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Abstract The term ‘micronization’ is often used to refer

to a process of heat treatment of grains at high temperature

for a relatively short time processing using near-infrared

radiation. Recently there is an increasing interest in the

application of micronization as a processing technology for

grains. When cereals/legumes with sufficient moisture are

subjected to micronization, some beneficial changes like

partial gelatinization of starch, inactivation of enzymes that

are responsible for the degradation of quality and dena-

turing of antinutritional factors are observed. The partial

gelatinization due to micronization improves starch

digestibility and palatability and reduces the cooking time

without significantly affecting other nutrients present in

grains. Micronization is applied in the commercial pro-

duction of quick cooking pulses, flaked cereals and toasted

products. This review mainly deals with recent studies on

micronization of pulses and cereals used as food and feed

and the effect of micronization on product quality and

cooking characteristics.
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Introduction

Plant-origin products such as grains are an integral part of

the human diet, as they play a significant role in nourish-

ment. They serve as one of the sources of energy, protein

and other micronutrients. Some of the factors that concern

the utilization of these products are poor digestibility,

longer cooking time and low storage stability due to the

enzymatic reactions and the presence of antinutrients

affecting nutrient absorption. Thermal treatment of grains

is one of the effective methods for the inactivation of

enzymes and antinutritional factors and improving

digestibility. However, it can also lead to certain undesir-

able changes such as loss of vitamins and minerals, loss of

fresh appearance, flavour and texture. The typical approach

to overcome or at least minimize these undesirable quality

changes in thermal processing is the high-temperature

short-time (HTST) concept. One such approach that has

been recognized to have a niche in thermal processing of

grains is micronization.

The term micronization is often used to refer to a pro-

cess of heat treatment of grains using infrared (IR) radia-

tion for a relatively shorter time. Infrared rays are a form of

electromagnetic waves consisting of alternating electric

and magnetic field moving at the speed of light. When

electromagnetic waves impinge on any material, these rays

induce the constituent molecules to vibrate, which leads to

intermolecular friction, resulting in rapid heat development

inside the material. The application of IR radiation to food

processing has potential benefits such as higher heat

transfer to the food, shorter processing time, increased

energy efficiency and better quality product [17]. Infrared

radiation has been employed in food processing operations

such as dehydration [18, 41, 42], frying [10], dry blanching

and enzyme inactivation [20], baking [17] and
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pasteurization [6, 19]. The general aspects of IR processing

have been broadly covered in reviews by Krishnamurthy

et al. [25, 26] and Rastogi [38]. Although studies on the

micronization process were initiated in the 1970s, only in

the recent past the technique has gained importance, and a

few works have been reported [11, 44], and a few com-

mercial products have been developed employing this

technique (Micronizing company, UK). Since the demand

for quick cooking cereals/pulses is increasing, the

micronization process is gaining importance. The use of

micronized grains in feed for improved starch digestibil-

ity/palatability is another reason for the growing interest in

this technique.

This review discusses the process of micronization,

application of micronization in processing of grains that are

used either as food or feed and effect of micronization on

starch gelatinization and digestibility, rheological and

functional properties, nutritional content and cooking time.

Micronization Process

The ability of IR radiation to rapidly heat material makes it

a suitable method of heating. Infrared radiation is classified

into three categories based on wavelength, namely near-

infrared (NIR), mid-infrared (MIR) and far-infrared (FIR)

rays corresponding to the spectral ranges of 0.75–1.4, 1.4–3

and 3–1000 lm, respectively [40]. During micronization,

the IR rays penetrate the grain and cause the constituent

molecules to vibrate at a frequency 60,000–150,000 MHz

that results in intermolecular friction and brings about rapid

internal heating [16, 28]. The micronization process is

concerned with the application of high-frequency NIR

radiation to heat materials having sufficient moisture to

induce desired changes in the material being processed.

Rapid heating (*for 90–180 s) of grains in the presence of

sufficient amount of moisture ([25 %) leads to starch

gelatinization, reduced protein solubility and increased

pectin solubility, which leads to improved starch

digestibility/palatability and a reduction in cooking time.

The micronized grains are expected to have some textural

changes (increased porosity) and also to develop minor

fissures on the surface. This change helps in rehydration of

grains and also reducing cooking time. The rapid heating

also inactivates enzymes and antinutritional component to

a significant level, which could increase the shelf life and

nutritional value, respectively. Initial reports on

micronization deal with improving the nutritional quality

of cereal grains used as feed for pigs and chicken [27, 30].

In recent years, micronization has been adopted as an

effective way to achieve quick cooking of pulses as pulses

take a longer time to cook due to their tough seed coat,

which slows the water uptake during cooking. Micronized

cereals are commercially used in the production of ready-

to-eat breakfast cereals, cereal adjuncts, and in the brewing

industry, or as animal feed.

Applications of Micronization in Processing
of Grains

Food Grains

Micronization of Legumes

Legumes are considered to be a valuable source of plant

proteins. Utilization of legumes is limited to a certain

extent due to the requirement of longer cooking time and

the presence of antinutritional factors. In the recent past,

micronization has been successfully employed to shorten

the cooking time and also to reduce the antinutritional

factors. Also, other methods such as pre-treatment of

legumes with alkaline salts and pre-cooking followed by

drying have also been attempted. Prerequisites such as salt

concentration in tempering solution, tempering time and

moisture content are crucial for a process to be effective in

reducing the cooking time of pulses. The following sec-

tions highlights the work reported on the effect of pre-

treatment and conditions of micronization on physico-

chemical, structural, functional and sensorial characteris-

tics of legumes.

Arntfield et al. [3] evaluated the effects of tempering

conditions and moisture content on the quality of micro-

nized Laird lentils. The samples were micronized using a

bench-top micronizer composed of a tubular quartz IR

lamp for 100 s on one side and flipped and heated for an

additional 50 s. Based on the results of preliminary trials,

the optimum tempering level for micronization of lentils

was selected (25, 29, 33 %). The study reported that

micronization at higher moisture levels (29 and 33 % w.b)

produced significantly softer lentils due to a reduction in

hardness values (B125 N) and also increased the starch

gelatinization (*70 %). However, higher moisture content

(33 %) resulted in slight darkening of the seeds as indi-

cated by the reduced lightness values (*46) in comparison

with samples processed at lower moisture levels (*48).

The protein solubility of micronized lentils was high when

lentils were tempered to 25 % moisture content

(*64–66 %) than lentils tempered to 29 and 33 %

(*44–49 %). The authors suggested that the use of

micronization on legumes tempered with water has the

potential for reducing cooking time.

In another study, Bellido et al. [5] investigated the effect

of using different tempering solutions (water, a mixture of

salts of bicarbonate, carbonate and phosphate, a mixture of

citric acid and ascorbic acid, or EDTA) prior to

micronization on the hardness, colour, starch and protein
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content of navy and black beans. Micronized beans (sur-

face temperature 112–117 �C) had significantly lower

hardness values when tempered in water (*475 and

570 N) or with the solution containing the alkaline salt

(*500 and 540 N) than raw (662 and 604 N) or beans

treated with EDTA or the acid combination. The reduction

in hardness was also correlated with the increased gela-

tinized starch (22.5 and 19 %) content and decreased

protein solubility (9 and 13 %). Their study results too

indicated that tempering beans in water prior to

micronization was effective in significantly reducing the

hardness and cooking time of beans. Andrejko et al. [2]

demonstrated that pea seeds subjected to IR processing

(180� C for 90 s) exhibited higher water absorption (by 1.8

times) during cooking compared to unprocessed seeds.

Cooking time of pea seeds was shortened by 50 % on

micronization. In contrary to the observations made in the

above two works, the authors suggested that micronization

of pea seeds even at 10 % moisture content for 90 s could

be used commercially to shorten the cooking times that

may be suitable for achieving foods of instant type.

The efficiency of the process in reducing the cooking time

varies depending on the type of legume as their response

varies due to inherent structural differences. The changes in

chemical composition, mechanical, physical and functional

properties of legume seeds (kidney beans, green peas, black

beans, Laird lentils, pinto beans) subjected to micronization

were investigated by Fasina et al. [16]. IR heating of legumes

seeds to a surface temperature of 140 �C reduced the mois-

ture content in the range of 7–30 %. Significant changes in

the dimensions, i.e. major axis, minor axis and intermediate

axis (9.09, 4.74 and 6.38 mm), were observed in case of

black beans compared to raw (8.4, 4.25 and 5.97 mm). The

increase in seed volume (*13–30 %) and reduction in bulk

density (*2 %) occurred due to rapid internal heating and

increase in water vapour pressure inside the material during

micronization. This was attributed to volume increase and

fracturing of grain. Reduction in trypsin inhibitor levels was

in the range of 35–50 % for smaller seeds (green peas, black

beans and lentils) and less than 10 % for larger seeds (kidney

and pinto beans). Soaking of micronized seeds for 24 h

exhibited higher leaching losses (*11 g/100 g sample) than

raw (1–5 g/100 g sample). The authors assumed that

cracking of seeds during micronization might have facili-

tated the migration of solubles into the soaking water causing

higher leaching losses.

The effect of micronization process on the structural and

physicochemical characteristics of two cowpea varieties

(Var. 462 and Bechuana white) was explored by Mwang-

wela et al. [32]. The cowpeas were micronized using a

table-top micronizer in a single layer for 6 min to a final

surface temperature of 153 �C. It was observed that tem-

pering to 41 % moisture content and heating to 153 �C led

to changes in the physical structure such as development of

fissures in the seed coat and cotyledon. These changes

facilitated higher water uptake during cooking and impar-

ted softer texture (5.0 and 2.6 N mm) compared to unmi-

cronized seeds (7.3 and 3.2 N mm). Micronized cowpeas

exhibited lower bulk density (20.35 and 24.37 %) than the

unmicronized seeds. Following micronization, a significant

reduction in cooking time by 36–47 % was achieved. The

process also resulted in increased enzyme susceptible

starch content (85.8 and 68.2 %) compared to unmi-

cronized seeds (14.1, 21.2 %). Micronization lead to pro-

tein denaturation as evident by reduction in protein

solubility of the cowpeas (33 and 34 %) compared to

unmicronized ones (85 and 88 %). The study indicated that

both the cowpea varieties had similar cooking times. The

Bechuana white variety had softer cooked texture, absor-

bed more water and exhibited a higher degree of splitting

during cooking (61.9 %) than the Var.462 (34.4 %). This

could be as a result of varietal differences in the cotyledon

structure. The authors concluded that although microniza-

tion reduced the cooking time significantly, it also led to

splitting of cowpeas, and hence, this process may not be

appropriate for cowpea varieties that are susceptible to

splitting and are desirable as whole seeds after cooking.

A few studies have focussed on the effect of

micronization on the physicochemical properties of

legumes. Arntfield et al. [4] compared the impact of pro-

cessing at two micronization temperatures (138 and

170 �C) on the Laird lentils quality characteristics. Lentils

(33 %, d.b) micronized (170 s) to attain an internal tem-

perature of 138 and 170 �C required less compression force

(63 and 55 %). Micronized lentils also contained increased

level of gelatinized starch (44.2 and 46.7 %) compared to

unprocessed samples (25 %). Lentils processed to an

internal temperature of 138 �C were better than 170 �C, as

cooked lentils were harder due to more moisture losses

(7 %). Examination of seed coat microstructure revealed

that only sample processed to 170 �C exhibited some col-

lapse in the surface structure possibly due to drying

(Fig. 1). Modifications in the texture due to micronization

were not attributed to the changes in seed coat structure.

Micronization (170 �C) also resulted in a slight darkening

of the lentils as seen by lower lightness values (35.3)

compared to unprocessed samples (37.7). In this study,

authors concluded that optimization of micronization

conditions like moisture content and temperature is very

essential, as it has a definite impact on grain quality

attributes.

Likewise, Kayitesi et al. [21] studied the effect of

micronization of preconditioned cowpeas seeds on cooking

time and sensory characteristics. Four cowpea types:

Bechuana white (light-brown), Glenda (dark-brown), Dr

Saunders (red) and Blackeye (cream), were selected for the
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study. They also reported that the process of micronization

(41 % mc, final surface temperature 153 �C) significantly

reduced cowpea cooking time by 28–49 %. Micronization

increased splitting of all the cowpea types, and Bechuana

white variety was more split and attained a mushy texture.

Descriptive sensory analysis showed that micronized

cowpeas were darker which was also confirmed by lower

lightness values (38–64) than unmicronized cooked cow-

peas (74–97) and was more evident in light-coloured

cowpeas. Micronized cowpeas exhibited reduced coarse-

ness, chewiness and firmness, indicating softer texture

comparatively. There was a significant increase in the

roasted aroma, flavour and total aroma strength after

micronization. In some of the cowpea types, fermented

flavour was also perceived (Fig. 2) which can be elimi-

nated by lowering the moisture-conditioning temperature.

Their study revealed that micronization of preconditioned

cowpeas reduced the cooking time by nearly 50 % in some

cowpea types and thus increasing their utilization. Authors

have suggested that since excessive splitting of cowpeas is

not desirable, selection of cowpea types that are less sus-

ceptible to splitting is important, if cowpeas are to be

consumed in whole form and the ones that have more

tendency to split can find its use in soups, sauces, etc.

Mwangwela et al. [33] examined the effect on functional

properties of cowpea flour from seeds micronized at two

different surface temperatures (130 and 170 �C). Bechuana

white cowpea variety (41 % mc w.b) was micronized for 3

and 8 min to a final surface temperature of 130 and 170 �C,

respectively. Starch and protein are the major constituents

affecting the functional properties of the flour.

Micronization did not induce any prominent changes in the

Fig. 1 Scanning electron

micrographs of the seed coat for

lentils that are raw (a, b),

micronized to 138 �C (c, d) and

micronized to 170 �C (e, f).
Both surface (a, c, e) and cross

sections (b, d, f) have been

examined (reprinted from

Arntfield et al. [4], copyright

year: 2015 with permission

from John Wiley and Sons)
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crude protein content but reduced the nitrogen solubility

index by 32 and 45 % at both the processing temperature.

A significant increase in the water absorption capacity of

the micronized cowpea at 130 �C (2509 g kg-1) and

170 �C (2871 g kg-1) was observed compared to unmi-

cronized samples (1384 g kg-1). Significant reductions in

water solubility (17.8 and 18.2 %) and swelling indices (42

and 55 %) and foaming capacity (*60 %) of the flour

were observed in samples micronized at 130 and 170 �C.

These changes were attributed mainly to the gelatinization

of starch and reduced protein solubility due to microniza-

tion. Micronization affected the functional properties and

the cowpea seeds processed at high temperature (170 �C)

exhibited a decline in most of the functional properties.

These observations are consistent with results achieved in

the previous works. The authors recommended mild

micronization conditions to process cowpeas. In another

study, Mwangwela et al. [34] studied the effect of

micronization temperature on cowpea cooking character-

istics and also on starch physicochemical and functional

properties. Cowpea seeds (Bechuana white) were (tem-

pered to 41 % w.b) micronized for 3, 6 and 8 min to final

surface temperatures of 130, 153 and 170 �C, respectively.

A significant reduction in cowpea cooking time was

observed at all the three micronization temperature (47, 44

and 32 %) compared to unmicronized cowpea. Unmi-

cronized cowpeas required longer cooking time (60 min) to

attain soft texture (*3.5 N mm) compared to micronized

seeds (30–45 min) (Fig. 3). Micronization (130, 170 �C) of

cowpeas altered the crystalline order of the starch granules

Fig. 2 Effect of micronization of preconditioned (41 % moisture) cowpeas on sensory properties of cooked cowpeas, a Blackeye, b Bechuana

white, c Glenda, d Dr Saunders (reprinted from [21], copyright year: 2015 with permission from John Wiley and Sons)
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as indicated by loss of birefringence and increased a-

amylase digestion (68 and 73 %) compared to unmi-

cronized cowpea seeds (21 %). Micronization affected the

functional properties of the cowpea flour as observed by a

decrease in pasting viscosities compared to unmicronized

cowpea flour. The authors inferred that although

micronization at 170 �C reduces the cowpea cooking time

significantly, it also affects the starch functional properties.

Besides reducing the cooking time of legumes, it is also

shown that the process of micronization is effective in

reducing the antinutritional factors. Kouzeh-Kanani et al.

[23] in their study reported that IR processing of full-fat

soybeans to 124 �C and subjected to 15 min of holding at

experimental conditions decreased antinutritional factors

such as urease (0.05 units of pH rise) and trypsin inhibitors

(8.2 TIU/mg) to acceptable levels without affecting the

available lysine levels. The authors in another study indi-

cated that IR heating can also be used for enzyme inacti-

vation. Lipoxygenase, an enzyme responsible for the

deterioration in soybeans, was inactivated by 95 % within

60 s of IR treatment [24].

The effect of micronization on the proximate composi-

tion, textural properties, biochemical and nutritional

properties of soy milk and tofu prepared from micronized

soybeans (micronized for 90 s, 110–115 �C) was moni-

tored by Metussin et al. [31]. The study showed that the

protein content in soymilk prepared from micronized beans

was higher (3.6 %) than soymilk from unprocessed beans

(2.8 %) possibly due to an increase in water dispersibility

of protein. Invitro protein digestibility of soymilk prepared

from micronized beans was also higher (*4 %) than that

of soymilk from unprocessed ones. In the case of tofu

prepared from micronized beans, the protein content

(6.6 %) was less than the tofu prepared from unprocessed

soybean (9.5 %). The process also resulted in lower

firmness and hardness values in tofu (temperature of

coagulation 70 �C) made from the micronized beans

(0.06 N/mm, 0.29 N) compared to tofu from unprocessed

beans (0.11 N/mm, 0.67 N). These changes suggested that

the process affected the coagulating properties and also

reduced intermolecular binding properties of the micro-

nized soybean protein. The available lysine content of the

soymilk (6.1 %) and tofu (6.6 %) prepared from micro-

nized soybean was higher compared to unprocessed sample

(4.6, 5.9 %). Structural changes during micronization

resulted in the availability of previously unavailable e-

amino groups. Their work indicated that heat treatment by

micronization had only minor effects on the electrophoretic

behaviour of protein components of the soymilk and tofu.

Influence of different non-thermal processing including

soaking, fermentation and thermal processing such as

roasting, micronization (24 % mc, 90 �C, 2.5–3 min),

boiling, microwave and autoclave cooking on the nutri-

tional quality of legumes (cowpea, kidney beans and peas)

was explored by Khattab et al. [22]. Their findings indi-

cated that autoclaving was most effective in improving

protein quality followed by micronization and microwave

cooking amongst various heat treatments attempted. The

increase in different protein quality parameters such as

protein efficiency ratio, chemical score and essential amino

acid index of the micronized samples compared to raw was

10–27, 14–90 and 5–14 %, respectively. But here the

authors observed that in vitro protein digestibility values

reduced after micronization (2.75–3.72 %) and roasting

(5.72–7.96 %) and attributed the changes to non-enzymatic

browning and thermal cross-linking that occurred during

dry-heat processing.

Thermal processing usually leads to altered solubility

patterns of proteins due to denaturation. Zheng et al. [46]

assessed the effect of micronization (surface temperatures

of 115 and 140 �C) on nitrogen solubilities of cereals and

legumes. Cereals (wheat, barley, rye, triticale, millet and

wild rice) with moisture contents of 7–13 % and legumes

(green pea, yellow pea, lentil, black bean, kidney bean and

pinto bean) with moisture contents of 8–10 % were used in

the study. Observations of the study indicated lower

nitrogen solubilities in water at pH 6.0 (13–54 % for

cereals, 12–41 % for legumes), 0.5 M NaCl (30–37 % for

cereals, 9–64 % for legumes) in micronized samples

compared to untreated grain/seed indicating denaturation

of albumins and globulins and, to a lesser extent, prolamins

for some cereals such as barley and triticale. It was noticed

that increasing grain moisture content and micronization

temperature progressively reduced nitrogen solubility in

cereals and legumes. The authors suggested that adopting

suitable IR processing conditions (moisture level,

10–14 %, 115 �C for cereals and 140 �C for legumes) can

minimize the protein denaturation.

Fig. 3 Effect of micronization temperature (130, 153 and 170 �C) on

texture (work) of cowpeas during 90 min of cooking (reprinted from

[34], copyright year: 2015 with permission from John Wiley and

Sons)
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Generally when seeds are stored in mass, the volume of

seeds increases exerting pressure on the wall of storage

containers due to imbibition. When stored at extreme

conditions, this could even result in damage to the con-

tainer. Therefore, knowledge of force values appearing

during imbibition is a critical factor in designing storage

containers. Andrejko et al. [1] studied the changes in the

pressures appearing in the course of humidification

between thermally untreated soybean seeds and the seeds

after micronization. Authors reported that humidification of

soybean seeds that were thermally treated exerted about ten

times lower pressures as compared to the pressures exerted

by the material that was not subjected to micronization.

Decreased seed cover permeability and changes in chemi-

cal composition of the micronized seeds could be respon-

sible for the reduction in pressure during humidification.

Cenkowski et al. [7] developed a mathematical model

describing temperature and moisture changes in a contin-

uous flow configuration of yellow peas, exposed to high IR

intensity. The model was based on radiation exchange

principle in an enclosure composed of diffuse-grey sur-

faces. Authors made a number of assumptions with regard

to product characteristics and mode of heating to develop

the model. A pilot-scale gas-fired IR micronizer with a

vibrating metal trough was used to validate the mathe-

matical model. The model was developed to predict tem-

perature and moisture content at different locations in peas

having initial moisture content of 19 and 29 % (w.b). The

results of the study showed that values predicted by

developed models were in good agreement with that

obtained from experiments.

The above findings showed that micronization can be

used to considerably reduce the cooking time of legumes

without significantly affecting quality, besides being

effective in reducing antinutritional factors. The process

could prove to be energy efficient, if process parameters

are appropriately standardized depending on nature of

legumes being micronized. Although a few research studies

indicate the reduction in solubility of protein due to

denaturation, and discolouration of grains, by suitably

modifying processing conditions (IR application sequence

and other parameters), these undesirable changes could be

minimized. The summary of work reported on microniza-

tion of legumes is presented in Table 1.

Micronization of Cereals

A few studies have reported the application of microniza-

tion in processing cereals such as sorghum, barley, maize,

oats, wheat and rice bran. The following section discusses

the effect of micronization on physicochemical and nutri-

tional properties and also on the efficiency of the process in

enzyme inactivation for probable shelf-life extension of

cereals.

Cruzy Celis et al. [9] evaluated the use of micronized

sorghum of different endosperm types in granola-type

ready-to-eat breakfast cereal. Waxy and non-waxy sor-

ghum grains responded differently to micronizing although

the conditions were kept same. Whole waxy grains pro-

duced flakes that were more gelatinized, whiter in colour,

had better texture and a more cooked flavour. Air tunnels

formed due to the evaporation of internal water during

micronization was responsible for the puffed texture, light

density and expansion of flakes. In contrast, non-waxy

sorghum flakes were small, and dense and less disruption

of starch granules was observed. This study showed that

the selection of the type of cereal for micronization is

critical. The authors inferred that the flakes from micro-

nized waxy sorghum have potential applications in break-

fast cereal and snack production due to their texture and

flavour attributes.

The effect of micronization of hulless and pearled barley

was investigated by Fasina et al. [15]. The authors reported

that hulless barley samples expanded more when subjected

to IR heating due to the presence of bran providing addi-

tional resistance to removal of evaporated moisture from

within the kernel. When the kernels were conditioned, the

starch granules melted indicating starch gelatinization. The

amount of starch gelatinized significantly increased

(34–93.8 %) with the increase in initial moisture content

(19–26.5 % w.b) and kernel surface temperature

(115–150 �C). Water absorption after soaking of micro-

nized barely increased (intact kernels or flour) by 2–3 times

compared to the unprocessed. This research study revealed

that both micronizing temperature and initial moisture

content affect the functional, structural and physical

properties of the grain. In another study on barley, Emami

et al. [13] analysed the effect of micronization on the

concentrations of rapidly digestible starch (RDS), slowly

digestible starch (SDS) and resistant starch (RS). Normal

barley (NB), waxy barley (WB) and high-amylose barley

(HAB) were the varieties used in the study. Barley was

tempered to three different moisture contents (approxi-

mately 17, 31 or 41 % w.b), and then, each tempered

sample was micronized to three surface temperatures (100,

120 or 140 �C). Micronized barley had a higher content of

RDS and lower in SDS and RS, as compared to the

untreated samples (Table 2). In NB and HAB, the con-

centration of RDS increased, and that of SDS and RS

declined, with an increase in the initial moisture content

and process temperature. In the case of WB, the concen-

tration of RDS increased, and that of SDS and RS

decreased. However, with an increase in micronization

temperature, there was no significant effect of initial

moisture content of WB on starch configuration. The
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observed increase in starch digestibility was attributed to

starch gelatinization during micronization without signifi-

cant retrogradation on subsequent storage. Authors con-

cluded that both initial moisture content and surface

temperature had a significant effect on the concentration of

gelatinized starch in micronized barley samples. Higher

concentrations of gelatinized starch associated with higher

initial moisture content (40 %) and higher surface tem-

perature (140 �C).

Deepa and Hebbar [11] studied optimization of process

conditions for micronization of maize flour and its effect on

rapidly digestible starch (RDS) and inactivation of perox-

idase enzyme. A pilot scale, a conveyorized system fitted

with NIR heaters, was used for this study. Maize flour was

evenly spread over a glass plate kept on the conveyor and

exposed to IR radiation. The study employed central

composite design (CCD) with three variables, namely time

(60–180 s), temperature (130–170 �C) and moisture con-

tent (20–40 %) with RDS and peroxidase contents as

responses. The optimized micronization conditions (173 s,

159 �C, 40 % mc; 164 s, 166 �C and 40 % mc) obtained

from the model resulted in 7.1–7.7 % increase in RDS

content and 92.5–96.2 % inactivation of peroxidase

enzyme. The increase in RDS content due to micronization

could be attributed mainly to the gelatinization of starch.

The scanning electron micrographs showed that the starch

Table 1 Summary of reports on micronization of legumes and its quality attributes

Commodity Micronization conditions Major observations References

Soybean 60–80 s

133, 124 �C
Holding time: 0–25 min

IR processing of soybeans reduced the level of urease and trypsin

inhibitors

Kouzeh-

Kanani

et al. [23]

90 s

110–115 �C
The yield, protein and textural properties were lower in tofu from

micronized soybean

In vitro protein digestibility of soymilk improved

Metussin

et al. [31]

120 s

180 �C
Humidification of soybean seeds that were micronized exerted about ten

times lower pressures

Andrejko

et al. [1]

Cereals and

legumes

Surface temperatures: 115 and

140 �C
Micronization reduced nitrogen solubility

IR processing conditions of 10–14 % moisture level, at 115 �C for

cereals and 140 �C for legumes minimizes the protein denaturation

Zheng et al.

[46]

Lentils Tempering: 29, 33 %

100 s

Micronization at higher moisture levels reduced lentil hardness Arntfield et al.

[3]

Tempering: 33 %

170 s

Internal temperature: 138 and

170 �C

Lentils processed to internal a temperature 138 �C exhibited better

quality attributes

Arntfield et al.

[4]

Legumes Surface temperature: 140 �C Functional properties of flour from the IR heated seeds were superior

comparatively

Fasina et al.

[16]

Micronization was effective in improving the protein quality

characteristics

Khattab et al.

[22]

Cowpea

varieties

Tempering: 41 %

6 min

Surface temperature: 153 �C

Reduced cooking time by 36–47 % Mwangwela

et al. [32]

Tempering: 41 %

3 min, 8 min

130 and 170 �C

Flour and starch from cowpea seeds processed at high temperature

(170 �C) exhibited decline in most of the functional properties

Mwangwela

et al. [33,

34]

Tempering: 41 % mc

Surface temperature: 153 �C
Reduction in cooking time by 50 %

Affects sensory properties by increasing roasted aroma/flavour

Kayitesi et al.

[21]

Navy beans.

Black

beans

Tempering: 28 %, 12 h, 26 %,

32 h with water and salt

solutions

Surface temperature: 112–117 �C

Tempering with water prior to micronization is effective in reducing

hardness of beans compared to salts, acid mixtures and EDTA

Bellido et al.

[5]

Peas 90 s

180 �C
Significant shortening of the boiling time of pea, IR-treated seeds had

lower compressive strength

Andrejko

et al. [2]
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granules in the unmicronized flour are more or less

spherical in shape, and turns non-spherical on microniza-

tion due to partial gelatinization (Fig. 4). The research

studies indicated that the process of micronization can be

used to improve RDS content and inactivation of enzymes

in maize flour, which in turn leads to improved starch

digestibility and probable increase in shelf life of maize

flour. Žilic et al. [48] evaluated the effect of IR heating of

maize grains on the formation of certain Maillard reaction

products (MRPs) including acrylamide, 5-hydroxymethyl-

furfural (HMF) and N-e-fructosyllysine (measured as fur-

osine), changes in phenolic compounds, total antioxidant

capacity and colour. There was an increase in furosine

content by 37 % when processed for 50 s at 110 �C. HMF

content was not detected in dried maize, and during IR

heating at 140 �C for 100 s, the amount of HMF formed in

maize reached 46.88 mg/g. Degradation of phenolic com-

pounds also occurred after IR heating at 140 �C for 100 s,

concentrations of ferulic and p-coumaric acids decreased

which was approximately 48 and 32 times lower than their

initial levels. The authors observed the formation of

Maillard reaction products in IR-treated maize grains at

higher temperature ([120 �C) and lower moisture levels

(\4 %). They reported that less drastic conditions of IR

heating (about 110 �C) are favourable with limited risk of

formation of thermal process contaminants and also lead to

improved antioxidant capacity.

Micronization of oat groats was carried out in order to

identify the optimum processing conditions to inactivate

lipolytic enzymes without causing browning of the oat

groats [8]. A laboratory-scale gas-fired micronizer was

used for this study. The unit had a perforated ceramic

Table 2 Rapidly digestible

starch (RDS), slowly digestible

starch (SDS) and resistant starch

(RS) contents (g/100 g dry

matter) of micronized normal

barley (NB), high-amylose

barley (HAB) and waxy barley

(WB) processed at different

moisture contents and to

different surface temperatures

[13]

Sample MCi (% w.b) T (�C) RDS SDS RS

NB Unprocessed 6.6 ± 0.1 41.6 ± 0.1 17.0 ± 0.0

17.5 100 22.9 ± 0.6 e 31.2 ± 0.2 a 11.0 ± 0.3 bc

120 32.7 ± 0.9 d 21.2 ± 0.1 b 11.3 ± 0.5 bc

140 48.0 ± 1.0 abc 2.3 ± 0.4 f 14.8 ± 0.2 a

32.1 100 45.4 ± 1.8 bc 7.8 ± 0.7 cd 11.9 ± 0.1 b

120 44.4 ± 0.7 c 8.5 ± 0.6 c 11.9 ± 0.9 b

140 49.5 ± 1.9 a 3.3 ± 0.6 ef 12.6 ± 0.8 b

42.5 100 48.6 ± 0.6 ab 7.1 ± 0.1 cde 4 ± 0.5 c

120 48.3 ± 1.1 abc 4.7 ± 0.0 cdef 12.1 ± 0.3 b

140 48.6 ± 0.3 ab 3.9 ± 0.2 def 12.7 ± 0.4 ab

HAB Unprocessed 10.7 ± 0.4 23.5 ± 0.5 24.0 ± 0.8

17.4 100 25.2 ± 0.0 e 19.7 ± 0.3 a 13.3 ± 0.3 a

120 33.0 ± 0.3 d 12.8 ± 0.7 b 12.3 ± 0.6 ab

140 39.9 ± 0.2 bc 7.7 ± 0.5 c 10.6 ± 0.7 bc

30.7 100 33.3 ± 1.0 d 11.5 ± 1.2 b 13.4 ± 0.2 a

120 39.5 ± 0.2 c 6.7 ± 0.5 c 12.0 ± 0.3 abc

140 42.5 ± 1.0 ab 4.8 ± 1.6 c 10.9 ± 0.2 bc

42.3 100 43.2 ± 1.0 a 4.7 ± 0.3 c 10.4 ± 0.3 dc

120 43.8 ± 0.5 a 3.9 ± 0.2 c 10.4 ± 0.5 dc

140 44.4 ± 1.2 a 4.9 ± 0.3 c 8.9 ± 0.6 d

WB Unprocessed 16.3 ± 0.5 20.8 ± 0.2 9.2 ± 0.7

17.4 100 38.5 ± 1.1 c 6.4 ± 0.2 a 1.4 ± 0.9 a

120 41.5 ± 0.3 abc 3.4 ± 0.2 ab 1.4 ± 0.9 a

140 43.1 ± 0.9 ab 3.1 ± 0.2 ab 0.2 ± 0.0 a

31.0 100 40.1 ± 0.8 bc 4.5 ± 0.3 ab 1.6 ± 0.2 a

120 42.6 ± 0.2 abc 3.2 ± 0.0 ab 0.5 ± 0.2 a

140 41.6 ± 0.3 abc 4.3 ± 0.3 ab 0.5 ± 0.0 a

39.8 100 38.4 ± 0.4 c 5.9 ± 0.1 a 2.1 ± 0.4 a

120 40.9 ± 0.8 abc 4.9 ± 0.1 ab 0.5 ± 0.1 a

140 44.8 ± 0.8 a 1.4 ± 0.3 b 0.1 ± 0.0 a

Reprinted from Emami et al. [13], copyright year: 2015 with permission from American Chemical Society

For a particular barley sample, means in the same column followed by the same letter are not significantly

different (Duncan’s multiple range test, P[ 0.05)

Food Eng Rev (2016) 8:201–213 209

123



reflector bonded to a metal plate as a heater, and the oat

groats were placed on a vibrating bed. Micronization trials

involved controlling the surface temperature of the samples

(1) by spraying with water (spraying tests) and (2) by

restricting the infrared intensity (voltage control tests).

Temperature control to avoid browning and inactivation of

the peroxidase during this operation was obtained either by

spraying water on the surface intermittently with 3.5 min

of total processing or by adjusting the voltage of IR lamps

and processing for 2.5 min. The authors suggested that

micronization can be employed for successful inactivation

of peroxidase enzyme in oat groats. In another study,

Yılmaz et al. [44] demonstrated the effect of IR power,

processing time and storage period on free fatty acids,

oryzanol and tocopherol content, and on energy con-

sumption for stabilization of rice bran. The experimental

trials revealed that stabilization of rice bran at IR powers

between 500 and 700 W was effective in retarding the FFA

increase over a period of 6 months. The authors also

evaluated the process energy consumption. It was observed

that energy consumption at higher power level for short

processing time (700 W, 3 min, 0.036 kWh/kg) was lower

than at low IR power for long time (300 W, 10 min,

0.1955 kWh/kg, 600 W, 5.2 min, 0.0946 kWh/kg). The

energy consumption required for IR stabilization was found

to be comparable to that for extrusion, one of the most

prevalent methods employed for rice bran stabilization. No

change in oryzanol content was noticed after processing,

but a significant loss (50 %) in tocopherols was observed.

However, adopting high-power and short-duration

processing, these losses can be minimized. IR can be used

for stabilization of rice bran as it was effective in retarding

FFA increase during the course of storage.

The effect of micronization on protein solubility char-

acteristics of wheat having different gluten strength was

elucidated by Sun et al. [43]. Wheat grains were micro-

nized after tempering to 16 and 22 % moisture content, and

the performances were compared with that of grains not

subjected to tempering. The micronization bed slopes were

adjusted to ensure micronized seeds reached a final surface

temperature of 100 ± 5 �C. Micronization resulted in

protein denaturation and aggregation during the process

that contributed to losses of protein solubility and gluten

functionality. The reduction in protein solubility in

micronized samples was nearly 17 %. The average amount

of the extractable polymeric protein fraction decreased

from 19.3 % (untreated samples) to 10.7 % (micronized

without tempering) and 3.1 % (micronized samples tem-

pered). Moisture level during micronization had a signifi-

cant impact and resulted in greater changes in protein

solubility. Both hydrophobic and disulphide bonds

appeared to be induced by micronization. The process of

micronization markedly affected wheat rheological beha-

viour and gluten functional properties.

Influence of Micronization on Grinding Energy

Requirements of Grains

The influence of parameters during thermal processing

with IR on the value of elementary energy intake of

Fig. 4 Scanning electron microscope images of unmicronized and micronized maize flour; a control; b IR treated, 159 �C, 173 s, 40 %; c IR

treated, 166 �C, 164 s, 40 (Deepa and Hebbar [11], copyright year: 2015, with permission from Elsevier)
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grinding wheat grains was demonstrated by Opielak et al.

[36]. Micronization was carried out at the temperature of

120 and 170 �C for 60 and 120 s, and the initial moisture

content was 11–17 %. The authors reported that thermal

processing with IR leads to changes in the value of energy

required for grinding the unit of wheat grain mass. These

changes depend on the parameters used during thermal

processing (time and temperature) and the initial moisture

of the material. Their studies indicated that the reduction in

energy consumption during grinding occurred only when

the material having initial moisture of 17.0 % was sub-

jected to micronization at the temperature of 170 �C for

60 s and 120 s (*55–60 eu 9 10-4 kWh/kg) compared to

unmicronized wheat grains (*68 eu 9 10-4 kWh/kg).

The changes in physical and mechanical properties of

micronized normal barley (NB), high-amylose barley

(HAB) and waxy barley (WB) samples were evaluated

[14]. The samples were hydrated to 42–45 % moisture and

subjected to micronization at 100 �C till the final moisture

content is 10 %. Micronized barley exhibited low bio-yield

and started to fracture at a lower force (10.22, 21.16 and

2.51 %) and deformation (75.41, 23.7 and 12.83 %) than

the control. Changes in mechanical properties suggested

that milling micronized barley required less energy than the

unprocessed barley. These changes were mainly due to the

gelatinization of starch granules, change in starch–protein

and starch–lipids interactions during micronization. The

authors observed that micronization of barley samples

could reduce the required milling energy as they are more

susceptible to breakage and possess lower modulus of

elasticity and maximum contact stress. The work reported

on micronization of cereals, and key observations made by

authors is summarized in Table 3.

Applications of Micronization in Feed Processing

Micronizers in recent years are operated mainly by the

animal feed industries. The presence of antinutritional

factors such as trypsin and protease inhibitors, flatulence

factors and lectins in legumes adversely affects the nutri-

tional quality of the feed. Research studies reported that

through the process of micronization, these disadvantages

have been overcome.

Micronization has been shown to improve the utilization

of corn and sorghum by poultry [12]. Mustafa et al. [35]

explored the effect of micronization on ruminal and post-

ruminal and total tract digestibility of protein, and amino

acids of micronized flaxseed. Two steers fitted with rumi-

nal and duodenal cannulas were used in a randomized

complete block design. The results of this study indicated

that micronization is an effective method for protecting

flaxseed protein from ruminal degradation. The heat

treatment reduced in sacco ruminal degradability of flax-

seed protein by increasing the size of the slowly degradable

protein fraction as well as reducing its ruminal degradation

rate. Results of the mobile nylon bag study suggested that

the quality of ruminal un-degraded amino acids available

for post-ruminal digestion was not compromised by

micronization. The effects of IR irradiation (for 60, 90, 120

and 150 s) on starch degradability and chemical composi-

tions of corn grains were studied [39]. Three ruminally

fistulated rams were used to measure in sacco degradation.

Results suggest that IR processing of corn grain was

effective in decreasing its ruminal starch. Time require-

ments for micronization were lower than for other dry- and

wet-heat methods, and authors were of the view that this

process may be useful in processing corn grains.

Zarkadas et al. [45] investigated the effect of precon-

ditioning and different micronization temperature of wheat

on physicochemical characteristics and performance and

digestibility when included in diets for weaned piglets.

Contrary to previous findings, from their study the authors

reported that the inclusion of wheat processed under dif-

ferent micronization conditions did not improve piglet

performance. In another study, it was shown that

micronization of wheat at temperatures of 90–100 �C
improved the feed efficiency in broilers, whereas the feed

efficiency decreased when processed at temperatures of

120 �C [37]. The effects of micronization on in situ and

in vitro nutrient disappearances of wheat, barley and corn

were investigated by McAllister and Sultana [29].

Micronization appeared to alter the nature of the protein

matrix and slow the in situ rate of starch digestion in all

varieties (Sceptre, Laura, Kansas) of wheat examined.

Authors have concluded that micronization may prove to

be an effective method to modulate the rate of acid pro-

duction during the fermentation of wheat in the rumen.

Conclusions

The high-temperature short-time IR treatment of grains

known as micronization is gaining popularity as an effec-

tive method for reducing cooking time and antinutritional

value. The studies reported so far have indicated that

micronization of tempered or a hydrated grain at high

temperatures induces partial gelatinization and inactivates

enzymes responsible for spoilage and antinutritional com-

ponents in cereals, pulses and oilseeds. The gelatinization

of starch, changes in texture and development of fissures on

the surface of grains reduce cooking time. This has led to

the application of this technique in the production of quick

cooking pulses, breakfast cereals and feed for animals.

Although several studies and some commercial applica-

tions of micronization process are reported, a holistic study
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covering all quality characteristics of grains is still scarce.

All the literature reports have indicated that operational

parameters play a crucial role and need optimization. More

insight into the effect of operational parameters such as

combinations of power levels, single/multistage processing

and intermittent heating is essential for the development of

energy-efficient process. This provides an opportunity for

further studies on this line and facilitates the application of

micronization in food and feed industry.
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