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Chapter

Adaptation Strategies and
Microwave Drying of Amaranth
Species with a High Nutritional
Value to the Ecuadorian Andean
Region

Carlos ]. Torres-Mifio, Rafael Herndndez Maqueda
and Angel H. Moreno

Abstract

In the Andean region of Ecuador, amaranth is a key species not only for
its high nutritional value but also for its association with Ecuadorian culture,
since it is one of the main indigenous crops of the pre-Columbian era. Over the
time, the cultivation of this species ceased for several reasons result. However,
in recent years, a number of strategies have been developed to retrieve it on a
national level. In accordance with these strategies, the “Amaranth Improvement
Program for Cotopaxi” (PROMAC) is being developed at the Technical
University of Cotopaxi, with the main objective of selecting varieties with high
levels of biologically active substances. This program is been executed through
two main lines of investigation: (a) selection of varieties of amaranth of high
nutritional value and (b) the improvement of techniques for conservation of the
seeds. This chapter analyzes and shows the main results obtained to date from
the study of eight varieties of amaranth seeds and the drying of one of the seeds
by means of microwave energy in order to improve its conservation. In the light
of the results obtained, the strategies to develop the following research lines
within the PROMAC framework are exposed.

Keywords: amaranth, Amaranthus spp., adaptive response, microwave drying,
conservation strategies, post-harvest techniques

1. Introduction

Amaranth is a crop of America, whose origin and exploitation probably dates
back to between 4000 and 5000 BC. According to [1, 2], the first evidence of
domestication is located in Central America (Guatemala and Mexico) and South
America (Ecuador, Peru and Bolivia). Known as huauhtli, it refers to the amaranth
species A. hipochondriacus L., a pseudocereal which for those tribes had a sociocul-
tural and economic significance. Its value was as great as that of corn and beans, the
traditional crops of these people.
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It should be noted however that according to several chronicles, the term
huauhtli was used not only to refer to amaranth (Amaranthus) but also to quenopo-
dios (Chenopodium).

The American origin of several Amaranthus species, employed nowadays for
the production of grain, has been confirmed by several archeological studies.
Amaranth was used even before the beginning of domestication [3]. In particular,
the excavations carried out by MacNeish (1964) yielded some very interesting
data about the crop. Amaranth seeds were found in their excavations, as a result
of which they concluded that this crop was grown during the Coxacatlan period
(5000-3400 years BC), which means that the domestication of amaranth occurred
at the same time as that of corn.

On the basis of these data, it is clear that the amaranth was a crop widely used by
the Aztecs and their neighbors [3]. Under the empire of Moctezuma II, amaranth
seeds were highly valued, first as one of the main crops in people’s diet, and second
because amaranth seeds were used to make figures of Aztec idols [4]. They were
also used in religious ceremonies among the ancient Mexicans, in honor of the
Aztec god of the sun and war “Huitzilopochtli” and the god of rain “Tlaloc” [5]. It
is widely believed that, because of its use in religious ceremonies, this crop was
considered as a symbol of paganism after the Spanish conquest, and its cultivation
was consequently prohibited. However, no conclusive evidence has been found of
the gradual disappearance and prohibition of amaranth cultivation as a result of
Spanish conquest [4].

The first species cultivated in the pre-Columbian era to obtain grain were:

A. hypochondriacus L. in Mexico, A. caudatus L. in the Andean region, and

A. cruentus L. over a wide area of Central America [3, 5]. The introduction of the
first amaranth plants to Europe occurred during the colonial era, when they were
used as ornamental plants. The seeds employed for the production of amaranth
were the black variety. However, samples of the white A. hypochondriacus L.

seed that date from the sixteenth century were also found [3]. This indicates that
Amaranthus seeds came to Europe in the form of two varieties (black and white),
though black seeds were the most commonly used.

The dispersion of amaranth seeds to other continents may have occurred
through commercial traffic from Europe to other regions of the world, such as Asia.
In this region, particularly in Sri Lanka (known initially as Ceylon) and in India,
there are traces of crops whose records date back to the eighteenth century. It is
believed that the seeds were introduced by the Dutch. In the first half of the nine-
teenth century, the crop expanded across the Deccan plain in South India and the
Himalayas. It is also known that in the nineteenth century, its cultivation began in
China and eastern Siberia [3].

Currently, amaranth is considered one of the most promising crops for combat-
ing malnutrition in this century [6, 7] for several reasons: first, because of its adapt-
ability to unfavorable environmental conditions [8], second because its cultivation
does not demand much water and its agronomic management does not require
much care, making its production cheaper compared with other similar crops [9],
and finally, because of its high nutraceutical value [6, 10].

Amaranth is a rich source of protein [6, 7, 10, 11], vitamins, fiber, and calcium
[1-3, 6, 7, 10]. Consequently, it is used as a food (mainly the leaves and the seeds),
but also as an additional protein supplement for livestock. Moreover, it is used in
medicine because of anti-inflammatory, hemostatic, and diuretic properties [6, 7].
And more recently, the flour of amaranth has attracted the attention of industry
because of its chemical composition and nutritional value [7, 12]. For these reasons,
the interest of researchers and cultivators in amaranth seeds has increased consider-
ably in recent years [7].
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In Ecuador, this crop is known as Ataco, Sangorache or Quinua de Castilla and
is used mainly as fodder. Several species can be found: A. blitum L. and A. hybridus
L., also known as bledos. In the Costa region, A. dubius Mart. ex Thell. has also
been found [13]. However, the species that are most commonly used as crops are:
A. quitensis Kunth or A. hybridus L.

As a means to recover this crop, the National Program of Legumes and Andean
Grains was created in 1982. An important part of the plan was to collect amaranth
seeds over an extensive area of approximately 1000 km in the inter-Andean alley. A
total of 114 samples were registered up to the year 1985, most of which belonged to
the A. hybridus species. [14].

Subsequently, a knowledge exchange program between different institutions
involved in the development of the amaranth crop was introduced. As a result of
this, the species Amaranthus cruentus L.—the INIAP Alegria variety, obtained from
the”Alan Garcia” variety, was introduced from the University of San Antonio Abad
in Cusco, Peru.

Before being introduced, this variety had passed a previous selection process in
the National Institute of Agricultural Research (INIAP), in the years 1987 and 1988.

The INIAP Alegria variety was released to farmers in 1994 [1] after several years
of research into its management, adaptability, and grain processing among other
aspects.

Currently, in Ecuador, the cultivation of the ancient crops quinoa (Chenopodium
quinoa Will.), Lupinus (Lupinus mutabilis L.), and amaranth (Amaranthus spp.) is
experiencing a rate of very high growth. Of these crops, the one in greatest demand
for export is quinoa. However, amaranth is also in high demand in the United States,
where NASA is carrying out research into the potential of amaranth as a source of
nutrition for astronauts [15].

Despite the growing interest in this crop and its enormous potential, more
research is required regarding crop management, adaptation strategies, and post-
harvest techniques in order for this crop to be considered as a main source of food in
Ecuador.

2. Program for improvement and selection of amaranth in Cotopaxi
(PROMAC)

For the reasons explained above, various programs have been introduced in
Ecuador to adapt and improve amaranth crops. One of these programs is the
Program for Improvement and Selection of Amaranth in Cotopaxi (PROMAC) the
main objective of which is to develop and implement strategies for adapting ama-
ranth species to the conditions of the province.

The program arises from the need to incorporate new promising lines of
research that will amaranth crops to be reintroduced into the province of Cotopaxi.
The work has been developed mainly at the Technical University of Cotopaxi in
Latacunga and has been carried out in collaboration with the Russian Federal Center
for Scientific Research in Vegetables (VNIISSOK) and the Russian University of
Friendship of Peoples (RUDN).

This program has followed two strategic lines of research:

The first line has the aim of selecting varieties of amaranth of high nutritional
value to be adapted to the Andean region, while the second line aims to improve
the techniques used to conserve the seeds, since in the case of Cotopaxi, seed
conservation is one of the least efficient processes and is the cause of the high loss
of seeds that seriously affects the crop yield. This program began in early 2016 and
is still ongoing.
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A summary of the progress made to date of the two lines of investigation men-
tioned above is presented below.

3. Selection of varieties with a high nutritional value

This work is partly based on the research previously carried out in The
Federal Center for Scientific Research on Vegetables (VNIISSOK) of Russia
which has one of the highest number of amaranth seed collections of the
Russian Federation.

As part of the project carried out in this institution, 10 varieties were
released for production in the central zone of Moscow and some areas of
Southern Russia [16].

The objective planned within the framework of the PROMAC was to ascertain
whether the varieties previously studied in Russia could be adapted to the conditions
of Cotopaxi. This study was incorporated as part of two degree courses [17, 18].

3.1 Material employed and variables analyzed

The study of the adaptability of amaranth in Cotopaxi began with the character-
ization of different samples from the All Russian Research Institute N.I. Vavilow.

Table 1 shows the samples selected, with references to their origin and the cor-
responding species.

As can be seen in Table 1, there are some collections of samples that were not
identified in their storage origin due basically because they share intermediate
morphological characters with close relatives. The identification of the remain-
ing species is considered in a second phase of the program (PROMAC) based on
morphological, biochemical, and genetic markers.

Each of the collections was planted, in different experimental units. For this
purpose, 8.3 m” plots were designed.

Then, different biometric and physiological indicators were measured according
to the recommendations of Mujica [19] and Torres [20].

The color of the seeds, stem length, inflorescence length, and the number of
leaves at the time of harvesting were employed as biometric indicators. Data were
obtained from 10 plants in each plot. Likewise, after harvesting, the average weight
of 1000 seeds was calculated.

Origin Collection number Species
Belgium VIR NN A. caudatus
Belgium VIR 666 A. cruentus
France VIR 686 A. cruentus
United States VIR 796 Amaranthus sp.
Mongolia VIR 690 A. hybridus
Argentina VIR 674 A. hypochondriacus
Mexico VIR 584 Amaranthus sp.
China VIR 711 Amaranthus sp.

VIR identify code number for the All Russian Research Institute N.I. Vavilov.
NN, No number assigned.

Table 1.
Species employed in the study.
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Time to emergence Scale Classification

Less than 10 days 1 Short-term

From 11 to 15 days 2 Medium-term

More than 16 days 3 Long-term
Table 2.

Seed emergence time scales according to [20].

The physiological indicators used were: the number of days for seeds to emerge,
the number of days for a milky grain and for a dry grain, and the number of days for
physiological maturation.

The number of days for the seeds to emerge was measured in the seedbed. The
time at which 70-80% of seeds germinated was recorded and classified according to
the scale shown in Table 2.

In order to corroborate the relation between the variables analyzed, a Pearson’s
correlation coefficient analysis was performed, in combination with a conglomerate
analysis to group the species studied.

3.2 Biometric and physiological differences between the species studied

The adaptability tests for the eight varieties studied were successful, although
some differences between the different species were found depending on the
variables analyzed.

Based on the data recorded, the following results were obtained:

The color of the seeds recorded at the time of harvest revealed four specimens of
white seed (of different shades), three collections of black seed, and one collection
of brown seeds, as shown in Figure 1.

The results of the analysis of the morphological variables: stem length, inflores-
cence length, and the number of leaves are shown in Figure 2.

The stem lengths, ranged between 23 cm for Amaranthus sp. (originating in
China) and 130 cm for Amaranthus cruentus, originally from Belgium.

The size of the panicle (inflorescence length) oscillated between 17 cm on
average for the species Amaranthus cruentus, originally from Belgium and the

Figure 1.

Color of the amavanth seeds employed in the study. A, A. cruentus (France); B, A. hypochondriacus
(Argentina); C, Amaranthus sp. (Mexico), D, A. hybridus (Mongolia); E, A. cruentus (Belgium);
E Amaranthus sp. (China); G, Amaranthus sp. (USA); H, A. caudatus (Belgium,).
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Figure 2.
Behavior of the biometric variables analyzed.

species Amaranthus sp. originating in China, and 70 cm on average for the species
Amaranthus caudatus, from Belgium.

The Pearson correlation coefficient test applied to check the possible relation-
ship between these two variables yielded a value of —0.74, which indicates that there
is an inversely relationship between the size of the stem and the size of the panicle.

As regards the number of leaves at the time of amaranth harvest, as in the case
of the previous indicators, interspecific differences are observed. The species
that accumulated most leaves at the time of harvest were: A. cruentus (France),
A. hypochondriacus (Argentina), and Amaranthus sp. (Mexico), with an average
of between 70 and 98 leaves. The second range included A. caudatus (Belgium),
A. cruentus (Belgium), and A. hybridus (Mongolia) with values between 35 and
55 on average. The last range included Amaranthus species from China and the
USA, with an average of 25 leaves.

Analysis of the correlation between the stem size and number of leaves yielded
a coefficient of 0.66, which indicates a moderate correlation between these two
variables.

Finally, no significant differences were found between the weights of the seeds,
with values ranging between 0.75 and 0.81 g. Only the amaranth species native of
China showed a very low value (0.54 g) on average.

No correlation was observed between the weight of the seeds and the remaining
variables.

The behavior of the different physiological variables analyzed is shown in Figure 3.

If we analyze the days for the seeds to emerge (Figure 3) in relation to Table 2,
it can be observed that the only short-term germination species is A. hybridus
(Mongolia). It took only 8 days to germinate. The long-term germination species
were A. caudatus (Belgium) and Amaranthus sp. from China. The rest of the species
belong to the medium-term range.

The species that attained physiological maturity first was the species Amaranthus
sp. (USA) within 157 days on average, followed by the species A. hypochondriacus
(Argentina) within 158 days on average. The species that took longest to reach
physiological maturity was A. cruentus (France) within 193 days on average.
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Figure 3.
Behavior of the physiological variables analyzed in the study.

As can be seen in Figure 3, there is a relationship between the days taken to
acquire a milky grain appearance, a dry grain appearance, and physiological matu-
rity, because these three variables refer to the same physiological process involved in
the evolution of the seed in the plant.

However, analysis of the Pearson correlation coefficient test of the days required for
seed emergence versus the days needed to reach physiological maturity yielded a coef-
ficient of —0.062 which indicates that there is no correlation between the two variables.
This indicates that the processes that regulate the emergence of the seed follow a differ-
ent path to the processes that lead to reach the physiological maturity of the plant.

According to the physiological criteria, the species with a higher adaptive
potential are the species from USA and A. hypochondriacus, due to its shorter time to
reach the maturity.

Figure 4 shows a general analysis of all the variables considered to establish a
cluster analysis.

In summary, if all the variables are considered together, it can be concluded that
all the species presented an adequate ability response to the climatic conditions of
the essay performed, because all of them reached the expected biometric and physi-
ological values referred in the literature [8]. On the other hand, based on the time
to reach the maturity, the promissory species are those from USA and Argentina
(Amaranthus sp. and A. hypochondriacus, respectively).

The species that presented the lowest values for the different indicators analyzed
was the species from China. As can be seen in Figure 4, it is also the most distant
species in the cluster analysis. Unfortunately, the species has not been identified
correctly, so it is difficult to establish whether this adaptability difficulty is due to
genetic characteristics or climatic factors.

On the other hand, it is observed how the species A. cruentus presents phenotypic
variability. Figure 4 shows how the species from Belgium is grouped with A. hypo-
chondriacus, while the species of A. cruentus from France is closer to A. caudatus.

This study is merely the starting point for adapting the amaranth species to the
scenario of Cotopaxi. However, the results obtained are promising and will contrib-
ute to obtaining varieties that in the near future can be released to farmers.
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Figure 4.

Dendogram of the species under study. VIR 711 = Amaranthus sp. (China), VIR NN = A. caudatus
(Belgium), VIR 690 = A. hybridus (Mongolia), VIR 686 = A. cruentus (France), VIR 674 = A.
hypochondriacus (Argentina), VIR 666 = A. cruentus (Belgium), VIR 584 = Amaranthus sp. (Mexico), VIR
796 = Amaranthus sp. (USA). The values shown in the X-axis indicates distance among species based on the
different variables analyzed.

4. Improvement of the drying process of amaranth seeds by using
microwave energy

The second strategic line of investigation designed within the framework of
the PROMAC was to improve the conservation of amaranth seed after it has been
harvested.

Amaranth is usually harvested when its moisture content ranges from 22 to 30%
[8, 21]. However, to ensure that this pseudocereal is well conserved for long periods
of time, it is necessary to reduce these high moisture contents to levels ranging
between 10 and 12% [8].

Amaranth seeds, like other seeds, can be dried naturally or artificially. In the
Andean region of Ecuador, the drying of these seeds is carried out, fundamentally,
in a traditional way, by exposing them to the air and taking advantage of solar
energy. This method of drying has several disadvantages such as that there is little
control over the process, as long periods of time (more than 15 days), and large
open spaces are required for its completion and in many cases non-uniform drying
occurs. Moreover, the seeds are exposed to climatic variations that reduce their
viability and quality, making them susceptible to damage caused by environmental
pollution, pests, and diseases [22-24].

To avoid the disadvantages of sun drying, several artificial drying methods
have been developed [25-27]. However, none of these are suitable for satisfying
all the needs and drying requirements of the different types of seed. The grain
drying system may be classified into solar drying, batch drying, and continuous
flow drying systems [26]. The dryers most commonly used to dry seeds are fixed
bed dryers (batch) and sliding bed dryers, in their various configurations (concur-
rent, counter-current, and cross flows) [25, 26]. In relation with these systems, the
drying process of several seeds, grains, and agricultural products, such as corn,
wheat, rice, etc., has been widely investigated, and the results of the studies have
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been reviewed by several authors [25, 27-36]. However, in scientific literature, there
are very few publications on the drying of amaranth seeds [21, 37, 38], reflecting
the relatively scare attention paid to this particular seed. Moreover, in these studies,
although the drying tests of amaranth seeds were carried out at different tempera-
tures, the influence of this important operation parameter on the viability and
quality of the seeds was not evaluated. Moreover, the small size of amaranth seeds
(geometric mean diameter of ~1.15 mm) impedes their use in conventional systems
and makes it difficult to achieve good results in the drying process [39].

Although such techniques have proved to be highly effective for drying, they are
handicapped by the high energy consumption involved [40, 41]. This drawback has
motivated the search for and development of other more efficient drying systems
from the energy point of view which do not affect the viability and quality of the
seeds. One such technique is microwave-assisted drying, that has been developed as
an alternative technique to conventional methods of drying seeds and agricultural
products, due to the numerous advantages it offers [22, 24, 42, 43]. Of these advan-
tages, the following are noteworthy. High drying rates and, consequently, shorter
drying times; a greater energy efficiency; the generation and more efficient use of
heat, due to the deeper penetration of microwave energy in the products to be dried
and to the reduction of heat loss since it is not necessary to heat the entire volume
of the drying chamber to dry the product; precise and instantaneous electronic
control that allows an adequate control of the drying temperature and a prompt
commencement completion of the process; greater uniformity during the drying
process; lower drying temperatures that will reduce the thermal gradients and dry-
ing imperfections of conventional methods and ensure the quality of the product
to be dried, while preventing the migration of other materials to the surface, and
offering a cleaner drying process, which does not generate secondary waste. For
these reasons, it is not surprising that the number of studies aimed at evaluating the
potential of the microwave oven for seed drying has increased enormously in recent
years [22, 24, 42-47].

In this section, the main results obtained in the Research Project “Evaluation
of the drying process in microwave oven of seeds of agricultural interest for the
province of Cotopaxi”, carried out in the Technical University of Cotopaxi, in
Ecuador, are reported and analyzed with regard to the drying of amaranth seeds (A.
caudatus).

The drying of the amaranth seeds, as part of this project, was carried out by
means of two different experimental processes.

i. Microwave energy drying (a) in a microwave oven without any temperature
control (at different power densities) and (b) in a microwave oven with
temperature control (at different temperatures).

ii. Drying by the forced convection of hot air in electric ovens, at different
temperatures (for comparative purposes).

4.1 Variables employed for the evaluation of the drying and germination of
amaranth seeds

To evaluate the drying and germination of the amaranth seeds, three main
variables were used: the drying time, energy consumption, and germination rate of
the seeds.

Drying time is the time required to reduce the moisture content of the seed
mass from its initial value to the desired final value under controlled drying condi-
tions (temperature, pressure, seed mass, etc.). It is one of the main variables that
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characterize the drying process and is widely used for comparative purposes between
one set of operating conditions and another as well as between different types of
dryers. Moreover, this variable has a significant impact on others of vital importance,
such as the energy consumption and the operating cost of the drying process.

Energy consumption is another very important variable in the drying process, as
it is in other industrial processes. Drying is considered to be one of the unit opera-
tions with the highest energy consumption [48-50], because to eliminate water it is
necessary to supply the latent heat of vaporization (~2400 k] kg_l). The minimum
energy needed to perform this task is referred to as evaporation load [48]. However,
commercially available conventional dryers, to compensate for the different heat
losses that occur in them and/or in the heat supply system, consume an amount
of energy that is significantly greater than the latent heat of vaporization [48]. In
addition, energy consumption is directly related to the emission of greenhouse
gases (GHGs) and other polluting gases and the operating cost of the process, so it
is essential to reduce this consumption in order to reduce the carbon footprint and
improve the economy of the drying process.

Finally, the rate or percentage of germination, according to the International
Seed Testing Association [51] indicates the percentage of germinated seeds which
have produced seedlings classified as normal in the conditions and the period
specified. Germination is the emergence and development of the seed embryo of
essential structures (shoots and roots) which, for a particular seed, are indicative of
its ability to produce a normal plant under favorable conditions [52]. To determine
the viability of a seed, tests are carried out on the basis of its germination capac-
ity after the drying process or after any other type of treatment. The aim of the
germination test is to determine the germination capacity of a seed lot, in order to
be able to compare the quality of different batches of seeds that have been subjected
to different treatments and also to be able to estimate their field planting value [51].
Moreover, the germination rate is useful for calculating the seed requirements for
a given area or a desired number of plants, it follows, therefore, that the ability of
seeds to germinate (viability) is one of the fundamental parameters to be evaluated
in seed conservation.

4.2 The drying of amaranth seeds with microwave energy

4.2.1 In a microwave oven without any temperature contvol (at different power
densities)

First, the amaranth seeds were dried in a rotating-turntable domestic micro-
wave oven (General Electric Co., JES710WK), with a total output power of 700 W
(Figure 5). In this oven, the drying of the seeds was evaluated at three microwave
power densities: 0.875, 1.75, and 3.5 W/g.

The experimental procedure consisted in placing the mass of seeds required to
obtain the desired power density in a paper box, which was in turn placed on the
turntable of the microwave oven. The mass of seeds was weighed every 2 min, and
the seeds were dried until a moisture content of 8% was obtained. Full details of
the experimental set-up can be found elsewhere [53]. Table 3 shows the results
obtained in the drying process of the amaranth seeds in this oven at the power
densities studied.

As can be seen in Table 3 as the power density increased, from 0.875 to
3.5 W/g, the drying time required to reach a moisture content of 8%, their germi-
nation rate and energy consumption decreased simultaneously. The reduction in
drying time (~72%) and energy consumption (~72%) are essential developments
for reducing the operating costs of the drying process. However, the differences
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MICROONDAS (MEDIOS)

Figure 5.
Microwave oven (General Electric Co., JES710WK).

Variables evaluated Power densities (W/g)
0.875 1.75 3.5
Drying time (min) 313 15.3 8.7
Estimated energy consumption (Wh) 364.8 178.5 101.5
Germination rate (%) 78 72 71
Table 3.

Results of the drying of amaranth seeds in a microwave oven (General Electric Co., JES710WK) at different
power densities.

observed in the germination rate of the seeds are not statistically significant, and
in all three cases, the germination rates are acceptable (>70%) [53]. This decrease
in viability as a function of power density has also been observed in soybean

[54], in corn seeds [55], and in wheat [56]. The decrease in the germination rate
of the seeds with the increase in the power density may have been due to the fact
that the drying temperature was also increased thereby affecting the ability of
the seeds to germinate.

In summary, with the increase of power density in the microwave drying pro-
cess, there is a simultaneous decrease in drying time, in energy consumption, and in
the germination rate of the amaranth seeds. To avoid a decrease in the germination
rate of the seeds, it is necessary to use low power densities.

4.2.2 In a microwave oven with temperature control (at different temperatures)

Subsequently, the amaranth seeds were dried, with microwave energy at a
controlled temperature in a rotating turntable domestic multimode microwave
oven (LACOR Model 69330) equipped with a 900 W magnetron, at a frequency
of 2.45 GHz and a voltage of 220 V (see Figure 6). The microwave device is also
equipped with a type K thermocouple connected to a PID Eurotherm 3216 L con-
troller which controls the amount of power delivered and allows the temperature to
be monitored and controlled continuously.

In this oven, 100 g of amaranth seeds, with an initial humidity of between 16
and 20% (wb), was placed in a microwave plastic container (105 mm long, 105 mm
wide, and 45 mm high). The uncovered container was placed on the microwave

11
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Figure 6.
Microwave oven (LACOR Model 69330).
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Figure7.
Results of the microwave drying of amaranth seeds at the two temperatuves studied and of their
germination tests.

oven dish (315 mm in diameter), and the thermocouple was immersed in the bed
of seeds. The amaranth seeds were heated up to the same drying temperatures
used when drying by forced convection by hot air in the electric ovens analyzed in
Section 4.3 (40 and 55°C, respectively). All the experiments were carried out with
the turntable in stationary mode to avoid fluctuations in the measurements of seed
temperature. The seeds were weighed every 30 min, and the drying process was
considered to be completed when a humidity of 12% was obtained. For each drying
temperature studied, the experiment was replicated five times. In each experiment,
the electrical energy consumption was measured using a FLUKE 435 Series II
energy analyzer. The effect of the drying temperature on the three variables evalu-
ated is shown in Figure 7.

As can be seen in Figure 7 at the lowest drying temperature (40°C), the high-
est values of the three variables studied were obtained: drying time (261 min),
energy consumption (594 Wh), and germination rate of the seeds (86.7%). It
can also be observed that at the highest drying temperature (55°C), there were
significant decreases in the values of these variables: the drying time decreased by
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approximately 40%, energy consumption by 50%, and the rate of germination of
the seeds by 57%. The decrease in these three variables with temperature was also
observed in the microwave drying of corn seeds [57]. As we previously pointed out,
the reduction in drying time (~40%) and energy consumption (~50%) are positive
developments for reducing the operating costs of the drying process. However, the
decrease in the germination rate of seeds to values as low as 37% is unacceptable.
These results show that the drying temperature is a variable of vital importance

in the drying process of amaranth seeds, due to the sensitivity of the germination
capacity of these seeds to temperature.

In sum, with the increase in the microwave drying temperature, there is a
simultaneous decrease in drying time, energy consumption, and germination rate
of amaranth seeds. In order to obtain high germination rates in the drying process
of amaranth seeds, it is necessary to dry the seeds at a temperature of 40°C.

4.3 Drying of amaranth seeds by forced convection of hot air in electric ovens

Finally, for comparative purposes, the amaranth seeds were dried by forced con-
vection of hot air in two electric ovens, one conventional (Figure 8a, INCUCELL,
LSIS-B2V/IC 55) and the other (Figure 8b, UTC-IEM-2017), designed and built
in the Faculty of Engineering and Applied Sciences, of the Technical University of
Cotopaxi, as part of the Research Project. These electric ovens have a total output
power of 700 and 450 W respectively. The experimental procedure consisted in
placing the mass of seeds in a container, which was in turn placed on the grill of
the oven. The amaranth seeds were heat up to a drying temperature of 40°C (in the
UTC-IEM-2017 oven) and 55°C (in the INCUCELL oven). The mass of seeds was
weighed every 30 min, and the seeds were dried until a moisture content of 8% (in
the INCUCELL oven) and of 12% (in the UTC-IEM-2017 oven) were obtained.

Table 4 shows the average values obtained for the three variables evaluated in
the drying process performed in each electric oven.

In Table 4, it can be seen that the drying time and the germination rate of the
seeds were lower (~36 and 23%, respectively) in the INCUCELL oven than in the
UTC-IEM-2017 oven; while the consumption of electric power was 20% higher.
This behavior is mainly due to the higher drying temperature and the lower final
moisture of the seeds used in this oven, since the higher the drying temperature,
the faster the rate of the process and, consequently, the lower the drying time.
Moreover, the lower the final moisture content of the seeds, the greater the energy
consumption required to evaporate the humidity. The lower germination rate of the
seeds recorded at a drying temperature of 55°C in the INCUCELL oven agrees with
the results obtained in the microwave drying process at this temperature. This result

Figure 8.
(a) Electric oven (INCUCELL, LSIS-B2V/IC 55) and (b) electric oven (UTC-IEM-2017).
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Variables evaluated Electric ovens

INCUCELL, LSIS-B2V/IC 55 UTC-IEM-2017

Drying temperature (°C)

55 40
Drying time (min) 248 336
Energy consumption (kWh) 2.89° 231"
Germination rate (%) 74 90.8
:Estimated.
Measured.
Table 4.

Results of the drying of amaranth seeds by the forced convection of hot air.

confirms the decrease in the germination capacity of amaranth seeds at tempera-
tures above 40°C.

In summary, the drying process of amaranth seeds by forced convection with
hot air in the two ovens studied is characterized by high drying times and high
energy consumption. In these ovens, the drying temperature should not exceed
40°C to avoid a decrease in the germination rate of the seeds to unacceptable values.

4.4 Comparative analysis between drying process of amaranth seeds by forced
convection of hot air and microwave drying

In the previous sections, the results obtained in the drying process of amaranth
seeds, using two different drying methods, were analyzed: drying with microwave
energy at different power densities (Section 4.2.1) and at controlled temperatures
(Section 4.2.2), and drying by hot air convection (Section 4.3.). In this section, a
comparative analysis of the results obtained in the drying of this seed is carried
out, using the same experimental parameters: drying temperature (40°C), initial
seed mass (100 g), final moisture of the seeds (12%), but in two different drying
installations: drying with microwave energy at controlled temperatures (Microwave
oven LACOR Model 69330) and drying by hot air convection (electric oven
UTC-IEM-2017).
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-_ + 94 m
o o ] B
E E <
£ 5 1200 + 92 O
- E - -IE
r_:n S 800 TS0 <
& o= E
O T 88 =
. ] L]
g 400 -+ 336 761 [
k- j‘ 86
0] T 84
Convective air-hot drying MW drying
Drying time ™ Energy consumption (Wh) - Germination rate

Figure 9.
Comparison of the microwave-assisted drying of amaranth seeds with hot air convection drying.
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In Figure 9, it can be observed that when the amaranth seeds are dried with
microwave energy, there is a simultaneous reduction in drying time, energy
consumption, and germination rate of the seeds compared to drying by hot air
convection. The decrease in energy consumption (~74%) and drying time (~22%)
is considerable, making the microwave drying process much more competitive by
reducing its operating costs. Moreover, the decrease in the germination rate of the
seeds is small, <5%, so that the viability of the seeds is not significantly affected by
microwave drying. These results show that microwave technology is a much faster
and more efficient method than convection drying with hot air without affecting
seed viability.

5. Future prospects

The results presented show the culmination of the phase I of the Program
for Improvement and Selection of Amaranth in Cotopaxi (PROMAC). With the
information obtained, it could, on the one hand, to determine which varieties, of
the eight studied, have a greater adaptive potential, and, on the other hand, it was
possible to verify that the drying strategy assisted by microwave energy can be a
useful tool for the improvement of postharvest processes. However, there are still
some issues to be resolved that will be addressed in phase II of the program. At this
stage, the agronomic aspects (photoperiod, suitable soil type, and water require-
ments) to improve the crop will be addressed. In addition, biochemical (vitamin C
content, among others) and nutritional studies will be carried out to know if these
contents have been modified with adaptation strategies.

Regarding the improvement of the drying process of the amaranth seed, the
established line of work aims to define more precisely what drying temperature
range is ideal for optimizing seed conservation. Besides, the drying process for
seeds from different varieties of amaranth will be evaluated to determinate the opti-
mal drying conditions for conservation purpose. Physic-chemical and nutritional
properties will also be evaluated after drying to figure out the effect of microwave
energy on them. If the results performed at the laboratory scale were favorable,
large-scale tests will be also carried out.

Finally, strategic alliances with other institutions in Ecuador and abroad will be
developed, in order to carry out a characterization of the amaranth crops present in
the country, so that the morphotypes can be determined and develop the different
banks of germplasm for the conservation of the different varieties.

6. Conclusions

The preliminary results of the adaptation strategies for amaranth species con-
firm the capacity of the species to adapt, regardless of the origin of the material.

Based on the time to reach the maturity, the promissory species are those from
USA and Argentina (Amaranthus sp. and A. hypochondriacus, respectively).

Although there are clear differences between the different collections of
samples, the results of this study suggest that the species could be adapted to satisfy
different requirements. For example, the species native to France (A. cruentus),
Argentina (A. hypochondriacus), and Mexico (Amaranthus sp.) could be the most
optimal for White-Grained Vegetable Improvement, taking into account that in
Ecuador only one variety has been registered and released so far (INIAP-Alegria).

Likewise, the species from Belgium (A. caudatus) could serve as a decorative
plant, due to its striking fuchsia-colored inflorescence.
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Similarly, the leaves of the species native to Belgium (A. cruentus) could be used
in the production of tea, since at a present in Ecuador sangorache (A. quitensis) is
the only variety released for the consumption of leaf tea.

On the other hand, the results obtained related to the seed conservation strate-
gies based on microwave technology indicate that:

Microwave power density exerts a significant influence on the drying process
and the germination rate of the amaranth seeds. When the power density is
increased, there is a simultaneous decrease in the drying time, energy consumption,
and germination rate of the seeds. The highest germination rate (78%) was obtained
at the lowest power density studied (0.875 W/g). For this reason, in order to obtain
high germination rates, after the drying process, it is necessary to dry the seed at
low power densities (i.e., 0.875 W/g or lower).

The drying temperature also has a significant effect on the microwave drying
process and the germination rate of amaranth seeds. An increase in the drying
temperature causes a simultaneous decrease in the drying time (~40%) and energy
consumption (~50%) required to dry the seeds. However, there is also an unac-
ceptable decrease (~57%) in the germination rate of the amaranth seeds with the
increase in drying temperature. For this reason, it is necessary to dry amaranth
seeds at a temperature of 40°C in order to obtain high germination rates.

The microwave drying of amaranth seeds, at a temperature of 40°C, could be
a viable alternative to convective drying with hot air as this would lead to a reduc-
tion in the drying time of 22% and a saving of energy consumption of 78%. This
saving of time and energy would make the microwave drying process of amaranth
seeds much more competitive owing to the decrease in operating costs. The results
obtained in this study show that microwave technology, at controlled temperature,
would be a quick and efficient method of drying amaranth seeds without affecting
their viability.

The work carried out to date within the framework of the program PROMAC in
Cotopaxi has yielded promising results, which will serve as guidelines to develop
the phase II of the PROMAC program.

Acknowledgements

The financial support received from the Technical University of Cotopaxi for
the project “Evaluation of the Microwave Drying Process of Seeds of Agricultural
Interest for the Cotopaxi Province” (Ref. PLEPSHMS.CIYA.2017) is greatly
acknowledged. The authors also thank the Russian Federal Center for Scientific
Research in Vegetables (VNIISSOK) and the Russian University of Friendship of
Peoples (RUDN) for providing amaranth seeds and finally A. Larcos, B. Herrera
and G. Jiménez for their contribution to the experimental work.

Conflict of Interest

The authors declare no conflict of interest.

16



Adaptation Strategies and Microwave Drying of Amaranth Species with a High Nutritional...
DOI: http://dx.doi.org/10.5772/intechopen.88843

Author details
Carlos J. Torres-Mifio', Rafael Herndndez Maqueda™ and Angel H. Moreno

1 Faculty of Agricultural Sciences and Natural Resources, Technical University of
Cotopaxi, Latacunga, Ecuador

2 Faculty of Engineering and Applied Sciences, Technical University of Cotopaxi,
Latacunga, Ecuador

*Address all correspondence to: rafael.hernandez@utc.edu.ec

IntechOpen

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

17



Nutritional Value of Amaranth

References

[1] Peralta E, Maz6n N, Murrillo A,
Villacrés E, Rivera M, Subia C. Catdlogo
de variedades mejoradas de granos
andinos: chocho, quinua y amaranto
para la sierra ecuatoriana. Quito,
Ecuador; Publicacién Miscelanea N° 151
Programa Nacional de Leguminosasy
Granos Andinos: Estacién Experimental
Santa Catalina, INIAP; 2009. 24 p

[2] Martinez Salvador L. Seguridad
alimentaria, autosuficienciay
disponibilidad del amaranto en
Meéxico. Problemas Del Desarrollo.
2016;47(186):107-132. DOI: 10.22201/
iiec.20078951e.2016.186.55882

[3] Sauer ]JD. The grain amaranths and
their relatives: A revised taxonomic
and geographical survey. Annals

of the Missouri Botanical Garden.
1967;54(2):103-137

[4] Sandoval AZ. Amarantos y Chias: Un
Estudio etnohistdrico. Tesis Profesional
[thesis]. Etnohistoria: Escuela Nacional
de Antropologia e Historia. INAH; 1989.
147 pp

[5] Sauer JD. The grain amaranth:

A survey of their history and
classification. Annals of the Missouri
Botanical Garden. 1950;37:561-616

[6] Rastogi A, Shukla S. Amaranth. A
new millennium crop of nutraceutical

values. Critical Reviews in Food Science
and Nutrition. 2013;53:109-125

[7]1 Saubhik D. Amaranthus: A
Promising Crop of Future. 1st ed. West
Bengal, India: Springer Singapore; 2016.
p. 208. DOI: 10.1007/978-981-10-1469-7

[8] Weber E. Amaranth Grain
Production Guide 1987. Emmaus, PE:
Rodale Research Center Rodale Press
Inc; 1987

[9] Chaudhari PP, Patel PT, Desai LJ.
Effect of nitrogen managemente on

18

yield, water use, and nutrient uptake
on grain amaranth (Amaranthus
hypocondriachus) under moisture
stress. Indian Journal of Agronomy:.
2009;54(1):69-73

[10] Orona-Tamayo D, Paredes

Lépez O. Chapter 15- Amaranth part
1—Sustainable crop for the 21st century:
Food properties and nutraceuticals

for improving human health. In:
Nadathur SR, Wanasundara JPD,
Scanlin L, editors. Sustainable Protein
Sources. Massachusetts, USA: Academic
Press; 2017. pp. 239-256

[11] Bressani R, Sanchez-Mallorquin A,
Morales E. Chemical composition of
grain amaranth cultivars and effects
of processing on their nutritional
quality. Food Reviews International.
1992;8(1):23-49

[12] Escudero NL, de Arellano ML,
Luco JM, Giménez MS,

Mucciarelli SI. Comparison of the
chemical composition and nutritional
value of Amaranthus cruentus flour and

its protein concentrate. Plant Foods for
Human Nutrition. 2004;59:15-21

[13] Nieto C. El cultivo de Amaranto
Amaranthus spp una alternativa
agronémica para el Ecuador. Quito,
Ecuador; Publicacion Miscelanea N° 52:
Estacion Experimental Santa Catalina,
INIAP; 1989. 24 p

[14] Peralta E, Villacrés E, Maz6n N,
Rivera M, Subia C. El ataco, sangorache
o amaranto negro (Amaranthus
hybridus L) en Ecuador. Quito:
Ecuador; Publicacién Misceldnea

N° 143: Programan Nacional de
Leguminosas y Granos Andinos.
Estacién Experimental Santa Catalina,
INIAP; 2008. 55 p

[15] Valenzuela G. El despertar
de los granos andinos. Gestion.
2014;237:38-41



Adaptation Strategies and Microwave Drying of Amaranth Species with a High Nutritional...

DOI: http://dx.doi.org/10.5772/intechopen.88843

[16] Gins MS, Torres Miiio C.
Characteristics of varieties of amaranth
selection VNIISSOK on resistance to
low temperature and drought during
cultivation in the Moscow region and
the republic of Ecuador. Vegetables of
Russia. 2015;1:42-46

[17] Casa CR. Evaluacién del
comportamiento agrondmico con la
utilizacion de bioestimuladores de
crecimiento organico en dos variedades
de amaranto (Amaranthus spp)
originarios de VNIISSOK (Rusia) para
la produccién de biomasa bajo cubierta,
sector Lasso-Latacunga-Cotopaxi

2016 [thesis]. Universidad Técnica de
Cotopaxi; 2016

[18] Guanoluisa Heidi Y. Evaluaciéon de
tres abonos organicos en dos variedades
de amaranto (Amaranthus spp)
originarios de VNIISSOK - Rusia, para
la produccién de semilla en el barrio
Patutdn - provincia Cotopaxi, 2015-
2016 [thesis]. Universidad Técnica de
Cotopaxi; 2016

[19] Mujica A. El cultivo de amaranto
(Amaranthus spp): Produccién
mejoramiento genetico y utilizacion.
Puno: FAO; 1997

[20] Torres Mifio C. Evaluacion

de variedades de amaranto con la
utilizaciéon de métodos quimicos y
moleculares para la obtencién de
productos funcionales en bases a la
biomasa. Moscu-Rusia: Universidad
Rusa de la Amistad de los Pueblos.
[doctoral thesis]. Universidad Rusa de la
Amistad de los Pueblos; 2015

[21] Tosi EA, Ré ED. Amaranth grain
drying in a fluidized bed. Drying
Technology. 1999;17:909-914. DOLI:
10.1080/07373939908917578

[22] Moreno AH, Hernindez Maqueda R,
Ballesteros I. Microwave drying of seeds
and vegetable products: A viable option
for Ecuador. In: Fayos-Fernandez J,
Monzé-Cabrera J, editors. Proceeding of

19

the 3rd Global Congress on Microwave
Energy Applications (3GCMEA).
Cartagena: CRAI Biblioteca,
Universidad Politécnica de Cartagena;
2016. pp. 103-108

[23] Moreno AH, Herndndez MaquedaR,
Ballesteros I. Microwave drying of seeds
of agricultural interest for Ecuador.
AMPERE Newsletter. 2017;

92:28-32

[24] Moreno AH, Hernindez Maqueda R,
Ballesteros I. Secado industrial con
energia microondas. In: Menéndez JA,
Moreno AH, editors. Aplicaciones
Industriales del Calentamiento con
Energia Microondas. 1st ed. Latacunga:
Universidad Técnica de Cotopaxi; 2017.
pp. 85-118

[25] Barrozo MAS, Mujumdar A,
Freire JT. Air-drying of seeds:
A review. Drying Technology.
2014;32:1127-1141. DOI:
10.1080/07373937.2014.915220

[26] Bala BK. Drying and Storage of
Cereal Grains. 2nd ed. Wiley-Blackwell:
Chichester; 2017. 333 p

[27] Bern CJ, Quick G, Herum FL.
Harvesting and postharvest
management. In: Serna-Saldivar SO,
editor. Corn. Chemistry and Technology.
3rd ed. Oxford: AACC International
Press; 2019. pp. 109-145. DOI: 10.1016/
B978-0-12-811971-6.00005-X

[28] Mossman AP, Miller GE. A review
of basic concepts in rice-drying
research. CRC Critical Reviews in Food
Science and Nutrition. 1986;25:49-71.
DOI: 10.1080/10408398609527445

[29] Sokhansanj S, Aaghavan GSV.
Drying of grains and forages. A brief
review of recent advances. Drying
Technology. 1996;14:1369-1380. DOI:
10.1080/07373939608917150

[30] Chongwen C. The current
situation of grain drying in China.



Nutritional Value of Amaranth

Drying Technology. 1998;17:1759-1766.
DOI: 10.1080/07373939908917650

[31] Shukla BD. Drying technology and
equipment in India. Drying Technology.
2001;19:1807-1824. DOI: 10.1081/
DRT-100107274

[32] Fudholi A, Sopian K, Ruslan MH,
Lghoul MA, Sulaiman MY. Review of
solar dryers for agricultural and marine
products. Renewable and Sustainable
Energy Reviews. 2010;14:1-30. DOL:
10.1016/j.rser.2009.07.032

[33] El-Sebaii AA, Shalaby SM. Solar
drying of agricultural products: A
review. Renewable and Sustainable
Energy Reviews. 2012;16:37-43. DOLI:
10.1016/j.rser.2011.07.134

[34] Delele MA, Weigler F, Mellmann J.
Advances in the application of a rotary
dryer for drying of agricultural
products: A review. Drying
Technology. 2015;33:541-558. DOLI:
10.1080/07373937.2014.958498

[35] Sivakumar R, Saravanan R, Elaya
Perumal A, Iniyan S. Fluidized bed
drying of some agro products — A
review. Renewable and Sustainable
Energy Reviews. 2016;61:280-301. DOI:
10.1016/j.rser.2016.04.014

[36] Lamidi RO, Jiang L, Pathare PB,
Wang YD, Roskilly AP. Recent advances
in sustainable drying of agricultural
produce: A review. Applied Energy.
2019;233-234:367-385. DOI: 10.1016/j.
apenergy.2018.10.044

[37] Calzetta Resio AN, Aguerre R],
Suarez C. Drying characteristics of
amaranth grain. Journal of Food
Engineering. 2004;65:197-203. DOI:
10.1016/jjfoodeng.2004.01.015

[38] Abalone R, Gastén A, Cassinera A,
Lara MA. Thin layer drying of amaranth
seeds. Biosystems Engineering.
2006;93:179-188. DOI: 10.1016/j.
biosystemseng.2005.11.010

20

[39] Abalone R, Cassinera A, Gastén A,
Lara MA. Some physical properties

of amaranth seeds. Biosystems
Engineering. 2004;89:109-117. DOI:
10.1016/j.biosystemseng.2004.06.012

[40] Kassen AS, Shokr AZ,

El-Mahdy AR, Aboukarima AM,
Hamed EY. Comparison of drying
characteristics of Thompson seedles
grapes using combined microwave
oven and hot air drying. Journal of the

Saudi Society of Agricultural Sciences.
2011;10:33-40

[41] Motevali L, Minaei S,

Khoshtaghaza MH, Amirnejat H.
Comparison of energy consumption
and specific energy requirements of
different methods for drying mushroom
slices. Energy. 2011;36:6433-6441. DOI:
10.1016/j.energy.2011.09.024

[42] Schiffmann RF. Microwave and
dielectric drying. In: Mujumdar AS,
editor. Handbook of the Industrial
Drying. 4th ed. Boca Raton: CRC Press;
2014. pp. 283-302

[43] Rattanadecho P, Makul N.
Microwave-assisted drying: A review
of the state-of-the-art. Drying
Technology. 2016;34:1-38. DOI:
10.1080/07373937.2014.957764

[44] Vadivambal R, Jayas DS. Changes in
quality of microwave-treated agricultural
products - a review. Biosystems
Engineering. 2007;98:1-16. DOI:
10.1016/j.biosystemseng.2007.06.006

[45] Brodie G. Applications of
microwave heating in agricultural

and forestry related industries. In:

Cao W, editor. The Development and
Application of Microwave Heating. 1st
ed. Rijeka: IntechOpen; 2012. pp. 45-78.
DOI: 10.5772/45919

[46] Feng H, Yin Y, Tang ]. Microwave
drying of food and agricultural
materials: Basics and heat and mass
transfer Modeling. Food Engineering



Adaptation Strategies and Microwave Drying of Amaranth Species with a High Nutritional...

DOI: http://dx.doi.org/10.5772/intechopen.88843

Reviews. 2012;4:89-106. DOI: 10.1007/
s12393-012-9048-x

[47] Zhang M, Chen H, Mujumdar AS,
Tang J, Miao S, Wang Y. Recent
developments in high-quality drying of
vegetables, fruits, and aquatic products.
Critical Reviews in Food Science and
Nutrition. 2017;57:1239-1255. DOI:
10.1080/10408398.2014.979280

[48] Kemp IC. Fundamentals of energy
analysis of dryers. In: Tsotsas E,
Mujumdar AS, editors. Modern Drying
Technology Volume 4: Energy Savings.
1st ed. Weinheim: Wiley-VCH Verlag
GmbH & Co. KGaA; 2012. pp. 1-45.
DOI: 10.1002/9783527631681.chl

[49] Strumilto C, Jones PL, ZyHa R.
Energy aspects in drying. In:
Mujumdar AS, editor. Handbook of the
Industrial Drying. 4th ed. Boca Raton:
CRC Press; 2014. pp. 1077-1100

[50] Barbosa de Lima AG, da Silva ]V,
Pereira EMA. Drying of bioproducts:
Quality and energy aspects. In: Delgado
JMPQ, Barbosa de Lima AG, editors.
Drying and Energy Technologies.

1st ed. Cham: Springer International
Publishing Switzerland; 2016. pp. 1-18.
DOI: 10.1007/978-3-319-19767-8_1

[51] ISTA. The germination test.

In: The International Seed Testing
Association (ISTA) Ed. International
Rules for Seed Testing 2017. Bassersdorf:
International Seed Testing Association
(ISTA); 2017. pp. 51-56. DOI: 10.15258/
istarules.2017.05

[52] FAO. Seeds in Emergencies: A
Technical Handbook. 1st ed. Rome:
Food and Agriculture Organization of
the United Nations; 2010. 73 p. ISBN
978-92-5-106676-8

[53] Hernandez Maqueda R,
Ballesteros I, Jiménez Jacome S,
Moreno AH. Microwave drying of
amaranth and Quinoa seeds: Effects
of the power density on the drying

21

time, germination rate and seedling
vigour. The Journal of Microwave
Power and Electromagnetic
Energy. 2018;52:299-311. DOI:
10.1080/08327823.2018.1534052

[54] Shivhare U, Raghavan V, Bosisio R,
Giroux M. Microwave drying of soyben
at 2.4 Ghz. The Journal of Microwave

Power and Electromagnetic Energy.
1993;28(1):11-17

[55] Nair GR, Li Z, Gariepy Y,
Raghavan V. Microwave drying

of corn (Zea mays L. ssp.) for the
seed industry. Drying Technology.
2011;29(11):1291-1296

[56] Manickavasaga A, Jayas D,

White N. Germination of wheat grains
from uneven microwave heating

in an industrial microwave dryer.
Canadian Biosystems Engineering.
2007;49(3):23-27

[57] Moreno AH, Hernindez Maqueda R,
Ballesteros I, Torres-Mifio C. Microwave
drying of corn seeds: Effect of
temperature on drying time, energy
consumption and germination rate.

In: Paper to be Presented at 17th
International Conference on Microwave
and High Frequency Heating. Valencia,
Spain: AMPERE; 2019



