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ABSTRACT

Background. Microwave heating may affect some non-starch polysaccharides of cereal kernels. This micro-
wave effect can be positive for functional properties and the final product. Therefore, the purpose of this work 
was to explore the effects of microwave heating on mechanical properties, malt extract yield, wort viscosity, 
β-glucan of wort, and soluble, insoluble, and total dietary fiber in malting and feed barley.
Material and methods. The barley kernels were microwave heated for 4 and 8 s and compared with a con-
trol (0 s) with no microwave irradiation treatment. The mechanical properties were measured by compressive 
loadings; an Environmental Scanning Electron Microscopy was used for kernel layers. β-glucan content in 
the barley kernel and wort was measured with a Mixed Linkage beta-glucan (K-BGLU Megazyme Interna-
tional; Wicklow, Ireland). Insoluble, soluble, and total dietary fiber was determined using 32-07 of AACC 
method.
Results. The thickness of barley kernel bran layers was related to the mechanical properties. The modulus 
of elasticity decreased after 4 s of heating but increased after 8 s. Irradiation affected non-starch polysac-
charides, such as β-glucan and fiber. β-glucan decreased after 4 s as did wort viscosity. The insoluble and 
total dietary fiber followed the same trend as β-glucan, but the soluble fiber content increased with prolonged 
microwave heating. 
Conclusions. A few seconds of microwave heating is enough to increase barley’s value in the brewing indus-
try and improve health benefits due to minor changes in the biochemical grain components.

Keywords: malt, wort, modulus of elasticity, barley, microwave, irradiation

INTRODUCTION

The industrial and domestic use of microwaves has 
increased dramatically over the past few decades. 
While the use of large-scale microwave processes 
is increasing, recent improvements in the design of 

high-powered microwave ovens have reduced equip-
ment manufacturing costs. In agriculture, the ener-
gy of microwaves has been used to dry or to warm 
freshly harvested corn, to control fungal counts, and 
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to condition wheat kernels (Dolinska et al., 2004). 
López-Perea et al. (2008; 2011), reported the use of 
microwave heating to increase the extract yield and 
malting quality of feed and malting barleys. Micro-
wave irradiation is an available alternative to chemi-
cal fumigation for the significant reduction of grain 
damage by insect pests (Warchalewski et al., 1998). 
Few reports describe the use of microwave technology 
in grain processing; neither has this technology been 
taken advantage of in terms of its potential to improve 
grains and seeds (López-Perea et al., 2008; 2011). In 
contrast, trends in electrical energy costs offer signifi-
cant potential for developing new and improved in-
dustrial microwave processes (Vadivanbal and Jayas, 
2007).

Recently, the demand for dietary fiber by the food 
market has sparked interest in feed barley around the 
world due to the high β-glucan content in bran and 
endosperm. This interest arises from the evidence 
that β-glucan is an essential supplement in human 
nutrition that reduces the risk of cancer and diabetes 
and assists in the prevention of obesity and choles-
terol levels (Pino, et al., 2021; Roudi et al., 2017; 
Schlörmann and Glei, 2017). Rose et al. (2010) indi-
cated that the benefits of barley β-glucans are related 
to concentration within the grain and the processing 
conditions that may affect the extractability and mo-
lecular weight. In this context, microwave energy 
can modify the kernel endosperm in seconds and in-
crease the industrial quality of grains. Therefore, it 
is interesting to study the effect microwave irradia-
tion has on β-glucans and dietary fiber of barley. The 
main advantage of microwaves is a fast and selec-
tive heating ability compared to conventional heat-
ing methods. When applying microwave radiation 
to reduce the kernel moisture content or control in-
sects or other applications, researchers should always 
consider how this treatment will affect wheat grain 
properties (Grundas et al., 2008). Research on the di-
rect effects of microwave-induced changes in barley 
kernel endosperm remains an essential and exciting  
issue.

The purpose of this study is to investigate possi-
ble changes in the malting quality, β-glucans, dietary 
fiber, and physico-chemical properties of microwave-
irradiated barley grains.

MATERIALS AND METHODS

Materials
Two barley varieties were used: feed barley (Pastor 
Ortiz) and malting barley (Esmeralda) grown in Hi-
dalgo, Mexico, and harvested in 2019.

Cleaning and selection of grain
For every sample of barley, 5 kg was run through 
four sieves; two had circular orifices with diameters 
of 12/64 and 6/64 inches, to separate the impurities 
from the barley kernels. The clean grain was then 
selected according to size by using two sieves with 
oblong orifices of 6/64×3/4 inches, and 5.5/64×3/4 
inches (Seedburo Equipment Company, Des Plaines, 
IL), based on Official Norm NMX-FF-043-SCFI-2003  
(2003).

Environmental Scanning Electron Microscopy 
(ESEM)
Five barley kernels were placed into a rubber disk 
mold. The kernels were embedded into acrylic resin: 
methyl methacrylate and 2-hydroxyethyl methacrylate 
(AcryFix, Struers, Denmark). The sample was allowed 
to rest for 12 h before being removed from the rubber 
mold. Longitudinal sectioning of the kernel structures 
was performed by mounting the samples on a Struers 
Rotopol-25 polishing tool and subsequently using vari-
ous polishing pads to polish until the surface appeared 
shiny. Finally, a clean cloth piece of cotton was used for 
final polishing and cleaning before the observation. Ad-
ditionally, if required, slices (pastilles) may be cut using 
a precision table cutting machine (Accutom-5, Struers, 
Denmark) equipped with a diamond blade disk for pre-
cise and deformation-free cutting on both sides, assur-
ing a parallel shape of the pastille (Figueroa et al., 2011).

For the bran morphology, an ESEM model XL30 
(Phillips, Research Laboratories, Eindhoven, The 
Netherlands) equipped with a beam of 20 kV GSE or 
BSE detectors was used. Micrograph images were tak-
en at 350X, 1 Torr, and a spot size of 4.5 to record the 
bran layers in the curved dorsal region of the grains at 
their maximum height. 

Irradiation with microwaves
A conventional microwave oven (model R-501CW, 
Sharp Electronics Corp., Mahwah, NJ) with a power 
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capacity of 1.45 kW and a frequency of 2,450 MHz 
was used. The microwave oven was calibrated fol-
lowing the method of Khraisheh et al. (2004), and the 
kernel samples (100 g, dry basis) were placed in 2 kg 
polyethylene bags. The samples were arranged in lay-
ers one or two grains thick, avoiding conglomerates 
to achieve homogeneous irradiation. The electromag-
netic irradiation exposure times that did not affect the 
germination for malting and less than 38°C were 4 and 
8 s, according to López-Perea et al. (2008), and were 
used a control time of 0 s.

Mechanical properties
Compression force, modulus of elasticity, stress, and 
strain of the barley kernel were determined. Then 
the following methodology was used: kernel width, 
height, and size were measured using a digital cali-
per (model CD-6 CS, Mitutoyo, Japan). A TA-XT2 
texture analyzer (Texture Technologies Corporation, 
Stable Micro Systems, Surrey, England) was used to 
measure the kernel response to compressive load-
ings between two parallel plates (an aluminum probe 
10 mm in diameter × 8.3 in height with a base of 
15×15 mm and the plate). To determine the contact 
area (load-bearing area) in individual kernels during 
the loading process, an ink pad was first used to paint 
the kernel; they were taped onto the loading face 
of the top plate to record the ink impression contact 
surface of the grain during loading. After compres-
sion, the contact mark left by the grain represented 
the actual contact area. The impression was then digi-
talized, and the area was calculated using IMAGE-J 
software. Before loading, the height of each kernel 
was determined with a caliper. Individual kernels 
were placed onto the plate with the crease side down 
(Ponce-García et al., 2008). 

Malting
Steeping. Samples (100 g, db) of irradiated barley 
were placed in the germinating chamber (Seedburo 
Equipment EU650) at 16°C for 48 hr, having reached 
45% grain moisture. 

Germination. The samples were placed in the same 
germinating chamber at 16°C and 100% RH in dark-
ness for four days. 

Kilning. This step was carried out using a Felisa oven. 
The samples were treated at 35°C for 19 hr, followed 
by 45°C for 24 hr, 65°C for 25 hr, and 30°C for 14 hr 
(López-Perea et al., 2008).

Malt and barley kernel analysis
The malt extract was determined using a Figueroa 
(1985) method. β-glucans content in the barley kernel 
and wort was measured with a Mixed Linkage beta- 
-glucan (K-BGLU Megazyme International; Wicklow, 
Ireland). Insoluble, soluble, and total dietary fiber was 
determined using 32-07 of AACC method (AACC, 
2000).

Statistical analysis
The results were analyzed using a 2×3 factorial ex-
periment where the cultivars and irradiation levels 
were the factors. Tukey’s test was also used, using the 
statistical package SAS 9.2 (SAS, 2008), consider-
ing a highly significant degree to P ≤ 0.05 and 0.01, 
respectively.

RESULTS AND DISCUSSION

Husk and bran microstructural
The husk in malting barley usually has a range of 
about 7–14% of the caryopsis. There is a variation in 
the thickness of husk and bran layers within the same 
kernel. However, a significant difference in thickness 
was found between malting and feed barley cultivars 
as described below. Figure 1 shows the micrographs 
of husk, pericarp, and aleurone in the feed and malting 
barley sample of the set. The ‘Esmeralda’ malting bar-
ley has a pericarp thickness of ≈106 µm; the feed bar-
leys have a higher thickness than the barley; ‘Pastor 
Ortiz’ has ≈280 µm. This data agrees with the reports 
that good malting barley usually has a thinner husk 
than feed barley (Figueroa, 1985; Rose et al., 2010). 
The thickness of the layers calculated from the ESEM 
microphotograph (Fig. 1) was similar to those reported 
by Delcour and Hoseney (2010).

Previously unreported measurements of outer ker-
nel layers showed that the husk was thicker in feed bar-
ley and bran (pericarp, testa, and aleurone layer) that 
concentrates many β-glucans. In feed barley kernels, 
the husk measured 67 µm, the pericarp 72 µm, the testa 
15 µm, and the aleurone layer was 124 µm, compared 
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with 23 µm, 21 µm, 14 µm, and 48 µm respectively, 
in malting barley. These measurements seem relevant 
because these tissues are essential from a nutritional 
point of view since the combination of phenolic ac-
ids in the wheat bran-aleurone region also has anti-
oxidant, anticarcinogenic, and antibacterial properties 
(Martínez et al., 2018; Tsuda et al., 2003). The feed 
barley (Pastor Ortiz) had approximately double the 
bran thickness than ‘Esmeralda’.

The results of kernel mechanical properties in the 
present study agree in part with previous studies. Sev-
eral studies have reported a close positive relationship 
between the total β-glucan content and grain hard-
ness (Henry and Cowe, 1990). This may be related to 
thicker endosperm cell walls in high β-glucan lines 
(Andersson et al., 1999). Baik and Ulrich (2008) and 
Pyreon et al. (2002), indicate that the degree of arabi-
noxylan crosslinking in cell walls may strengthen the 

cell walls of cereals, making harder kernels. Authors 
indicate that the higher proportion of β-glucans might 
result in thicker cell walls throughout the endosperm, 
rendering the barley challenging to crush (Pyreon et 
al., 2002; Baik and Ulrich, 2008). On the other hand, 
the β-glucans, pentosans, and cellulose in the husk, 
pericarp, and aleurone are the first barrier of the bar-
ley kernel and have different thicknesses depending on 
the cultivar and environmental conditions of the bar-
ley crop. Thus, the thickness of these layers could af-
fect the viscoelastic properties, including the modulus 
of elasticity, and seems to be essential for selecting 
specific feed barley cultivars with more β-glucans and 
dietary fiber. 

Physical and mechanical properties
The functionality of barley grain components in terms 
of processing is little known; more is known about 
barley consumption’s nutritional and health benefits. 
The significance of grain hardness for barley malt-
ing quality has been well recognized. Allison et al. 
(1976), reported that malting barley varieties are usu-
ally soft, whereas non-malting varieties are usually 
hard. The texture of grain, more frequently referred to 
as hardness or softness, has a profound influence on 
the endosperm structure compactness and is referred 
to as steeliness/mealiness, which has been regarded 
as a valuable indicator of malting quality in barley 
(Darlington et al., 2000; Gamlath et al., 2008). Two 
cultivars were used to define the functional factors of 
classical malting barley. As expected, the ‘Esmeral-
da’ malting barley showed 76.1% of malt extract and 
‘Pastor Ortiz’ 66.9% (Table 1). Malt extract is a fac-
tor of significant importance in the brewing industry. 
The untreated feed barleys did not reach the malting 
specifications established for the industry and showed 
low extract percentages, which implies lower indus-
trial yield and quantity. Table 1 shows that the malt-
ing barley final stress increased to 16.4 MPa and feed 
barley to 31.3 MPa, but the final strain remains rela-
tively constant in the two barley types. Some authors 
reported similar kernel hardness (Fox et al., 2007; 
Henry and Cowe, 1990; Lee et al., 1997; López-Perea 
et al., 2008). However, as indicated, barley hardness 
may also be related to different properties depending 
on the method used to evaluate it. In the present study, 
a compression test was used to evaluate the modulus 

Fig. 1. Micrograph of bran layers of feed barley (a) and 
malting barley (b) kernel: H – husk, P – pericarp, T – testa, 
AL – aleurone, E – endosperm
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of elasticity and was higher in feed barley than malt-
ing barley. 

Table 1 shows the average of 10 repetitions of mod-
ulus of elasticity as measured in a single barley kernel 
for ‘Esmeralda’ malting barley, which had a value 
without treatment of 66.68 MPa, as compared with 
114.12 MPa for ‘Pastor Ortiz’ without treatment. The 
compression force decreased from 101.0 N in malting 
barley and 98.83 N in feed barley, respectively. There-
fore, feed barley has higher maximum stress, modu-
lus of elasticity, and toughness than malting barley. 
Stasiak et al. (2007) used an acoustic method and re-
ported the modulus of elasticity values for bulk barley 
80–90 MPa for Polish barleys. In this regard, the data 
indicates that barley kernels’ hardness and viscoelastic 
properties must be a suitable parameter for screening 
barley quality for different end-uses. 

Effect of microwave heating  
on physical and chemical properties
Several authors reported that microwave energy pro-
duced changes in cereals’ physical and chemical 
properties and texture (Sadeghi and Shawrang, 2008; 
Yanyang, et al., 2004; Walde et al., 2002). The elastic 
modulus in barley endosperm after microwave irradia-
tion was characterized by very abrupt changes in the 
mechanical properties of the grain. Table 1 shows the 
microwave heating treatment from 0 to 4 s (period 1): 
the elastic modulus decreased in ‘Esmeralda’ malting 
barley from 66.7 MPa in control to 61.2 MPa after 
a treatment of 4 s. In period 2 (4 to 8 s), the elastic 

modulus of ‘Esmeralda’ kernels increased to 89.4 MPa 
after 8 s of microwave irradiation. The feed barley 
‘Pastor Ortíz’ showed similar trends with 114.1 MPa 
in control, 66.7 MPa at 4 s, and 94.1 MPa at 8 s of 
microwave irradiation. López-Perea et al. (2008) re-
ported that microwave treatment of barley kernels had 
an essential effect on the kernel hardness. Modulus of 
elasticity indicates that during heating (0–4 s), the ker-
nel became less elastic in the first period, and the elas-
ticity increased sharply to 30 MPa in period 2 (4–8 s). 
In a study with 19 malting barley, it was observed that 
the low β-glucan barley kernels were less elastic than 
the high β-glucan barley kernels and the high β-glucan 
barley cultivars showed higher elastic modulus than 
the low β-glucan barley kernel qualities (López-Perea, 
et al., 2012). Table 2 shows the microwave heating ef-
fect in which the β-glucan kernel content decreased at 
4 s and increased at 8 s. The modulus of elasticity and 
hardness are correlated with the presence of β-glucans 
in the barley kernel. Also, Grundas et al. (2008), ob-
served a similar effect with microwave irradiation on 
wheat grains using similar temperatures to this study at 
20°C to 48°C but different irradiation times, 0–180 s. 
The hardness index (HI) decreased after 60 s but in-
creased with a longer irradiation time. 

Table 1 shows that microwave heating of kernels 
affected the malting performance. There was a tenden-
cy for the malt extract yield to increase in treatments 
from zero time to 4 s of microwave irradiation; the in-
crease was highly significant at 7.1% for ‘Pastor Ortiz’ 
and 7.5% for ‘Esmeralda’. With additional microwave 

Table 1. Quality and visco-elastic properties of malting and feed barley treated with microwave

Cultivar Type
Microwave
irradiation

s

Fine ex-
tract – d.b.

%

Compression 
force

N

Stress
MPa

Strain
%

Modulus of 
elasticity

MPa

Esmeralda M 0 76.1b 101.9a 16.4c 24.5ab 66.7cd

Esmeralda M 4 83.7a 81.0b 16.9c 27.6a 61.2d

Esmeralda M 8 74.4bc 97.9a 24.4ab 27.2a 89.4bc

Pastor Ortiz F 0 66.9d 98.8a 31.3a 27.2a 114.1a

Pastor Ortiz F 4 74.1bc 96.7ab 18.2bc 27.3a 66.7cd

Pastor Ortiz F 8 72.6c 99.4a 21.6bc 23.4b 94.1ab

Means followed by the same letter in the same column are not significantly different (P ≤ 0.05).
M – malting barley, F – feed barley, d.b. – dry basis.
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irradiation times (8 s), the malt extract yield seemed to 
decrease in all barley types. From 0 to 4 s, microwave 
heating showed a higher difference in malt extract 
yield in hard feed barley compared to malting barley. 
The above agrees with Warchalewski et al. (2010), in 
that sugar content increased on wheat grains with the 
application of microwave heating at times of 15, 45, 
and 60 s, but decreased at times of 90, 120, and 180 s. 
It further suggests that this increase in reducing sugars 
is due to a higher activity of the endogenous amylase 
during heating at temperatures ≤48°C and decreased 
because the enzyme is affected by the higher temper-
atures. López-Perea et al. (2008) observed in barley 
kernels on microwave irradiation that the alpha-am-
ylase increases at 4 s, whilst the activity decreases at 
8 s. Alpha-amylase hydrolyzes starch during malting 
to produce reducing sugars.

Effect of microwave heating  
on β-glucan and dietary fiber
The total content of β-glucans in the barley kernel is 
given in Table 2. The content of β-glucans in barley 
was 24–35 g/Kg of dry mass; these results are compa-
rable to those obtained by other Authors (Gajdošová 
et al., 2007; Horsley et al., 1992; López-Perea et al., 
2005). The β-glucans content in the kernel was high-
er in feed barley, as observed in ‘Pastor Ortiz’ with 
34.89 g/Kg and ‘Esmeralda’ cultivar 27.14 g/Kg. The 
content of β-glucans decreased due to the influence 
of microwave heating to 4 s, with a significant differ-
ence between control and treatment. When the time of 

heating was increased to 8 s, the β-glucans were low 
compared to the control. A similar effect was observed 
in the wort β-glucans content; in the cultivar, ‘Pastor 
Ortiz’ showed 369.76 mg/L of wort β-glucans and ‘Es-
meralda’ with 160.99 mg/L (Table 2). The β-glucans 
in the barley kernel were affected by microwave heat-
ing, and this effect is reflected in the wort β-glucans 
content. Microwave heating for 4 s was enough to de-
crease the β-glucans in the wort for malting barley and 
feed barley, which were significantly different from 
the control. The ‘Esmeralda’ cultivar showed high ex-
tractability of β-glucans after 8 s of microwave heat-
ing (200.52 mg/L) – more than control. In the case of 
‘Pastor Ortiz’, the extractability of β-glucans was the 
same after 8 s as the control and was not significantly 
different. These data agree with previous reports show-
ing increases in β-glucan’s extractability after thermal 
processing (Knuckles et al., 1997; Temelli, 1997; Yiu 
et al., 1991). The reduction of β-glucan content due to 
microwave heating is an essential contribution to the 
brewing industry. The β-glucans have been recognized 
as a potential cause of problems in the brewing pro-
cess. This includes poor conversion during the mash-
ing, difficulty lautering wort and beer filtration, and 
producing the final product’s colloidal turbidity (Bam-
forth, 1982). The high content of β-glucans character-
izes feed barley, so they are not used to produce beer; 
with microwave treatments to 4 s.

On the other hand, the β-glucans content was cor-
related with mechanical properties, the hardness ex-
pressed as compression force had a high correlation 

Table 2. Effect of microwave heating on non-starch polysaccharides

Cultivar Type
Microwave 
irradiation

s

Kernel 
β-glucans

g/Kg

Wort β-glucans
mg/L

Insoluble fiber
%

Soluble fiber
%

Total dietary 
fiber TDF

%

Esmeralda M 0 27.14c 160.99 d 24.26a 8.57b 32.83b

Esmeralda M 4 24.84d 110.63 e 22.45c 8.98ab 31.43b

Esmeralda M 8 26.75c 200.52 c 27.45a 9.82a 37.27a

Pastor Ortiz F 0 34.89a 369.76 a 20.77de 2.32d 23.09d

Pastor Ortiz F 4 27.05c 241.84 b 19.73e 3.87c 23.60d

Pastor Ortiz F 8 31.85b 360.20 a 21.47cd 4.45c 25.92c

Means followed by the same letter in the same column are not significantly different (P ≤ 0.05).
M – malting barley, F – feed barley.
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with the β-glucans r = 0.87, and the correlation with 
the modulo of elasticity was r = 0.92. Similar results 
were obtained by Nielsen (2003) and Gamlath et al. 
(2008). These authors reported that the hardness had 
a high correlation with β-glucans r = 0.86.

Zia-Ur and Shah (2005) found that cooking pro-
cessing affected the cellulose and hemicelluloses of 
different food legumes. Barley heated with micro-
waves affected insoluble, soluble, and dietary fiber 
(Table 2). The insoluble fiber was affected after 4 s 
of microwave irradiation, with a lower value than the 
control. However, increasing the irradiation time in-
creased the insoluble fiber for ‘Esmeralda’ and ‘Pastor 
Ortiz’. Svanberg et al. (1997) observed green beans 
treated with microwave heating and the arabinose, xy-
lose, and uronic acids content as part of insoluble fiber. 
There was a decrease in molecular weight, resulting 
in less insoluble fiber. It is also possible to generate 
breaks in the weak bonds of the cell wall polysaccha-
rides or between polysaccharides-protein, increasing 
the insoluble fiber (Marconi et al., 2000). The soluble 
fiber showed the opposite behavior. The soluble fiber 
increased in the two cultivars with a higher heating 
time of 8 s, compared to the control. The total die-
tary fiber (TDF) had the same trend as the insoluble 
fiber, the TDF increasing with a temperature higher 
than 30°C or time of microwave heating. When the 
barley is irradiated, these changes in the fiber con-
tent must be possible for the microwaves to affect the 
β-glucan chains and reduce the size of this polysac-
charide. Therefore, with heating, the β-glucans have 
more extractability, and the soluble fiber increases. 
Knuckles et al. (1997) reported that the β-glucan mo-
lecular weight decreased as the water temperature of 
extraction increased from 25, 65°C to 100°C. Rose et 
al. (2010), indicated that food processing conditions 
might affect the extractability and molecular weight of 
β-glucans and arabinoxylans in cereal products.

CONCLUSIONS

The mechanical properties of barley kernels may be 
evaluated with the compression loading method and 
could be a proper parameter for the screening of barley 
quality for different end-uses, from malt to beer pro-
duce, flour to baking products, or other food products. 
The thickness of the bran influenced the mechanical 

properties of the grain. Also, microwave irradiation af-
fects the mechanical, malting quality, β-glucans, and 
total dietary fiber content of barley kernels. The best 
irradiation time for malting quality was 4 s because it 
increased the malt extract yield. Microwave heating 
may affect β-glucan chains and fiber constituents. 
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