytic acid, lectins, saponins, and
allergens. These can hinder protein digestion and the absorption
of essential minerals such as iron, zinc, and magnesium, poten-
tially causing deficiencies (Parca et al. 2018). As a result, even
though pulses are very nutritious, it is crucial to prepare them
correctly to lower the antinutritional components and improve
their digestibility and nutrient availability. Various traditionally
practiced postharvest processing methods can reduce these an-
tinutrients to a certain level.

Pulses undergo several postharvest operations to make them
ready for preservation and consumption. These operations are
also useful in reducing the postharvest losses, which is a major
concern globally not only for securing food for all but also for
reducing CO, emission. It has been reported that the posthar-
vest loss of pulses is up to 30% in developing countries due to
processing of pulses using traditional techniques (Sangeetha
and Mohan 2021). The postharvest steps in processing pulses in-
clude cleaning, pitting, drying, conditioning, milling, and cook-
ing. With the modernization of science and technology, various
novel technologies have been invented and used in the process-
ing of pulses. These emerging techniques not only reduce the
postharvest losses but also improve their nutritional, functional,
and antinutritional qualities (Ahmed 2021). They can be clas-
sified into two categories: electrotechnologies and nonthermal
technologies. The electrotechnologies are the techniques of heat-
ing the pulses and other materials in the electromagnetic (EM)
spectrum and include radiofrequency (RF) heating, microwave
(MW) heating, and infrared heating. On the other hand, the
nonthermal technologies do not elevate the temperature of the
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FIGURE1 | Global pulse production from 2001 to 2022 (figure was
generated based on data adapted from FAOSTAT 2024, using CC BY
4.0 license).

products but improve the qualities by modifying their chemical
composition and structure, as well as inactivating the enzymes
and microorganisms. Hydrostatic pressure, oscillating magnetic
field, pulse light, ultrasound, cold plasma, and ozonization are
examples of nonthermal technologies (Ahmed 2021; Ahmed
et al. 2016). Among the EM technologies, MW and RF are very
promising because of faster heat generation ability with high
penetration depth, which results from molecular dipole rotation
and ionic conductivity (Altemimi et al. 2019). Moreover, these
techniques are energy efficient, cost-effective, and versatile for
use in food processing. A number of applications have been de-
veloped for MW-based processing of pulses, which include dis-
infestation (R. Singh et al. 2012; Yadav et al. 2014), improvement
of antinutritional qualities (Patterson et al. 2017), and cooking
qualities (Ruisdnchez et al. 2012). In contrast, RF heating is
still underutilized for pulses. However, due to its longer wave-
length, RF penetrates more into the food products compared
to MW resulting in even heating (Altemimi et al. 2019). This
technology has been applied to control Salmonella enteria in
raw shelled almonds (Jeong et al. 2017), enzyme inactivation in
green peas (C. Zhang et al. 2022), insect inactivation in walnut
(Mitcham et al. 2004; S. Wang et al. 2001), stored grain (Shrestha
et al. 2017; S. Wang et al. 2008; D. Yu et al. 2017), canola seeds
(D. Yu et al. 2017), etc. Thus, this review will focus on the pros-
pects of RF heating in pulse processing in comparison with MW
heating. More specifically, the principles of RF and MW heating,
factors affecting the heating behavior of RF and MW, and their
effect on the nutritional and antinutritional quality of pulses
will be summarized in the subsequent sections.

2 | Mechanism of RF and MW Heating
2.1 | Principle

This heating process, often referred to as dielectric heating or di-
electric loss heating, occurs within dielectric materials. It results
from molecular friction induced by high-frequency alternating
electric fields (Jiao et al. 2014). RF and MW are distinguished
based on their wavelength and frequency in the EM spectrum
(Figure 2). MWs encompass the frequency range of 3000 MHz
to 3000 GHz, whereas RF covers the range of 3 to 3000 MHz.
Radar can pick up both MWs and RFs and can interfere with
mobile phones as well as other communication systems. As a
result, the US Federal Communications Commission (FCC) has
limited the usage of broad ranges of MW or RF waves to only a

Frequency (Hz)
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FIGURE 2 | Classification of electromagnetic waves based on fre-
quency and wavelength in the electromagnetic spectrum (adapted with
modification from Marra et al. 2009, with permission).
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few specific frequencies. Medical, scientific, and industrial uses
of RF are allowed at 13.56, 27.12, and 40.68 MHz, respectively
(Y. Wang et al. 2011), whereas MWs are limited to frequencies
of 915 and 2450 MHz (Jiao et al. 2014). Higher frequencies corre-
spond to shorter wavelengths, as shown by Equation (1):

c=Aaf @®

where, f=frequency (Hz), 1 =wavelength (m), and c¢=the speed
of light (m/s) (c=3x103m/s). When comparing the penetration
into foods, RF wavelengths are longer than MW, allowing RF
waves to penetrate larger samples (Moirangthem and Baik 2021).

In dielectric heating, foods with polar molecules like water are
subjected to an alternating electric field. These molecules, which
have unevenly distributed charges, align with the field, causing
polarization. Without the field, they are erratically arranged
due to thermal agitation (Boutemtam et al. 2020) as shown
in Figure 3a,b. When a fluctuating electric field is employed,
polar molecules rotate to align with it, a process known as di-
pole rotation as shown in Figure 3c,d (Jiao et al. 2014; Marra
et al. 2009). The EM energy is transformed into heat by the fric-
tion between nearby molecules, raising the temperature of the
treated objects. In contrast to polar molecules, dissociative ions
in food move when exposed to an applied electrical field. In a
similar way, alternating electrical fields change the direction of
motion. Additionally, the friction between molecules caused by
the ions' forward and backward oscillation inside the materials
also produces heat. This phenomenon is known as ionic conduc-
tion (Figure 3e,f). Basically, RF and MW heating occurs by both
ionic conduction and dipole rotation (Jiao et al. 2014).

2.2 | Dielectric Properties

In RF and MW heating, essential dielectric properties are per-
meability, permittivity (or capacitance), and electrical con-
ductivity. Permittivity significantly influences the dielectric
constant, loss factor, and loss angle, which are critical for the
efficiency of these heating methods (Piyasena et al. 2003). The
complex permittivity (¢) of a dielectric material relative to free
space is represented by the following equation:

where ¢’ =dielectric constant (real part) and £” =dielectric loss
factor (imaginary part). The &’ defines energy storage in a dielec-
tric material, and the &” defines the energy dissipation capabil-
ity of a material by conductive loss of dipolar (¢})), ionic charges
(¢7), or through which energy from the electric field is trans-
formed into heat within dielectric materials. Thus, £’ can also be
present as by following Equation (3):

! ” "
£ =¢g;+¢€,. ?3)

The relationship between ¢’ and £” is termed as tangent of loss
angle (6):

tans = & €)

=

The penetration depth, P, (m), of an EM wave in a dielectric
material depends on the frequency and the material's dielectric
properties in free space. The equation to calculate P, is as fol-
lowed (Stratton 2007):

c 1

Py=-— :
2 VeV 1] )

The heat generation rate per unit volume, denoted as Q (W/
m?), at a specific point in the food during EM heating can be
described by the following equation (Datta 2001):

Q = 2xfe e E? )

where E =intensity of electric field (V/m), and ¢y=vacuum per-
mittivity (constant) =8.854 X 10712 F/m.

Table 1 lists the dielectric properties of various pulse foods, high-
lighting the factors that can influence these properties in pulses.
Also, the type of heating whether RF or MW, which resulted in dif-
ferent penetration depths is highlighted. Heating of pulses or other
materials using RF or MW results in a rapid rise in temperature,
triggering various chemical transformations like the Maillard
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FIGURE 3 | Dielectric heating showing the response of polar molecules to different electric fields: (a) absence of electrical field; (b) continuous

electrical field; (c, d) alternating electrical field (dipole rotation); (e, f) ionic conductivity (adapted with modification from Boutemtam et al. 2020,

using Creative Commons Attribution 4.0 International license, and Moirangthem and Baik 2021, with permission).
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| (Continued)

TABLE 1

Heating

Source

method T (°C)

f(MH2)

6”

Moisture (%)

Product name

Jiao et al. (2011)

RF 30

915

0.26

2.86

8.8

Black-eyed pea

0.30

2.94

12.7

0.36

2.71

10.2

Mung bean

0.41

3.25

14.4

S. Zhang et al. (2016)

RF 25

27

524.85cm

0.82

6.00

10

Peanut

MW

915

26.97cm

~0.50

~4.5

10

processes modify the composition and structure of the treated sub-
stance and derived ingredients (Ahmed et al. 2022). Alterations
in structure and chemical makeup impact the movement and be-
havior of small polar water molecules or ionic conduction, which
in turn directly influence dielectric properties and the capacity to
absorb EM waves (Heydari et al. 2022).

3 | Factors Affecting Dielectric Properties of
Pulses

There are numerous factors that impact the dielectric heating be-
havior of pulses. Due to their hygroscopic nature, the amount of
water present in the foods plays a key factor in affecting dielec-
tric heating. Additionally, the frequency of the applied alternating
electric field significantly impacts their dielectric characteristics.
Other important factors include density, chemical composition,
heating temperature, and structural features. The existence of
mobile ions and fixed dipole moments, particularly those linked
to water and other components, also greatly affects the dielectric
behavior (Nelson and Trabelsi 2012). A few of the key factors af-
fecting dielectric properties of pulses are described below.

3.1 | Moisture Content

Dielectric properties of different pulses in response to different
moisture contents at a temperature of 30°C and frequency of 13.56
and 915MHz are presented in Figure 4. It is evident that mois-
ture content plays a significant role on both ¢’ (Figure 4a) and £”
(Figure 4b) values. This can also be noticed in Table 1 that there is
a substantial positive relationship between the dielectric constant
and moisture content, while the connection with the loss factor
is still not well understood. In a food matrix, water molecules in-
teract with other chemical compounds, creating layers that affect
the food's structure and properties (Piyasena et al. 2003). From
Figure 4, it is also seen that both £’ and £” values are relatively low
at a lower moisture level and increase sharply with a higher mois-
ture level as also reported by Piyasena et al. (2003). In addition,
different pulses show different dielectric values with the increase
of moisture content. However, the moisture dependency of dielec-
tric properties has a complex relationship with the frequency of
heating. Considering the same products, the dielectric properties
of chickpea have been explored at different moisture levels and
frequencies by Taheri et al. (2018). The study found that the dielec-
tric constant increases with moisture content, while it decreases
with the frequency. According to Guo et al. (2010), dielectric prop-
erties of chickpea, green pea, lentil, and soybean as measured at
20°C and 90°C and a frequency of 27 MHz also showed a sharp
increase with moisture content. They also reported that at low
moisture content (15%), the differences in loss factors among four
legume types are minimal. However, at 20°C and higher moisture
levels, soybean showed the highest loss factor, followed by lentil,
green pea, and chickpea. Foods with low moisture mainly con-
tain chemically bound water, leading to lower dielectric properties
compared to foods with higher moisture content. Moreover, the
presence of different sugar levels can influence the dielectric prop-
erties (Piyasena et al. 2003).
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FIGURE 4 | Moisture dependence of the (a) dielectric constant and (b) dielectric loss factor of selected pulse grains and products (the figure was
generated based on the data presented for lentil seeds, lentil flour, split Kabuli chickpea, and chickpea flour by A. Oke and Baik 2022, using CC BY

license, and for black-eyed pea and mung bean by Jiao et al. 2011, with permission).

3.2 | Frequency

The dielectric characteristics of most materials show notable
fluctuations with the frequency of the applied electric fields,
except for a small number of very effective materials that ab-
sorb minimal energy from RF and MW fields. Polarization,
which results in the alignment of particles with constant di-
pole moments when exposed to the applied electric field, is a
significant element contributing to this frequency dependency.
Taheri et al. (2018) reported the frequency-dependent dielec-
tric properties of chickpea at different moisture levels and
room temperature in the frequency range of 700-7000 MHz.
Both ¢’ and £” decreased as frequency increased. For each
moisture content, ¢’ showed a linear decline at higher fre-
quencies. Additionally, the loss factor of chickpeas exhibited a
negative linear correlation with frequencies above 3000 MHz
across all moisture levels. However, from 700 MHz to approx-
imately 2000 MHz, the loss factor increased before dropping
again up to 7000 MHz. The decline in dielectric properties
with increasing frequency has similarly been observed in len-
til flour across a frequency range of 10-1800 MHz and tem-
peratures between 20°C and 90°C, with a constant moisture
content of 21.5% (Guo et al. 2010). The dielectric constant and
loss factor of peanut kernels decrease quickly as frequency
increased in the RF range (10-300 MHz) and more slowly in
the MW range (300-4500 MHz) (S. Zhang et al. 2016). A sim-
ilar decreasing trend has also been noticed for lentil seeds,
chickpea flour, and chickpea grain over a frequency range of
5-30MHz during RF heating for different moisture ranges
and temperatures (A. Oke and Baik 2022). Ionic conductivity
is the main cause of electric-field dispersion at low frequen-
cies, while dipolar losses are the main cause at MW frequen-
cies (Cloude 2009). Thus, it can be concluded that as frequency
increases, the EM field alternates faster, leading to a drop in €'.
This occurs because fast alternation inhibits dipole reorienta-
tion, distorts ionic links, and impairs the interfacial polariza-
tion mechanism, resulting in decreased polarization (Zadeh
et al. 2019).

3.3 | Temperature

Temperature plays a very critical role during dielectric heating
of materials. Numerous factors, such as the presence of water
and salt content in food, as well as the frequencies involved, in-
fluence how temperature affects the dielectric characteristics of
foods (Tang 2005). As a result, depending on the substance, the
temperature dependency of dielectric properties can be highly
complicated and vary from increasing to decreasing (Sosa-
Morales et al. 2010). At lower frequencies, the loss factor typically
increases with rising temperature due to enhanced ionic con-
ductance (Uan et al. 2004), while at high frequencies, it typically
decreases because of free water dispersion (Y. Wang et al. 2003).
Guo et al. (2008) conducted a study on the dielectric properties
of chickpea flour, examining the effects of frequency, moisture,
and temperature. The research utilized an open-ended coaxial-
line probe with an impedance analyzer, covering frequency
ranges from 10 to 1800 MHz, moisture levels from 7.9% to 20.9%,
and temperatures from 20°C to 90°C. Based on their findings,
the dielectric properties of chickpea flour increase with tem-
perature across all moisture levels. At <40°C, the changes in
dielectric properties are minimal. However, when the tempera-
ture exceeds 40°C, there is a significant increase in permittivity,
especially at higher moisture levels. Lentil seeds had an ¢’ value
of 3.82 at a frequency of 5MHz, a temperature of 30°C, and a
moisture content of 13.0%. However, with the increase in tem-
perature to 90°C, the &’ values increased to 6.03 at the same fre-
quency and moisture content (A. Oke and Baik 2022). In the case
of €”, the values also increased with the increase of temperature.
The authors also reported similar trends for a few other products
such as lentil flour, split Kabuli chickpea, and chickpea flour.
The dielectric constant increases almost linearly with rising tem-
perature, especially at higher frequencies and lower moisture
contents (Nelson and Trabelsi 2012). Variations in temperature
affect the moisture content and ionic conductivity of dielectric
materials. The dielectric characteristics of water increase with
temperature if it is in a bound state and decrease with tempera-
ture if it is in a free state inside the material (Bogale Teseme and
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Weldemichael Weldeselassie 2020; Sipahioglu 2002). As a result,
the proportion of bound water to free water in the materials de-
termines how their dielectric characteristics change with tem-
perature. Because different materials have varying ingredients
and levels of moisture, their dielectric qualities fluctuate with
temperature.

3.4 | Density

As the effect of dielectric heating relies on the quantity of ma-
terial interacting with EM waves, the material density can in-
fluence its dielectric characteristics (Nelson and Trabelsi 2012).
Variations in physical structure, the presence of air-vacuum
space, moisture, and other components of the material are the
factors affecting the density. Different processing methods of
food materials often leads to physical and structural changes,
which in turn modify their dielectric properties (Venkatesh and
Raghavan 2004). To understand how density influences the
dielectric properties of particulate matter, it is beneficial to ex-
amine the relationship between the dielectric properties of solid
materials and mixtures of air and particles, such as powdered
or coarse samples. Measuring the dielectric characteristics of
chickpea seeds and flour, A. Oke and Baik (2022) found that split
chickpea with a moisture content of 13.2% and particle density of
1.402 g/cm3 had lower dielectric constants and loss factors than
chickpea flour with almost similar moisture content but higher
density (1.411 g/cm3). Similarly, Guo et al. (2008) reported that
both ¢’ and &” of chickpea flour increased with density. At a ma-
terial density of 1.265g/cm3, they reported &’ and &” values of
2.51 and 0.15, respectively, at a constant frequency of 915MHz.
When the density increased to 1.321g/cm?, the £’ and £” values
also increased to 3.33 and 0.54, respectively. Taheri et al. (2018)
indicated a quadratic relationship between the dielectric prop-
erties and density of chickpea. Trabelsi et al. (1997) determined
the relationship between dielectric properties and bulk densities
(p) of particulate materials and reported a linear relationship
between ¢/, and ¢/, at different temperatures and moisture.
When measuring dielectric characteristics based on density, the
existence of air gaps is important. Pulse seeds may have more
air gaps between them when they are packed, which lowers
the bulk density and the dielectric characteristics. In contrast,
under identical processing conditions, flour tends to exhibit
higher dielectric properties due to the lower air spaces between
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its particles. This information might be useful for the prediction
of the density of pulses using their dielectric properties.

3.5 | pH

pH is an important parameter of food ingredients that affects
their quality, functionality, and safety. The concentration of ions
present in a pulse or pulse-based food matrix is influenced by
the pH. The ion concentration, ion mobility, and solution struc-
ture have been reported to influence the dielectric characteris-
tics (Tajparast and Glavinovi¢ 2018). A study on pH-dependent
dielectric properties of soybean protein isolate showed that both
acidic (pH: 4.5) and basic (pH: 10) states can significantly in-
crease the £’ and £” values in comparison to a pH of 6.6 (Ahmed
et al. 2008). In the case of $-lactoglobulin, a major whey pro-
tein of milk, changes in pH from neutral to either acidic or basic
resulted in significant improvement of dielectric characteristics
(Ahmed and Luciano 2009). The authors reported the £’ values
as 35.3, 25.9, and 31.2, and the &” values as 4.8, 1.2, and 2.2,
at different pH values of 4, 7, and 10, respectively, with a con-
stant temperature of 70°C. In the food matrix, pH plays a key
role in regulating intermolecular hydrophobic interactions and
electrostatic repulsive forces, both of which affect the dielectric
properties (Ahmed et al. 2008; Y. Sun et al. 2023). Additionally,
fluctuations in the dipole moment and charge residues contrib-
ute to changes in dielectric parameters when the pH of a food
sample is altered (Pitera et al. 2001). However, there are very few
studies available about the effect of pH on the dielectric prop-
erties of pulse-based food ingredients. Thus, this information
can provide insights into the processing of pulses at different pH
using the EM spectrum.

4 | Penetration Depth of RF and MW Heating

The distance penetrated by a dielectric energy into a material
before being absorbed and converted into heat is known as the
penetration depth (P,). Numerically, it is the depth within a ma-
terial at which the energy is dropped to 36.8% of its value at the
surface (J. Sun et al. 2016). It determines the heating uniformity,
which facilitates effective designing of EM heating (D.U. Yu
et al. 2015). The P, is dependent on a number of factors such as
moisture content of the materials being heated, temperature of
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FIGURE 5 | Penetration depth of RF in lentil seed as a function of (a) temperature (°C) at 13% moisture and (b) moisture content (% wet weight

basis [w.b.]) at a frequency of 13.56 MHz. The figure was generated based on the data presented by A. Oke and Baik (2022) using CC BY license.

7 of 24

od ‘T *ST0T ‘18196€9T

:sdny woiy papeoy

2Sud0IT suowwo)) aAnear) ajqedrjdde ay) £q pauIsA0S aIe sa[onIR Y Lasn Jo sa[ni 10j A1eiqiy auluQ £3[IA| UO (SUOHIPUOO-PUB-SULIA)/ W0 A3[IM’ATeIqI[auluo//:sdny) suonipuo) pue swia ], ay) 39S [§707/S0/0€] uo Areiqr aurjuQ Ad[Ipy ‘[1ouno)) yoreasay] [euoneN Aq $z00L €321/2001 0 1/10p/wod Ka[m".



the treatment (RF or MW), frequency of wave, and product char-
acteristics. As shown in Figure 5, an increase in temperatures,
frequency, and product moisture leads to a decrease in P, values.
The P, thus has an inverse relationship with frequency, as well
as effective dielectric properties (¢’ and ) (J. Sun et al. 2016).
At a lower frequency, a material has higher ability to convert
the EM energy to heat with better penetration, and when the
frequency increases, energy is mostly absorbed by the surface of
the materials, resulting in lower penetration (Zhao et al. 2018).
The frequency of the RF is much lower than that of the MW;
thus, RF can be more suitable for industrial pulse processing
with a higher bed thickness of the materials during heating. As
shown in Table 4, heating of chickpea flour in MW spectrum re-
sulted in a P, of 0.37 cm at a frequency of 2450 MHz (Alifak1 and
Sakiyan 2017), whereas a substantially higher P, of 26.98 m was
reported for chickpea flour at a RF frequency of 13.56 MHz (A.
Oke and Baik 2022). In the case of peanut, S. Zhang et al. (2016)
obtained P, as 524.85 and 26.97cm for RF (27MHz) and MW
(915MHz), respectively, indicating that RF results in better pen-
etration into the materials than MW. As discussed previously,
the dielectric parameters (¢’ and £”) increase with temperature
and moisture, which in turn leads to a faster attenuation of the
wave and reduction in the P . Thus, the selection of appropriate
frequency, temperature, and product moisture is essential for
processing of pulses in the EM spectrum.

5 | Nutrients and Antinutrients in Pulses

Pulses are widely consumed because of their high nutritional
quality and bioavailability. Most of the major and minor nutri-
ents necessary for human are available in pulses. Pulses can sig-
nificantly enhance human health by offering various benefits,
for instance, mitigating the probability of cancer, cardiovascu-
lar diseases, obesity, and diabetes. They provide an outstanding
source of plant-based protein, minerals, fiber, and beneficial phy-
tochemicals. Figure 6 represents the health benefits of pulses.

5.1 | Macronutritional and Micronutritional
Characteristics

Pulses contain high amounts of proteins (~25% to 40%) with lev-
els of the essential amino acid lysine, but lower levels of tryp-
tophan and sulfur-containing amino acids such as cysteine
and methionine (Dahl et al. 2012; Malcolmson and Han 2019).
Moreover, pulses are good sources of polysaccharides, especially
starch, and contain a low amount of fat. Various natural macro-
molecules and micromolecules in pulses make them promising
foods and food products that can help protect human health from
diseases such as cardiovascular diseases, cancer, obesity, and di-
abetes. Also, some of the plant secondary metabolite compounds
present in pulses act as antioxidative, anti-inflammatory, and
antiaging agents.

Table 2 lists the proximate composition and mineral profile
of some common pulses based on the data reported by US
Department of Agriculture (USDA). The estimated nutritional
values of pulses are moisture ~10%, protein (21%-24%), carbohy-
drates (60%-63%), lipids (0.8%-2%), and ash (1%-4%). However,
the composition of the pulses depends on the extent of drying

Lower risk of cardiovascular
disease

Anti-cancer - Anti-
{ Good ¥ oxidative

\ protein
R A Hign

Prevent o .
obesity Th : color

Prevent Anti-inflammatory

diabetes

Anti-aging

FIGURE 6 | Health benefits of pulses (adapted with modification
from Acquah et al. 2021, using Creative Commons Attribution License
[CC BY] and from Gurusamy et al. 2022, using CC BY-NC-ND license).

as this process removes the moisture and the percentage of
other components varies with the moisture level. In the case of
faba beans as seen in Table 2, a comparatively lower amount of
protein, fat, carbohydrate, and ash contents is observed as the
moisture is relatively very high (72.60%). Being a good source of
energy and fiber, 100g of pulses can contribute to 10%-20% of
the daily calorie requirement for humans and significantly con-
tribute to the daily fiber requirements. Obesity affects one-third
of adults, and the obesity prevalence among youngsters has in-
creased from 5% to 17% in the last 30years. Thus, high-fiber,
low-calorie meals should be prioritized in order to enhance fiber
consumption and reduce calorie intakes (Glickman et al. 2012).

In undernourished regions of the world like Asia and Africa,
adding lentils to daily diets can improve diet quality and help
reduce micronutrient deficiencies, especially for women and
children. Among all minerals, potassium is the dominant
component in pulses with a quantity of 950-1420mg/100g
(USDA 2024). Additionally, pulses contain a significant amount
of magnesium and phosphorus. Iron and zinc are the import-
ant minerals required for the human body, and pulses contain
around 5-8 and 2-4mg of iron and zinc, respectively, per 100 g
of serving (Langyan et al. 2022). Consuming 100-200g of pulses
like lentil, cowpea, and chickpea can fulfill daily mineral needs,
while 100g of most dietary pulses can meet daily iron require-
ments (Langyan et al. 2022). Furthermore, beans are rich in
various forms of vitamin B, including folic acid and pantothen-
ate. Chickpea and bean are also high in carotene and vitamin K
(Gowda et al. 2015).

5.2 | Antinutritional Properties

Antinutrients are biomolecules that possess adverse nutritional
or physiological properties and are present in varying amounts
in different pulses and legumes. The impact of these compounds
varies, predominantly based on their concentration, manifesting
both beneficial and detrimental effects. Examples of antinutrients
in pulses include saponin, lectins, tannins, phytates and oxalates,
trypsin inhibitor (TT), amylase inhibitors, and phenols (Figure 7).
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FIGURE 7 | Antinutritional factors in pulses, their benefits, and adverse effect as well as reduction process (adapted with modification from
Purohit et al. 2023, using CC BY-NC-ND license, Salim et al. 2023, using Creative Commons Attribution License [CC BY], Samtiya et al. 2020, using
Creative Commons Attribution 4.0 International, Lépez-Moreno et al. 2022, using CC BY-NC-ND license).

The presence of antinutrients in cereals and legumes reduces the
bioavailability of various beneficial components. This can lead to
issues such as micronutrient malnutrition and mineral deficiencies
(Samtiya et al. 2020). Moreover, they can hinder the metabolic sys-
tem of the proteins, lipids, and vitamins by inhibiting the enzyme
activity, thus contributing to impaired body growth. Deficiency
in zinc minerals was reported in West Asian populations in the
1960s (Gibson 2012). Phytate is recognized as a significant factor
contributing to this deficiency (Hassan et al. 2020). Similarly, di-
etary saponins negatively affect the growth and feed efficiency of
chicks, along with hindering the absorption of vitamins A and E,
aswell as lipids (P. Singh et al. 2023). Additionally, a study reported
that phytate adversely affected the metabolism of calcium, zinc,
and phosphorus in humans (Schlemmer et al. 2009). Besides re-
ducing the absorption of various minerals and nutrients, high lev-
els of these antinutrients can lead to toxicity when present in the
diet. Different factors like age, species, concentration, processing,
and interactions with other nutrients all affect how harmful an-
tinutrients are to nutrient metabolism (Salim et al. 2023). On the
contrary, these compounds are also getting a lot of attention from

researchers because of their incredible variety of biological func-
tions that may be advantageous to humans (Pihlanto et al. 2017).
According to Salim et al. (2023), antinutrients can benefit human
health by exhibiting anticarcinogenic, anti-inflammatory, antiox-
idant, and anti-obesity effects as well as boosting up the defense
mechanism against pests and pathogens. Despite their potential
benefits, the harmful effects of antinutritional factors generally
outweigh the advantages they may offer. This necessitates vari-
ous actions to mitigate their presence and impact. It is likely that
the concentration of these compounds is reduced during the most
commonly practiced processing step, cooking, which is often ap-
plied to pulses before consumption. Moreover, there are several
other conventional and modern processing operations that can
potentially reduce the concentration of antinutrients. The con-
ventional techniques include soaking, milling, roasting, cooking,
germination and fermentation, blanching, and extrusion (Samtiya
et al. 2020). Previous research on cooking, dehulling, boiling,
and autoclaving of pulses have resulted in a significant reduc-
tion of the antinutrients including TI, tannins, and phytic acid
(Hefnawy 2011; N. Wang et al. 2009). Most of these techniques
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remove the antinutrients by breaking down the structure, thermal
degradation, and interaction with other components to form in-
soluble complex (Avanza et al. 2013; Suhag et al. 2021) or by dis-
solving them in water (Badifu 2001). However, long time exposure
to different conventional processing methods like cooking, boil-
ing, or autoclaving may result in alteration of the other nutritional
qualities. With the progress of science and technology, several
novel processing methods have been introduced, which can poten-
tially contribute to the reduction of antinutrients as well as retain
the necessary nutrients in pulses. Innovative nonthermal methods
like irradiation, cold plasma, high pressure, ultrasound, pulsed
light, and pulsed electric fields, along with EM heating techniques
such as MWs, infrared, and RF, have potential for reducing antinu-
trients (D. Oke 2021; Sanaei Nasab et al. 2024).

6 | Effect of RF and MW Heating on Quality of
Pulses

EM heating like MW and RF can affect the nutritional quality
of the pulses or any products. They can speed up pulse cook-
ing, maintain nutrients, and improve texture. While it en-
hances disinfection and uniform heating, it can change taste
and moisture if not regulated properly. It also uses less en-
ergy and chemical preservatives, making it more ecologically
friendly. Mechanism of MW and RF heating along with their
effect on nutritional and antinutritional factors is outlined in
this section.

6.1 | Mechanism of Dielectric Heating on Changes
of Nutrients and Antinutrients

Dielectric heating accelerates the heating process and impacts
the nutritional and antinutritional qualities of pulses and other
dietary ingredients. The changes in these properties are primar-
ily due to structural modifications, thermal degradation, and
the formation of new compounds during EM heating (Suhag
et al. 2021). MW or RF significantly impacts the secondary and
tertiary structures of proteins by enabling polar groups to absorb
energy, leading to free radical formation, aggregation, or un-
folding of the sequences (Han et al. 2018). According to Gomaa
et al. (2013) and Guan et al. (2011), dielectric heating usually
disrupts noncovalent bonds, such as hydrogen bonds in protein
molecules, leading to protein unfolding and structural modifi-
cations. In the case of fats and fatty acids, oxidation may take
place due to MW or RF heating. Fats typically absorb EM waves
due to the dipole moments of polar molecules present in fatty
acids or triglycerides, leading to asymmetric vibrations to gen-
erate heat and can alter the fatty acid profile (Deng et al. 2022).
Temperature, oxygen, and the amount of unsaturated fatty acid
are the influencing factors for changes of fats and their quan-
tity during dielectric heating (C. Zhang et al. 2022). Pulses are
rich in carbohydrates, primarily present in the form of starch
and contain polar hydroxyl groups (-OH) at different carbon
numbers. Dielectric heating can change starch by creating free
radicals at specific points (C1 and C6 positions) in the starch
molecules. These changes can affect the structure of the starch,
leading to modifications in its crystallinity, viscosity, and gela-
tinization (Deng et al. 2022). Micronutrients, such as vitamins
and minerals, can be affected by MW or RF heating, primarily

due to their heat sensitivity and water solubility. On the other
hand, most of the antinutrients are heat sensitive, and volumet-
ric heat generated by MW or RF can destroy their viability. The
mechanism of thermal degradation of antinutrients includes the
hydrolysis of peptide bonds, deamination (breakdown of cova-
lent bonds), and the disruption or rearrangement of disulfide
bonds (Irakli et al. 2020; Rahate et al. 2021). According to Deng
et al. (2022), MW heating can partly remove phytic acid, oxa-
late, saponins, TIs, and tannin due to their heat-sensitive nature,
whereas structural changes occur in oxalate, saponins, and TIs.
The authors also mentioned that phytic acid and tannin produce
insoluble complex due to dielectric heating. However, the extent
of changes in nutrients and antinutrients may depend on various
factors including the frequency, temperature, and exposure time
of heating as well as the type of pulses.

6.2 | Effect on Macronutrients and Micronutrients

The effect of RF and MW on the nutritional quality of differ-
ent pulses is shown in Table 3 and discussed here. As there is
very little research available on nutritional quality of RF-treated
pulses, the effect of MW on pulses nutritional quality is mostly
presented in the table.

6.2.1 | Protein

Protein is the major component of pulses and accounts for
around 25% of the dry mass. Typical cooking of pulses can
reduce the protein content due to leaching of water-soluble
protein in the cooking water (Habiba 2002). The amino acid
profile and protein digestibility are the other determinants of
protein quality. RF and/or MW heating has been attributed to
changing the protein content, amino acid profile, and protein
digestibility as seen in Table 3. Zhong et al. (2015) studied the
effect of MW and RF heating along with high hydrostatic pres-
sure treatment on the nutritional quality of black soybean, and
they found that RF heating was more useful in retaining or im-
proving protein quality. In terms of amino acids, they reported
that both MW and RF heating decreased the amino acids, but
the quantity lost during processing was lower for RF treat-
ment (Zhong et al. 2015). They also mentioned that the high
frequency of MW processing (2450 MHz) might be a reason be-
hind the higher reduction in nutritional quality, maybe due to
damage to cellular integrity causing changes in microstructure
and subsequent loss of molecular constituents. The reduction
in protein content can also be seen for other pulses (Table 3).
Soaking of pulses during or before MW heating may acceler-
ate the leaching of amino acids from the pulses and decreases
the total protein content (Y. Xu et al. 2016). One important
modification that takes place during thermal processing is
protein denaturation. This process involves the unfolding of
protein structures, which can modify the protein's functional
characteristics and possibly even its nutritional value as well
as quantity (Avanza et al. 2013). High temperatures in MWs
can significantly alter the digestibility and nutritional value of
protein-rich foods. This can lead to changes in their second-
ary and tertiary structure and the formation of hydrophobic
proteins or cross-links and even trigger the Maillard reaction
(Xiang et al. 2020).
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| (Continued)

TABLE 3

Heating

Components Results Reference

Processing conditions

method

Product name

Habiba (2002)

Raw peas had protein content of 27.2%, which
reduced to 26.3%, 26.2%, and 26.2% for 4, 8, and

Protein

MW (2450 MHz) cooking of pea seeds by soaking

MW

Pea

in water (1:2 ratio) for 4, 8, and 12min, and then

12min of MW treatment, respectively. These

dried at 50°C for 12h and ground into flour

concentrations were higher than traditional
cooking or even autoclaving at 121°C. Also,

MW treatment resulted in better in vitro

protein digestibility than raw samples.

MW resulted in lesser ash loss

Ash

than traditional cooking.

(Continues)

6.2.2 | Lipids

Pulses are moderate sources of fats or lipids. Beans, which
are also classified under pulses, can contain a good amount
of fats. EM heating has been attributed to both increases and
decreases in fat content (Table 3) depending on the materials
being processed and heating conditions. Lipid polymerization
and thermal oxidative degradation can occur due to EM waves.
However, the lipid oxidation caused by EM heating is compara-
tively lower than that caused by traditional cooking or heating
techniques. This is because EM heating, in any case, speeds up
denaturation and deactivation of enzymes such as lipase, lipoxy-
genase, peroxidase, and polyphenol oxidase (Y. Sun et al. 2023),
leading to the stability of fatty acids. Unlike traditional methods,
RF or MW heating has a lesser impact on oils. Although oils
have a lower content of polar molecules, they primarily absorb
EM waves due to the asymmetric vibrations of polar molecules
(Deng et al. 2022). They also have very little effect on the chemi-
cal composition of fatty acids (Zhong et al. 2015). MW treatment
can also deactivate lipoxygenase and eliminate hydrogen perox-
ide to minimize lipid oxidation (Akyol et al. 2006). It stimulates
antioxidants such as tocopherol, phenolic compounds, and other
chemicals in oil (L. Xu et al. 2022) and consequently produces
more stable oil.

6.2.3 | Carbohydrates

RF or MW heating can increase the total carbohydrate content
(Table 3). Carbohydrates in pulses are available in the form of
complex starch. The structural stability of natural starch de-
pends significantly on the presence of numerous intramolecular
and intermolecular hydrogen bonds. EM heating impacts these
bonds by altering the distribution and dynamics of water within
the starch granules (Li et al. 2020). More details about the starch
structure and the effect of MW heating have been discussed by
Deng et al. (2022), in which it has been attributed that gelatini-
zation, oxidation resistance, digestibility, and other properties of
starch can be affected due to EM heating.

6.2.4 | Minerals and Vitamins

Minerals are important components for human health, and
their quantity and quality are influenced by different food
processing techniques. Minerals are extensively divided into
major minerals (macrominerals) and trace minerals (micro-
minerals). Major minerals include calcium (Ca), magnesium
(Mg), potassium (K), sodium (Na), chloride (Cl), phosphorus
(P), and sulfur (S); while trace minerals include iodine (I),
zinc (Zn), selenium (Se), iron (Fe), manganese (Mn), copper
(Cu), cobalt (Co), molybdenum (Mo), fluoride (F), chromium
(Cr), and boron(B) (Gharibzahedi and Jafari 2017). All ther-
mal processing methods, including household cooking and
MW or RF heating, can affect the quantity or availability of
the minerals. There are a few studies focusing on the miner-
als and vitamins profile as affected by MW and RF heating,
instead of reporting on the mineral quantity in terms of ash
content. Comparing the impact of different thermal process-
ing on ash/mineral content, RF heating was more suitable for
retaining higher mineral quantity in black soybean than MW
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(Zhong et al. 2015), whereas MW was better than traditional
cooking for peas (Habiba 2002). Moreover, soaking pulses in
water prior to cooking can lead to more loss of water-soluble
minerals (Y. Xu et al. 2016). Pulses and legumes are moderate
sources of vitamins including vitamins C, E, and K (Prodanov
et al. 2004). Like minerals, heating of pulses in the EM spec-
trum can result in quantitative loss of vitamins.

The changes in nutritional quality during MW or RF heating
depend on several factors including the type and moisture con-
tent of the materials, and the duration and intensity of heat.
Comparing between these two processes, RF might be more
suitable than MW for the improvement or retention of macronu-
tritional and micronutritional quality.

6.3 | Effect on Antinutrients

By reducing bioavailability and digestibility, antinutrients lead to
lowering the nutritional value of foods in human body (Sinha and
Khare 2017). Complete destruction or removal to a minimum level
of the antinutrients is now a matter of concern. EM heating in-
cluding MW, RF, and infrared can efficiently safely minimize an-
tinutrient levels without the use of any chemical treatments. They
also cause fewer nutritional losses and result in a final product of
superior quality (Linsberger-Martin et al. 2013; ReZzek Jambrak
et al. 2018). There are a few studies available on reduction of an-
tinutrients using RF and MW. In this section, the effect of RF and
MW on different antinutrients of pulses is discussed.

6.3.1 | TI

TIs are a class of protease inhibitors that impede the full ab-
sorption of nutrients in food. Naturally, TIs are polypeptides
and based on the reactive site of TI, they are classified as the
serine protease inhibitors (Das et al. 2022; Ram et al. 2020).
Their presence in the human diet interferes with protein
digestion and obstructs the metabolic utilization of amino
acids and sulfur, potentially causing pancreatic hyperplasia
(Adeyemo and Onilude 2013; Suhag et al. 2021). They inhibit
the protease enzyme, resulting in diminished protein diges-
tion in the small intestine and accelerating the removal of pro-
teins from the body. As a result, sulfur-containing amino acids
such as methionine and cysteine become less bioavailable in
pulses (Nikmaram et al. 2017; Suhag et al. 2021). As seen in
Table 4, most of the common pulses have a good amount of TI.
EM heating can reduce the TI activity. D. Oke (2021) investi-
gated the potential of RF (27.12MHz) at three different pow-
ers (3, 7, and 9kW) and temperatures (55°C, 75°C, and 115°C)
on the reduction of the antinutrients in lentils. They reported
that around 3%-40% and 29%-80% reduction of TI activity
was possible for lentil and chickpea, respectively. The authors
also observed that higher temperature of RF treatment can re-
sult in more reduction of TT activity from lentil. This correla-
tion might be due to the denaturation of TT as they are small
proteins. In the case of black soybeans and regular soybean,
RF was able to deactivate around 15% (Zhong et al. 2015) and
55%-87% of TI, respectively. MW has also been identified to
inactivate TI. Using MW, inactivation of more than 93% of TI

in lentil seeds was reported (Hefnawy 2011), and a complete
destruction of TI was reported for pea by Habiba (2002). A
comparative analysis between MW and RF treatments re-
vealed that RF was more potent in removing TI from black
soybeans (Zhong et al. 2015).

6.3.2 | Phytic Acid

Phytic acid and its salts, known as phytates, are found in
grains, legumes, nuts, and seeds. They bind with metal ions
like iron, zinc, calcium, and magnesium, reducing their ab-
sorption and bioavailability. This chelating property, due to its
six phosphate groups, makes phytic acid an antinutrient, po-
tentially causing mineral deficiencies in humans and animals
(Samtiya et al. 2020; Suhag et al. 2021). MW and RF have been
successful in the reduction of phytates in different pulses as
shown in Table 4. According to Zhong et al. (2015), MW was
able to destroy 20% of phytic acid in black soybean, whereas
RF destroyed around 28%. While RF reduced phytic acid in
chickpea flours, in the case of lentils, D. Oke (2021) observed
a slight increase in their levels at a heating temperature of
75°C. The author mentioned that the low moisture content of
the raw seeds might obstruct the RF's ability to reduce phytic
acid. On the contrary, all the research on MW resulted in the
destruction of around 0%-40% of phytic acid based on the MW
power, frequency, treatment time, product moisture, presoak-
ing in water, etc. Thus, finding the optimum time, tempera-
ture, and cooking strategies is necessary for both RF and MW
processing, focusing on individual pulse.

6.3.3 | Saponins

Saponins are nonvolatile, surface-active compounds mainly
found in plants, often in pulses and legumes such as peanuts,
soybeans, and chickpeas. They are structurally composed of
either steroids or triterpenes with an attached sugar compo-
nent (Moses et al. 2014; Samtiya et al. 2020). Saponins can
adversely affect human health by reducing iron absorption,
interfering with protein digestion by modifying protein struc-
ture, and causing significant hemolytic activity by interacting
with cholesterol in red blood cell membranes (Fleck et al. 2019;
Kaspchak et al. 2020; Suhag et al. 2021). From Table 4, it is ev-
ident that MW or RF potentially reduce the saponin content of
different pulses. Only report on RF shows that the raw black
soybean had 62.13 g/kg of saponin, of which around 22% could
be reduced using 6 kW of 27-MHz RF treatment for 30 min.
They also found almost the same amount of saponin reduc-
tion using 1kW of 2450-MHz MW for 30 min. Very few studies
are available on the MW or RF processing for the reduction of
saponins from pulses; however, a study on MW treatment of
horse chestnut resulted in a reduction of saponin content by
35.47% after 1min, 57.64% after 1.5min, 81.28% after 2min,
and 87.19% after 2.5min (Rafiq et al. 2016). EM heating, either
MW or RF, generally changes the structure of the pulses and
other crops resulting in reduction of saponins (Badifu 2001).
Based on this summary, MW and RF have potential for pulse
processing, but comprehensive studies for determining opti-
mum conditions are needed.
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6.3.4 | Tannins

Tannins are water-soluble phenolic compounds classified as either
hydrolyzable (like ellagitannins and gallotannins) or condensed
(like proanthocyanidins) (de Camargo and da Silva Lima 2019).
They hinder protein digestion by forming tannin-protein com-
plexes through hydrogen bonding between the hydroxyl groups of
tannins and the carbonyl groups of proteins, which can be either
reversible or irreversible (Raes et al. 2014). They are mainly located
in seed coats. Due to their water-soluble and heat-sensitive nature,
they experience substantial reductions during heat processing
methods (Sharma et al. 2018), such as MW and RF treatment. A
comparative study on both MW and RF processing on black soy-
beans revealed that both of these EM heating methods had a sim-
ilar effect on tannins reduction (~17%) (Zhong et al. 2015). Yang
etal. (2014) reported that MW heating for 3min at 850 W (2.45 GHz)
removed more tannins from yellow soybean (15.14%) than black
soybean (1.34%). Heating of faba bean pesto sauce using MW at
11kW and 110°C for 30s resulted in ~20% reduction of condensed
tannins (Klug et al. 2018). MW cooking of lentils with tap water
at a 1:10 w/v ratio for 15min resulted in even higher reduction of
around 35% tannins (Hefnawy 2011). However, soaking in water
alone was not reported to be effective in significantly reducing
tannin content from Kabuli chickpea (Y. Xu et al. 2016), though
soaking before MW treatment enhanced the reduction of tannin
content in velvet beans (Kala and Mohan 2012). In summary, RF
and MW heating can reduce tannins, possibly by breaking down
the tannin-protein complex and degrading the heat-sensitive—free
tannins. Additionally, soaking before processing may help further
reduce tannins through the process of leaching (Suhag et al. 2021).

6.3.5 | Others

There are a few other antinutrients such as lipoxygenase, oxa-
lates, and lectins that can possibly be found in pulses. MW or
RF may help in their reduction to a certain extent or even com-
pletely. D. Oke (2021) found that heating at 115°C using 3kW of
RF (27.12MHz) can destroy ~99% of lipoxygenase in lentil flour,
whereas comparatively lower temperature (55°C and 75°C) and
higher power (7 and 9kW) at the same RF frequency destroyed
99%-100% of lipoxygenase in chickpea flour. MW processing of
velvet bean at 130°C and 900 W for 12 min reduced 100% of oxalate
and hydrogen cyanide (Kala and Mohan 2012). A study on pea to
remove lectins using MW heating resulted in complete destruc-
tion of lectins A, B, and O (Habiba 2002). These studies concluded
that both RF and MW are very effective for the reduction of these
minor antinutrients.

7 | Limitations of RF and MW Heating

Like most current technologies, both MW and RF heating
presents some disadvantages that restrict their extensive use in
the pulse processing sector. Nonuniform heating is one of the
major limitations of MW and RF for bulk samples, resulting
in hot and cold spots where the temperature is much higher
or lower, respectively, compared to the average tempera-
ture (Altemimi et al. 2019; Suhag et al. 2021). This nonuni-
form heating can cause thermal damage to some parts of the

products while other parts do not reach the expected tempera-
ture for desirable results. Additionally, penetration depth is an-
other limitation of these heating methods. In the case of dense
or bulk layer processing of pulses, MW or RF waves may have
difficulty to reach the deep layers, leading to uneven heating
Moreover, scaling up of RF and MW processes for commercial
use is challenging due to difficulties in maintaining consistent
heating and efficiency in larger volumes (Zeng et al. 2022). RF
and MW heating is also subjected to high regulatory criteria
to ensure safe and reliable processing. Operators need specific
training to efficiently manage these systems. Industrial-scale
equipment is often more expensive than conventional heating
system equipment (Gao et al. 2023). As thermal processing
techniques, both RF and MW have the potential to denature
proteins and decrease their solubility and functionality, if not
optimized properly.

8 | Knowledge Gaps

Both RF and MW have resulted in several beneficial outcomes
in the pulse processing sector. As they play a potential role in the
improvement of nutritional properties and reduction of antinu-
tritional factors, researchers and processors are showing more
interest in exploring these modern technologies in various ways.
Following a thorough review of the available studies, we have
listed the knowledge gaps in literature, and the potential future
research outlook is listed below:

a. There is no research on the optimal processing parame-
ters (frequency, power level, temperature, exposure pe-
riod) for various pulses. Models that predict how various
conditions influence different pulse varieties must be
developed, emphasizing energy efficiency and unifor-
mity while retaining nutritional quality and reduction of
antinutrients.

b. Developing improved control systems, adaptive algo-
rithms, and real-time monitoring approaches to improve
heating uniformity and product quality.

c. Explore the advantages of combining MW and/or RF heat-
ing with other approaches to increase efficiency, reduce an-
tinutritional components, and improve overall pulse quality.

d. Technoeconomic analyses are required to establish the
cost-effectiveness and feasibility of using these technolo-
gies for industrial-scale pulse processing.

e. Life cycle assessment (LCA) studies should be conducted to
evaluate the sustainability of these technologies, with the
objective of developing energy-efficient and environmen-
tally friendly pulse processing methods.

f. Sensory research might aid in the optimization of processing
parameters to yield ingredients that are consistent with con-
sumer tastes while still providing nutritional advantages.

9 | Conclusion

Pulses are a commonly cultivated and consumed food products
owing to their unique nutritional value and availability. These
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protein-rich meals include some antinutritional compounds that
reduce the bioavailability and effective use of nutrients in the
human body. Limiting the scope of this review to RF and MW
treatment of pulses, we outlined how these heating techniques
function in food processing, as well as how processing factors
affect heating efficiency in pulses. The use of these technologies
has resulted in a significant reduction in antinutrients in vari-
ous pulses. Combining with other procedures, such as soaking
in water, may also be beneficial. Future research should also
focus on process optimization, scaling up, environmental and
technoeconomic evaluations, consumer acceptance, and so on.
Further studies in this area will be useful for industries to set up
MW- or RF-based processing facilities in future.
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