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lnfrared processing , or microniration, is an innovative cooking technique that 
has many benefits and advantages. Micronization is an energy efficient method that 
converts almost al1 of the input power into usable radiation. lnfrared radiation has 
the capability for localized heating of a product which results in quick and unifonn 
cooking. During the heating process, the product undergoes physical changes which 
increase its nutritional value in addition to enhancing its flavor. Micronization has the 
potential to increase the marketability of hard-to-cook pulse crops by decreasing 
their required cooking time and creating an instant product. 

Experiments were perforrned with a stationary infrared micronizer to 
determine the optimum heat intensity required to process dehulled yellow peas in 
terms of short processing time and promoting high nutrition. A 23.2 kW/m2 heat 
intensity at the kernel surface required 60 s of processing time to reach 140°C while 
16.8 kw/m2 required 80 S. Both of these heat treatments increased dry matter 
digestibility of the peas by 63.0%; increased the amount of available digestible 
protein by 7%; and required 93% less enthalpy to gelatinize the remaining starch. 
A moveable multi-lamp micronizer was designed and fabricated based on these 
results. Although the heat intensity at the pea surface was 23.0 kWlm2, the 
maximum average processing temperature was only lO5"C. The temperatures 
inside the kernels were, however, maintained above 95°C for 45 to 130 s depending 
on their position relative to the lamp, Le. the length of time the kernels were 
rnaintained above 95°C increased with distance from the infrared lamp's initial 
starting point. To that end, infrared processing is an effective means of processing 
peas for increased digestibility and decreased cooking time. 
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1. INTRODUCTION 

lnfrared (IR) processing, or micronization. is a relatively new and innovative 

cooking technique that has proven to be very beneficial. lnfrared transfers heat by 

radiation, which eliminates many industrial heating problems as well as creates a 

more efficient process than conventional conduction or convection systems 

(Research Inc. 1 994). For example, infrared radiation saves time, money, energy, 

and space in the cooking and drying industries in addition to many supplemental 

benefits in the animal production industry. 

Microniration transfen heat by infrared radiation directly to a food product 

for drying or processing purposes. The infrared radiation causes intense molecular 

action in pulse crops, promoting both uniform interna1 heating and starch 

gelatinization which enhances digestibility (Reynolds 1 990; Audet et al. 1 992). 

Because of these unique features, the agri-food industry has increased its use of 

micronization. Previously, micronization was used only as a drying mechanism for 

various products such as paper and sugar, but now the agri-food industry is 

applying it to the processing of human food and animal feed. 
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The concern with micronization is the absence of standards for processing, 

most important of which is the radiation intensity. The radiation intensity determines 

the distance between the heat source and the product and the length of processing 

time. To date, raw feed is processed on a trial and error basis. Usually, a sample 

of approximately 100 kg is run through the micronizer prior to processing the bulk 

feed, and the temperature of the resulting micronized product is determined. Too 

low of a ternperature indicates incornplete processing in terms of structure 

breakdown and the product would, therefore, require a longer processing tirne. 

Sirnilarly, too high of a temperature results in over-processing, or burning of the 

product, and the treatment time should thus be shortened. This method of 

production is inefficient to maintain a high quality product, and waste of the product, 

energy, and tirne are incurred. Also, it is not feasible for the small producer who may 

process as little as 1 t of material annually. 

Manitobagrown dehulled, dried, yellow peas were selected for this research. 

North America produces over 160,000 ha of dry peas annually and Canadian 

production is still expanding (Slinkard & Blain 1998). In 1989, Canada exported 99% 

of its production of dried peas to at least 30 countries (Anon. 1989, 1994). Peas 

provide excellent nutritional value as they are high in protein, fibre, and complex 

carboh ydrates, and they are increasing ly being researched to replace ing redents 

currently used in animal feed. 



The objective of this research was to determine the thermo-physical and 

nutritional changes of dehulled yellow peas during the micronization process. These 

factors will contribute to determining the intensity and duration of exposure required 

for achieving a value-added product. Specifically, the focus of the research was to: 

i. determine the optimum energy required for processing; 

ii. determine the radiation intensity at the pea surface to 
optimize the distance belmen the micronizer and the 
product to ensure high energy efficiency and high quality; 

iii. ensure the nutritional components of the material were 
enhanced by the process; and 

iv. design a scale-mdel IR micronizer suitable for the home 
or small Company environment. 



3.1 INTRODUCT~ON 

Today's technology is advancing at a tremendous rate as companies 

compete to improve productivity and product quality in ?odayls fastpaced world. 

Part of this process is the adaptation of a previous known technology to new uses. 

One successful adaptation has been the use of IR processing, also known as 

micronization, by companies in the food and animal feed industry . This European 

technique has proven to be very beneficial as it eliminates many industrial heating 

problems and is a more efficient process than conventional conduction or 

convection systems (Research Inc. 1994). lnfrared processing transfen heat by 

radiation. Previously, infrared heating has been used in the paper, sugar, and 

other industries as an efficient drying mechanism, and presently it is being 

implernented into agri-food processing plants to lower operation and energy 

expenses, to increase the nutritional value offood, to instantize food products, and 

to even enhance their fiavor. 

3.2 INFRARED PROCESSINO 

The word 'processing' indicates improving, preserving, or changing the 

product toward a desired end (Nelson 1962). 'Radiation' is defined as the emission 

and propagation of energy through space or through a material medium in the fom 

of waves (Nelson 1 962). Results show, as will later be discussed, that the product 

is improved in vaflous ways during rnicronization due to the action of infrared 
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wavelengths (Reynolds 1990; Audet et al. 1992); hence, the term 'infrared 

processing' is applicable. 

Conventional heating methods of conduction and convection heat an object 

by physical contact of the heating source and the object or by heating the 

surrounding air (Abe and Tabassum 1997). lnfrared radiation differs because the 

infrared is radiated by a hot body, and this radiation, in turn, heats the absorbing 

material (Nelson 1962). Radiation occun from the rotation and vibration that the 

molecules of the radiating body experience (Nelson 1962) and the total energy 

radiated from the source is proportional to the fourth power of the absolute 

temperature (Nelson 1962). lnfrared radiation is directly absorbed by the object, 

thus eliminating some inefficiencies due to convection. 

3.2.1 Early Considerations - Shuman and Staley (1950) suggest three 

considerations before starting infrared treatment on biological products, and even 

with today's technology these considerations are still relevant. First is the law of 

light absorption. "Each hypothetical layer of a given (biological) material absorbs 

the same percentage of infra-red energy impinging on it." That is, the energy 

reaching the inner layers will successively be reduced due to the absorption in the 

previous layers. Figure 1 illustrates this phenornena, showing that the lower the 

temperature of the emitter, the greater the absorption in the surface layers. This 

process results in a lower penetration of the energy to the interior of the product. 

Conversely, with the higher temperature from the infrared source there is less 

absorption by the surface layers but a deeper penetration of the heat. 



bepth (mm) 

Figure 1 The fundamental law of light absorption (Shuman and Staley 1950) 

The second consideration is, "The percentage of absorbed energy varies with 

the wavelength of the energy (Shuman and Staley 1950)." Wavelengths above 

800 nanometers (nm) are beyond the visible light spectrurn and will pass through 

transparent materials such as air. Figure 2 represents a 3 mm depth of water being 

exposed to infrared radiation. When wavelengths above 1400 nm strike water they 

are completely absorbed by the water. 

Figun 2 Absorption of infrared radiation (Shuman and Staley 1950) 
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Lastly (Shuman and Staley 1950) indicated that, "Sources of infrared have 

wide distributions of energy along the wavelength scale, depending primarily upon 

the temperature of the source." Each infrared source does have a wavelength of 

maximum emissive power which represents only a small fraction of the total energy 

emitted. By increasing the temperature of the emitting object above room 

temperature it becornes an infrared source which generates a broad band of 

wavelengths, and the broader the infrared spectrum reaching the micronized 

product the greater the efficiency of the system. In other words, the infrared source 

has a broad band of wavelengths that are needed for the greatest efficiency of 

infrared radiation. S pecifically , the infrared wavelengths suitable for micronization 

are between 1800 and 3400 nm. 

3.3 BENEFITS OF INFRARED PROCESSING 

3.3.1 Quick and uniform cooking - lnfrared radiation promotes localized heating , 

and heating takes place only in the desired area (Research Inc. 1994). This direct 

heating is possible due to the characteristics of the energy wavelengths associated 

with infrared. As previously illustrated in Figure 2, wavelengths above 1400 nm are 

completely absorbed by the micronized object. and the molecules within are excited 

and vibrate at a frequency of 8.0 x I O 7  to 1.7 x I O 8  MHz (Shuman and Staiey 1950; 

Reynolds 1990). This rapid molecular vibration causes uniform intemal heating 

yielding an evenly cooked product in less time than conventional methods 

(Reynolds 1990). The only possible concern is that micronization is a rapid 
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process. For exarnple, it may only take 40 to 90 s to micronize pulses. As a result, 

precise control of the surface temperature of the micronized product is essential 

othennrise burning or discoloration of the surface of the product could take place. 

Nutritious pulse crops such as peas and lentils exhibit a hardshell and hard- 

toîook phenornena which result in a slow and variable cooking time. These 

drawbacks in cooking are major contributing factors to the under-utilization of these 

products (lyer et al. 1980; Bhetty 1988; Buckle and Sarnbudi 1990). Micronization 

is able to overcome this problem by converting slow cooking legumes into quick- 

cooking products, and consumption would likely increase. 

Cenkowski and Sosulski (1 997) demonstrated the effect of micronization on 

the cooking time of lentils. The results show that both the micronized and control 

samples of lentils have a significant water uptake during the first 5 min of boiling, 

increasing by 13% wet basis (wb) moisture content (mc) depending on the sample's 

initial moisture content. After 15 min of boiling, there was a significant difference in 

the moisture content. The micronized sample had reached its full moisture uptake 

at 60% wb mc, however, the control sample did not reach this stage until after about 

30 min of boiling (Figure 3). This quick-cooking method occurs because the infrared 

wavelengths cause the gelatinization of starch within the product, which results in 

a change of the produd's cell structure. This change in structure improves water 

uptake during cooking thereby decreasing the normal cooking time (Bedard 1996). 



1 O 20 30 
Cooking Time (minutes) 

- Micronized Control 

Figure 3 Water uptake by the control and micronized lentils during cooking 
(Cenkowki and Sosulski 1997) 

3.3.2 Digestibility - lnfrared processing has also been proven to increase the 

digestibility of food products (Audet et al. 1 992). Many economical and wholesome 

leguminous seeds are being overlooked in the animal feed industry because of their 

antinutritional factors such as high starch contents, trypsin and protease inhibitors, 

flatulence factors, and ledins which advenely affect some people and many young 

animals ( McCormick 1989; Fasina et al. 1997; Owusu-Asiedu 1997). Through the 

process of microniration, these disadvantages have been overwme (Precision 

Feeds 1996; Fasina et al. 1997; Owusu-Asiedu 1997). Starch, for exarnple, is 

difficult for a young animal to digest because each starch granule is surrounded by 

a tough, elastic wall. However, the rapid action of the interniolecular friction caused 

by infrared heat and the increased vapor pressure within the kemels rupture the 
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granular structures, thereby gelatinizing the starch in the presence of available 

moisture in the product resulting in improved digestibility (Audet et al. 1992; 

Precision Feeds 1996). Table 1 refers to five livestock feed grains comparing the 

digestibility of regular cold-rolled samples to those that have been micronized 

(Reynolds 1990; Audet et al. 1992). It is evident that micronization greatly increases 

the digestibility of the product. 

Table 1 Compariron of Digestible Starch Levels 

Grain % Digerted % Digested 
Cold-Rolled Micronized 

- -.  -- 

Barley 

Wheat 

Corn 

Sorghum 

Source: Audet et al. 1992 

Furthemore, many enzymes necessary for optimum digestion are insufficient 

during the first 9 wk of a young pig's life (Figure 4). Following is a description of the 

functions of these enzymes. Lactase aids in the breaking down of lactose; lipase 

is essential for breaking down fat; amylases and maltases are enzymes required to 

digest carôohydrates; and proteases are necessary for the use of proteins from a 

wide range of sources (Precision Feeds 1906). Micronkation allows a producer to 

match the changing digestive acüvity of an animal as growth occurs (Precision 

Feeds 1998). For example. the small intestine (the primary location for digestion 
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and absorption of nutrients) of a pig changes dramatically during weaning. The 

capability to absorb criticai enzymes such as lactase decreases and irritation by 

certain proteins increases. By feeding the young pig micronized products. infrared 

treatment can more efficiently breakdown proteins for better use and rnaximize 

nutrient absorption (Cranwell 1995). 

Amy'ase (Starch) - "Maltase 

Protease (Protein) 

Lipase (Fat) 

Lactase (Milk Sugar) 

O 1 2 3 4 5 6 7 8 9 1 0  
Age (weeks) 

Figure 4 Digestive enzyme activity in the young pig (Cranwell 1995). 

Researchers have varying opinions whether the nutritive value of feedstuffs 

improve with micronization. This could be due to the differences in micronizing 

techniques, such as the final temperature of the product and the length of 

processing time. For example, Fernandes et al. (1975) examined the effects of 

rnicronization on barley for growing pigs. Barley was micronized to 175'C in 40 s 

and had 4% more digestible energy over ground grain but the growth rate was not 
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affected. The crude protein content for the micronized sample was 5% less than the 

ground barley, and the assumption was the protein content was adversely affected 

thereby not causing an increased growth rate. 

Lawrence (1975) was evaluating the micronization process for preparing 

cereals for growing pigs. Three different micronized wheat treatments were 

compared with wheat that was a) hammer-milled through a 4.7 mm screen and 

b) cold-rolled and then hammer-rnilled. The micronized treatments were rnicronized 

for 23, 37, 76 s until 155, 190, and 220°C were reached. After feeding 60 pigs 

controlled amounts of feed Lawrence (1975) found the highest micronization 

temperature resulted in a significant depression in growth rate, and there was no 

significant difference of efficiency of conversion of dietary dry matter when 

compared with the other treatments. It was concluded that micronization was not 

beneficial for wheat fed to growing pigs. 

In addition to the increased digestibility of the micronized product, the starch 

gelatinization which takes place results in a product with a more appealing flavor, 

that is described as less 'beany' and more 'nutty' (Audet et al. 1992). 

McCurdy (1992) perfonned a study to detenine if micronization would 

decrease the bitter taste in dried peas. Two tonnes of dried peas were processed 

for 50 s until a temperature of 90°C was reached. The trained tasting panel deemed 

the micronized peas to be 'more bland' than the control sample. 

Kouzeh-Kanani et ai. (1981) s'rowed how micronization decreased anti- 

nutritional factors such as urease and trypsin inhibitors in soybeans while 

maintainhg the available lysin levels. Further, when the soybeans were placed in 
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an insulated vacuum flask for 25 min after micronization the economical benefits 

increased because the sample was micronized to a lower temperature, thus 

needing less time. As a result, the gas consumption decreased. 

In these few studies, there is a vast variation in the processing times and 

temperatures, even given that different products were tested. There was rio mention 

of the actual operating conditions in these papers ie. temperature or iniensity of the 

heat source. It is possible in the first two cases (Fernandes ei al. 1975; 

Lawrence 1975) the materials were over-processed, therefore producing negative 

results. Also, wheat has a low starch content, so the micronization effect woutd not 

be as prominent as a high-starch-content material. Slominski (1997) studied the 

digestibility of low fibre rapeseedlcanola that was moist-heat treated. Figure 5 

illustrates the effect different heat treatments had on digestibility. The optimum 

temperature, in terms of digestibility, was approximately 107-1 08°C. Treatment 

temperatures below 105'C and above 11 O°C resulted in decreased digestibility. 

Realizing that the comparisons are not exactly parallel, these results coukl possibly 

explain the negative conclusions previously achieved; Lawrence (1975) and 

Fernendes (1 975) used relatively high temperatures whereas McCurdy (1 992) used 

a low processing temperature. 



Figure 5 Effects of varying temperatures on digestible protein content in 
defatted seed samples from three Bnssica cultivars subjected to 
moist heat treatment for 20 min (Slominski 1997) 

Specifications should be determined to eliminate conflicting results and to 

produce the best quality product in terms of increased availability of nutritional 

components and destruction of anti-nutritional factors while maintaining good taste. 

3.3.3 lntnred Sources and EffacU of Microniution - There are two main 

generators of choice for infrared processing depending on the wavelength of 

maximum radiation. The first is a light or short wave radiator which has a 

temperature of 1500°C and a wavelength of 1300 nm though part of the energy will 
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still be in the visible light range. Long wave, or dark radiators, operate between 

350 to 400°C with a maximum radiation at about 3000 nm. 

It is necessary to find the optimum parameters for micronkation to be 

effective. Some of these important parameters include the distance beîween the 

infrared source and the product, the temperature of the source, and the length of 

time for the process to be cornplete. For example, if the product was to be exposed 

to high heat for a significant amount of time, it would become dehydrated and 

somewhat resemble unpopped popcorn (Bedard 1996), whereas the final product 

should, compared with a non-micronized sample, have a nearly undetectable color 

change although it rnay appear to have a slight wrinkling (Bedard 1996). 

Fasina et al. (1997) observed that infrared heating caused the surface of 

leguminous seeds to crack. This cracking occun because the rapid interna1 heating 

increases the vapor pressure (the same explanation for uniform cooking) within the 

kernel. Consequently, this rise in vapor pressure will cause an expansion within the 

seeds, thereby increasing the volume of the seeds. This expansion will result in 

fracturing of the surface material which will cause the product to be less tough than 

the unprocessed samples. 

Bedard (1 996) notes that storage for six months had no effect on the cooking 

time of micronized lentils, as they still could ôe cooked in half the normal time. More 

research on the storage of rnicronized products and the changes they undergo is 

still required at this time. 
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3.3.4 Efficiency of Microniution - Many industries can benefit from this new 

micronization technology as time, energy, and space could be saved. lnfrared 

processing is a clean electric (or natural gas) heat source which never has direct 

contact with the product. Furthemore, micronization offers efficient use of electrical 

energy as it converts 88% of input power to infrared radiant energy at the indicated 

rated voltage by the manufacturer (Research Inc. 1994). Losses occur because the 

moisture from the biological product is evaporated. This moisture reflects the 

incoming infrared heat, preventing the heat from reaching the product. Industrial 

infrared lamps can reach the desired temperature in about a minute yielding fast 

warmup times at the beginning of production and allowing for the heaters to be 

switched off if production must stop (Research Inc. 1994). Overall, micronization 

takes less time than conventional heating methods because the heat is localized 

and penetrates the surface of the material. This penetration allows for uniform 

cooking in the interior of the product (Research Inc. 1994; Stupec et al. 1990). 

In the paper industry, for example, when the paper is not completely dried, 

residues are left on the machines causing the machines to breakdown which can 

result in significant downtime. The efkiency of the operation is increased by using 

infrared processing as the paper is then unifomly and thoroughly dried 

(Stupec et al. 1990). 
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3.4 FUTURE BENEFITS OF THE ~NFRARED PROCESS 

lnfrared heating has been used in various commercial applications such as 

sugar, grated codfish, potatoes, and fruit and vegetables even before the 1950's 

(Shuman and Staley 1950). It has also been used for the curing of paints and 

finishes (Nekon 1962). Today, the paper and animal feed industries are the most 

prominent industries using the micronization process. 

Due to the many benefits of infrared heating, future applications are almost 

inevitable. Society is becoming an instant and fast-food world. Micronkation can aid 

in the instantizing of historically slow cooking pulse crops. These pulse crops are 

potential ingredients for soups, sauces, stuffings, salads, and other value-added 

products (McCormick 1 989: Bedard 1 996). Already , micronized peas are on store 

shelves as healthy snack food products. 

As well, infrared processed goods could benefit third world and densely 

populated countries where energy is limited and conservation is a concern. It is an 

inexpensive process as it requires only the capital cost of the equipment and a low 

input energy per unit mass of the rnicronized product (Bedard 1996). Not only will 

a quicker and more economical product be available but a more nutritious one as 

well. 



4. MATERIALS AND METHODS 

4.1 SAMPLE TYPE 

Dehulled yellow peas, grown and harvested in 1998 in Southwestern 

Manitoba, were provided by Roy Legumex of Landmark, Manitoba in January 1999. 

The average initial moisture content (mc) was approximately 711 % wet basis (wb) 

and initial protein content was approximately 21 %. 

4.2 EXPER~MENTAL EQUIPMENT 

The micronizer components were a Mode14553 High Density lnfrared (IR) 

Pyropanel strip heater (Research Inc, Eden Prairie, MN) mounted on a variable 

height stand (Figure 6). The heat source consists of four tungsten Clament lamps, 

500 W and 120 V, with a low resistance at room temperature, and therefore, was 

used with a Model 5620 Power Controller to eliminate high inrush currents. The 

heater was a perforated ceramic reflector bonded to a metal back plate with an air 

plenum and covered electrical connections. Edge reflectors were mounted to restrict 

radiant energy to a rectangular ama and to act as a re-emitter. The reflectors also 

aided in lessening the bright light emitteâ from the infrared lamps. The ceramic 

reflectors have a b ~ ~ ~ t i ~ n k m i ~ ~ i ~ n  characteristics such that the heater module is 

maintained at a high surface temperature that continually vaporizes organic 

compounds (Research Inc. 1998). 



h eig 
a dju 

Figure 6 a) The IR multi-lamp stationary micronizing unit 
b) The four IR tungsten filament lamps 
c) Top view of the Model4553 High Density IR Pyropanel strip 

heater (dimensions in mm) (Research Inc 1 994) 
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Ultraviolet rays are not emitted by the IR lamps, but harmful burns could 

result if contact is made with the surface of the heating module. Dark glasses 

should always be worn when the larnps are on because of the brilliant light they 

emit. 

4.3 UNIFORMITY OF HEAT UNDER THE IR LAMP 

Before testing sarnples. the uniformity of the heat given off by the IR lamp 

was confirmed. Eight porcelain cups, 4 cm top diameter, 1.5 cm bottom diameter, 

and 3 cm depth, were filled with approximately 10 mL of distilled water and placed 

equally spaced under the IR lamp (Figure 7). Themiocouples were placed in the 

middle of each cup and the temperature of the water was recorded with time. Trials 

were completed for the IR lamp at 6, 8, 10, and 12 cm above the surface of the 

water. 

Figure 7 Testing IR lamp uniforrnity by heating water in porcelain cups under 
the lamp's IigMed area. 



The intensity of the IR radiation at the pea surface was determined using the 

theory provided by Person and Sorenson (1962). Three themiocouples were 

attached underneath a 0.08 x 0.02 cm copper plate of 2 mm thickness. The plate 

was lightly coated with soot to ensure equal absorption of heat across the length of 

the plate. The copper plate was placed at 8,10, and 12 cm under the infrared lamps 

until it reached approximately 170°C. Using Equation 1 the intensity of the IR 

radiation for each height was determined using the same theory as described by 

Fisher (1 996). 

Where: 
Q = intensity, k W h 2  
AT = change in temperature for duration of test, Ti-T, O C  
c, = specific heat of copper plate, 0.386 kJl(kg K) 
m = mass of copper plate, 0.0292 kg 
A = surface area of copper plate, 0.08 x 0.02 m2 
t = time copper plate was heated, s 

4.5 SAMPLE PREPARATION FOR MICRONUATION 

Dehulled yellow peas were split by shaking them in a glass jar. Their initial 

moisture content was measured based on the AACC standards (AACC 1983). To 

obtain a desired moisture content of 26, 28, or 30% wb for micronkation, 

approximately 100 g of peas were placed in a sealable plastic bag, and the 

appropriate amount of water was added to the peas (Amttïeld et al. 1998). The bag 
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was shaken for equal moisture distribution, flattenecl to a single layer, placed in 

darkness at room temperature for 16-18 hl and turned periodically. The tempering 

procedure was adapted from Arntfield et al. (1998). In our case, a plastic sealable 

bag was more suitable than a glass jar because the peas were dehulled. When the 

peas were rnoisturized in the glass jar they stuck together in large clumps since they 

do not have seed coats. By placing the seeds into a bag in a single layer, separating 

was effortless after moisturizing . A sample of the moisturized peas was taken again 

after 16 h of tempering for accurate moisture content verification. Upon verification, 

it was shown that the actual moisture content was consistently 2% lower than the 

desired moisture content. The actual moisture content is referred to throughout the 

remainder of this paper . 

4.6 T EMPERATURE MEASUREMENT DURING MICRONIZATION 

A 20 g sample of split peas was evenly distributed on wire mesh, with the 

round part of the kernel toward the lamp. Thermocouples attached to an Omega 

Multiscan11200 (Stamford, CT) were placed within kernels at three locations under 

the infrared lamps to determine the temperature change in the kernels and to 

compare the temperature distribution across the infrared lamp (Figure 8). 

The infrared lamp was positioned at 8, 10, and 12 cm above the kernels for 

different trials in triplicate. These heights were selectad based on the preliminary 

research of Fisher (1 996). The infrared lamp was tumeâ on to its maximum intensity 

until the kemels reached approximately 140 & SOC. After micronization, the kernels 
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were cooled, then sealed in a plastic bag and refrigerated at 5°C for further testing . 

It was not possible to insert the themiocouples into the kernels moisturized to only 

24% wb mc. Thus, the kernels were only moisturized to 26 and 28% mc, henceforth. 

Figure 8 Temperature measurements during micronization with the 
thermocouples inserted into the kernels. 'T' represents the 
themocouple placement ( - - - themocouple wires). 

4.7 MASS MEASUREMENTS 

After the peas were split and moisturized to 26 and 28% mc wb, mass 

measurements were taken using a Sartorius AG Gottingen scale (Edgewood, NY). 

For mass measurement determination, the wire mesh was placed on an apparatus 

attached to the scale such that the changing mass of the kernels was recorded 

without the intense heat from the lamps reaching the scale itself. Two 1 cm thick 

ceiling tiles with a 1 cm airspace were set on the scale. Tests were performed to 

ensure the temperature at the scale was not greater than 40°C. The thermocouples 

were then eliminated to prevent intedering with the mass measurements. 
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To determine the equilibrium moisture content of the peas, one sample was 

micronized at a 10 cm lamp height until the surface appeared charred, then the 

moisture content was detemined. 

4.8 DETERMINING THE EFFECT OF MICRONIZATION ON THE DIGESTIBILITY OF 
PEAS 

Differential Scanning Calorimetric tests were performed on micronized and 

non-micronized peas to ensure the infrared treatment did, in fact, gelatinize the 

starch found in the peas while maintaining other nutritional components, such as 

protein. 

The temperature and relative humidity (RH) of the room were monitored with 

a Vaisala Humidity 8 Temperature lndicator HM131 (Boston, MA) to ensure constant 

ambient conditions. 

Micronized peas were ground in a Philips cofiee grinder for 60 S. The pea 

flour was left in open air for 24 h to equilibrate with the ambient air (23"C, 35% RH), 

and then 2-3 g of pea flour was measured for moisture content. The flour was then 

sifted in a No. 70 (21 2 Mm, 65 mesh) Canadian Standard sieve (The W.S. Tyler Co. 

of Canada, Ltd.) to ensure the components' availability to gelatinize during the 

scanning process. Approximately 8.5 mg of the flour was weighed into a steel pan 

on a Perkin Elmer AD4 AutoBalance (Norwalk, CT) and water was added to make 

a 30% solids mixture. After the moistun was added, the capsules were pressed 

closed and not disturbed. 
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The Differential Scanning Calorimeter 7 (DSC7) (Perkin Elmer, Nonivalk, CT) 

was calibrated against indium at a melting temperature of 156.6"C and a change 

in enthalpy (AH) of 28.4 Jlg (Appendix A). Nitrogen and helium were used as purge 

gases and an ice water bath was used to cool the unit. Three to fve tests were 

conducted on each micronized pea sample and a reference sample against an 

empty pan for the scanning range of 30°C to llO°C at a rate of 10°Clmin. 

The processed samples were not tested in the DSC7 until two weeks after 

micronization. Thus, further testing was done to determine the level of 

retrogradation of starch. Three 20 g samples were micronized at a lamp height of 

10 cm. This height was chosen because preliminary DSC7 analysis eluded the 

intensity at 1 O cm was optimum in ternis of gelatinization of starch and maintaining 

the protein and lipid contents. The three micronized samples were ground together 

in a Philips coffee grinder for 60 S. This alleviated any differences in processing 

among the three identical micronization trials, for example, location of the kernels 

under the lamp and different lengths of processing time. The DSC7 trials were then 

conducted immediately, 24 h, and 14 d after micronization to determine the 

retrogradation of starch. 

4.9 IN wruo DIOESTER 

Tests were perfonned in the Department of Animal Science, using the sarne 

method as Slominiski et al. (1 999), to simulate the digestion process to ensure that 

the protein content of the micronized material was not detrimentally affected for 

digestion. Only three samples, in duplicate, could be used due to the length of the 
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experiments. Therefore, a reference sample (non micronized, non rnoisturized 

7% mc wb) and two micronized samples (26% mc wb) treated at different IR 

intensities were chosen. This allowed for a cornparison of the effect of varying 

intensities when perfoned on the same material. 

The reference sample and Wo micronized samples were ground with a 

1 mm screen. A 5 g sample and 0.5 g pepsin were weighed and combined in an 

Erlenmeyer Rask with 50 ml of 0.1 M HC1154 mM NaCl solution. The ftasks were 

covered with parafin wax paper and incubated for 1 h at 40°C in an environmentally 

controlled shaker, simulating the stomach. After the incubation period, 2.5 ml of 

2.0 M NaOH was added to the mixture to adjust the pH to approximately pH 7.0, 

and then 250 pl of pancreatin solution was added to represent the chemicals found 

in the small intestine. The mixture was then transferred, requiring 20 ml of 0.1 M 

phosphate buffer (pH 7.0) to rinse the flask, into presoaked dialysis tubing with a 

molecular weight cut off value of 12,000-1 4,000 (Spectrum, Houston, TX). The 

dialysis tubing was then sealed by tying the end and allowing for a small air gap in 

the tube to facilitate continued mixing of the contents. The tubes were submerged 

in a water bath filled with 0.05 M phosphate buffer pH 7.0, and attached to the 

digestionldialysis unit (Figure 9) which simulated the small intestine. The six tubes 

were left for 6 h of digestion at 40°C rotating in the unit at 20 rpm. After this 

incubation period, the enzymatic adivity was haked and the tubes were subjected 

to dialysis for 72 h by replacing the buffer with distilled ice water to cool the system 

to 2'C. The dialysis water was changed twice a day to maintain a constant 

temperature. Upon completion of dialysis, the contents were transferred into plastic 
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sealable bags, washing the excess substance with distilled water, and froren 

overnight. Once frozen, holes were poked into the plastic bags with a syringe and 

then freezedried for four days. The remaining dry matter was weighed and the 

contents were then analyzed in duplicate for crude protein using the Kjeldahl 

method (N x 6.25). Digestible protein content was calculated by taking the 

difference between the total protein in the undigested reference sample and the 

protein retained in the dialysis tubing. 

The detailed descriptions of the preparation of the solutions for the 

digestibility tests are given in Appendix B. 

Figun 9 DigestionlDialysb Unit 



5. RESULTS AND DISCUSSION 

5.1 Haat Emitted from the IR Lampa 

5.1.1 Configuration Factor - The amount of energy from the IR heat source 

actually hitting the peas, expressed in terrns of a configuration factor (F,.,), was 

determined using the theory in Siegel and Howell (1992). A perfect system would 

have F,., = 1 .O, or 100% of the energy emitted would hit the pea surface, and be 

absorbed. The configuration factor is shown in Figure 10 as a function of time and 

was determined for identical, directly-opposed rectangles using the following 

formula, which is solved in Appendix C: 

where: 

and: 
a = width of objects, 7.6 cm 
b = length of objects, 18 cm 
c = height between objects, varies from 0.25 cm to 30 cm 

Moving the IR lamp source to a height of 6.0 cm above the material yields an 

F,., of 0.51, indicating that 51% of the energy emitted by the source is reaching the 

material. The F,, is 0.38, 0.29, and 0.22 foi lamp heights of 8, 10, and 12 cm, 



Distance (cm) 

Figure 10 Configuration factor, F,,, for directly opposed rectangles as a function 
of distance from the heat source to the kernels. 

5.1.2 IR lntensity DeteminaUon - Table 2 indicates the intensity of the IR larnps 

at the pea surface for the various test heights. The intensity was calculated based 

on Equation 1. 

Table 2 Intenrity rt Pei Surface rt Various IR Lnmp Heifihts 
Height of Lamp lntensity Standard Deviation 

(cm) (kWlm2) (kWlm2) 
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The standard deviation for the 12 cm height is high, perhaps because a 

different temperature range was used for the third trial. The initial temperature of the 

copper plate was 11 1.3'C and the final temperature was 190.6"C, about a 70°C 

higher range than the other four trials. 

Lowering the lamp by 2 cm from 12 cm to 10 cm resulted in an increase of 

heat intensity by 37% and lowering the lamps again from 1 O cm to 8 cm resulted in 

an additional heat intensity increase of 38%. The difference between 8 cm and 

12 cm was 89%. This indicates that the intensity at the pea surface increases 

exponentially, confirming the configuration factor theory previously presented. The 

remainder of this paper will refer to the experiments in terms of intensity. 

5.1.3 IR Lamp Uniformity - As expected, there was a variation in heat supplied 

across the lamp. Appendix D provides the temperature histories of the water in 

porcelain cups as it was heated with the IR heat source. The temperature histories 

are illustrated by the temperature difference from the initial temperature, since the 

initial temperatures varied. Table 3 indicates the maximum temperature reached 

and the standard deviation for each position number under the lamp, for each test 

height. The position numben correspond to Figure 7, and are arranged from the 

position that received the highest intensity to the position that received the lowest. 



Table 3 Maximum Temperatun and Standard Devisaon for Each Position 
Under aie IR Heat Source, Arnnged in Descending Ordei of 

# Max Max # Max Max # Max Max # Max 
A T  St. Dev A T  St. Dev A T  St Dev A T  

-- 

t Lower maximum temperature, though overall higher temperature throughout. 
+ Only one test u s d  for analysis. 

The middle of the heated area (numbers 3-6) received a greater rate of 

heating compared with the outer positions (numbers 1,2,7,8). That is, 87.5% of the 

time position numbers 3-6 had the highest four temperatures, and these four 

temperatures were within 2.0°C, 0.7'C, 2.3'C, and 0.5'C, respectively for 12.3, 

16.8, and 23.2 kw/m2. The outer positions were approximately 5-20°C lower than 

the middle area. Wth the exception of position number 7, the temperature 

distribution varied by 9'C at 23.2 kWh2. Position number 7 is 18'C lower than the 

cup placed beside it (number 8) which indicates an experirnental error. The 16.8 

and 12.3 kW/m2 trials each varied by 16 and 10°C, respectively. This overall 
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difference in heat uniformity should be taken into consideration for the movable 

micronizer design. 

The 6 cm height was eliminated after the uniforrnity tests for safety reasons 

despite having a theoretical configuration factor of 0.51. The white reflective paper 

underneath the porcelain cups started to burn and the surrounding tabletop became 

hot. In addition, the uniformity experirnents did not produce extraordinary results, 

varying about 17°C from the center of the unit to the edge of the unit. 

5.1.4 Temperature Change of Peas During Micronization - The kernels were 

heated until approximately 140°C, however, visual and audio inspection were also 

factors. For example, if the kernels were burning , then the process was halted. Also, 

at some point during micronization, the kernels would snap as the water was being 

released or evaporating from the kernels. M e n  this noise was slowed down it 

appeared to indicate that the peas were processed - much like a similar 

phenornenon during microwaving of popcorn. 

Figure 1 1 shows a representative temperature history of pea kernels for six 

treatments. All of the temperature histories are shown in Appendix E. 



O 20 40 60 80 1 O0 
Time (s) 

1 - Trial 1 - Trial 2 --- Trial 3 1 

Figure 11 Average temperature history for each trial for samples at 26% mc wb 
and micronized at 16.8 kWlm2. 

All trials for each of the six treatments show similar heating patterns. The 

26% mc treatment at 23.2 kWlm2 had a difference of approximately 20°C between 

trials 1 and 3, possibly due to the wanning up of the lamp in trial 1 ; it took about 

25 s longer than trial 3 to mach 1456°C. Graphs c-f in Appendix E show good 

agreement within different trials. At 12.3 kWlm2 there is a smooth heating curve 

slightly changing slope at 10 and 50 s, whereas 16.8 kW/m2 has a noticeable 

change in stop  between 45-50 s, after which heating occurs at a slower rate. The 

23.2 kW/m2 intensity has a change in slope just before the 30 s mark, except for 

trial 3 at 28% mc, where it occurs at about 25 S. 

Table 4 summarizes the maximum temperatures reached within the kernel, 

and the length of time the microniration process took to turn the kernels brown. 



Table 4 Kernel Characteristics During Microniution 

lntensity Moisture Time of Total Tirne of Maximum 
Content Browning Microniration Temperature 

The time needed to turn the kernels brown increased with decreased 

intensity, as expected, though no concrete conclusions can be made with regard to 

the initial moisture content. Each time the lamp was lowered by 2 cm, the time for 

browning to occur decreased by approximately 12 s, or 19-23%. The total time 

required to fully micronize the samples also increased with decreased intensity. 

Comparing the 26% rnc treatrnents, at 16.8 kW/m2 it took 20 s longer for cornplete 

rnicronization of the samples than the sarnples micronized with 23.2 kWlm2. It 

required 10 s more for the samples mirconized at 12.3 kw/rn2 compared with 

16.8 kWlmz. The moisture content also affected the total time of rnicronization. The 

greater the initial moisture content, the longer the time required for micronization. 

This could be due to the water heating up fint then vaporizing. The exception, 

however, is the 16.8 kWlm2 trials. Because the maximum temperature for the 

28% mc trial is comparatively low, the full micronization time might not have been 

accomplished, however, by inspection they had appeared to be processed. 



The temperature change per second was also determined (Figure 12 and 

Appendix F), as this allowed for an easier cornparison between each treatment, as 

well as each trial. For exarnple, the temperature history (Appendix Eb) for the 

28% mc treatment at 23.2 kW/m2 indicates that trial 1 had a slower heating time. 

However, it has a heating pattern similar to the other two trials when the rates of 

temperature change per second were compared. 

Figure 12 Temperature change per second during micronization for sample 
treated to 26% mc wb at 16.8 kWlm2. 

With the exception of the 26% mc treatments at 23.2 and 16.8 kWlm2, the 

trials for each corresponding treatment are within a 0.5'C. Again, trial 1 of the 

23.2 kWlm2. 26% mc treatrnent is low, possibly due to an unusually cold m m  

temperature, resulting in a lower initial lamp temperatun, or just because it may 

have been the first trial nin. Table 5 outlines the resub of time of the greatest 

temperature change, the maximum temperature change rate, and the skpe of the 

heating curve aiter the peak. 



(kwlm2j Content Greabat Temperature Cuwe after 
(%) Temperatun Change per the Peak 

Change (8) Second (8) 

The greater the heat intensity at the pea surface, the greater the maximum 

temperature change which occurred at an earlier time. In addition, the dope of the 

pea heating curve after the peak decreases with decreased intensity confiming 

heating takes longer. 

5.1.5 Maso Analysis - The moisture ratios (MR) of each treatment were 

determined (Figure 13) using 

where: 
MI? = Moisture Ratio 
M(t) = moistwe content at time, T 
M, = equilibrium moisture content, 7.5%' 
M, = initial moisture content 

This value was determineci at a heat intensity of 16.8 kWlm2 



O 20 40 60 80 1 O0 120 
Time (s) - 23.2 kWlmA2, 26% - 23.2 kWlmA2, 28% - 16.8 kWlmA2. 26Oh 

- - 16.8 kW/mA2, 28% + 12.3 kWlmA2 ,26% -p 12.3 kWlmA2, 28% 

Figure 13 Moisture ratio histories of al1 six treatments during micronization 

For the first 20 s of micronization, all treatrnents follow a similar pattern, 

after which the moisture ratio for the higher intensities drop quicker than the others. 

This coincides with the fact the higher intensities heat the product faster and 

therefore, evaporation of the water within the kernels would evaporate at a faster 

rate. At 60 s, the MR averaged for both moisture contents is 0.7510.02,0.8310.01, 

and 0.88k0.00 for 23.2, 16.8, and 12.3 kW/m2, respectively. This indicates a 

significantly srnall effect from the different initial moisture contents. The different 

treatments reached a MR of 0.7 at 62 and 66 s, 77 and 81 s, and 95 and 93 s for 

26% and 28% moisture contents at 23.2, 16.8, and 12.3 kW/m2, respectively. 
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Equations were fit to the MR curves for al1 treatments in the form of: 

y = y, + ax + bx2 + cx3 

where: 

y = moisture ratio 
y,, a, b, c = variables 
x = treatment time 

Table 6 lists the coefficients for each treatrnent, and Appendix G gives the 

graphical fit of the curves. 

Table 6 Variables for MR Histories for Various IR Treatrnents 

Variable 23.2 16.8 12.3 23.2 16.8 12.3 
kW/m2 kW/m2 kW/m2 kW/m2 kW/mz kW/m2 

Yo 1.030 1 .O03 0.990 1 .O04 0,991 0.996 

Also, moisture content histories (Figure 14) show that the final moisture 

contents are within approxirnately 3% for the various treatments. This is interesting 

to note because this was not an initial deterrnining factor in the length of 

micronkation, but rather was the final temperature. 
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Figure 14 Moisture content history of al1 six treatments during micronization 

5.2 Digestibility Determination 

5.2.1 Dry Matter Digestibility - The overall dry matter digestibility was measured 

using in vitm digestibility tests and the amount of gelatinized starch was measured 

with the DSC7. As well, the nutritional components of the material, mainly protein 

and lipids, were deteminad to ensure the micronization process did not have a 

negative effect. 

The dry matter digestibilities for the 26% mc treated samples and a reference 

sample are given in Table 7. 

Tabk 7 Dry Matter Diaeatibillty 

(Intentsity kW/m2; %mc) 

one sampk t u b  broke during digestion leaving only one sample 



The different heat treatments were not statistically significant for increasing 

dry matter digestibility. The 23.2 kWh2, 26% mc treatment bag had a tear, leaking 

out some of the dry matter after freeze drying occurred. This accounts for the 1.5% 

standard deviation in this treatment as the dry matter mass was lower than 

expected. Overall, the heat treatment increased digestibility of the dehulled yellow 

peas by an average of 63.0%. 

5.2.2 Digestible Proteins - The amount of protein digested in vitro was 

determined using the Kjedahl Method (N X 6.25). Table 8 shows the digested 

protein as the percentage of total protein in the peas, and the calculations for 

digestible protein determination are provided in Appendix H. 

Table 8 Diaetible Protein Debrmined Using Kjeldahl 
Treatment Digestible Protein 

(Intensity kwlm2; %mc) (KI 

Reference 

16.8; 26% 

' one sample tube broke during digestion leaving only one sample 

Again, the different heat treatments are not statistically different for the 

amount of protein available for digestion, though there is an overall improvement for 

the treated samples compaied with the non-treated sample of approximately 7%. 

5.2.3 DiChnntirl Scrnning Calorimebr - When a sample is run in the DSC7, a 

graph indicating the melting points of the various components i.e. starch, protein, 

and lipids is produced. This graph indicates the meiting-point temperature and the 



amount of energy required (Jlg) to melt each component, thus providing a 

cornparison of the remaining nutrients in the non-micronized and rnicronized 

samples. Figure 15 represents a typical characteristic found in the literature 

(Nielsen 1994), and Figure 16 represents a typical characteristic from the pea 

samples run in the DSC7 in Biosystems Engineering. For confirmation purposes, 

a sample was run on a Differential Scanning Calorimeter (General V2.2A 

DuPont 9900) in the Department of Food Sciences. These results, illustrated in 

Figure 17, were similar to those obtained on the DSC7. The DuPont 9900, however, 

was not as sensitive as the DSC7, and therefore, produced smoother cuives. 

Selected graphs from the DSC7 can be found in Appendix 1. 

Figure 45 DSC thermal curves of a granular starch (at two different weight 
fractions) showing a glass transition 6) and melting transitions 
(Nielson 1 994) 



Fik info: 1028asapl Thu May 6 1 5:32:U 1999 
Sampla Wght:  4.710 mg 

Temperature (OC) 
PERKIN-ELMER 
7 Series Thermal Anatysis System 

Figum 16 Typical rnelting profile for processed pea flour using the DSC7. The solid line represents the heat flow 
(Wlg), and the broken line represents the lsl Derivative (Wlg-minx10"). 
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The temperature at which the melting takes place distinguishes between the 

components, but moisture brings down the gelatinization temperature of starch - 
instead of a 200°C gelatinization temperature with little or no available water, the 

melting temperature of the starch is reduced to 65'C, when water was added to 

make a 30% solid mix. Solid fractions below 50% show little variability in the onset 

temperatures. lncreased availability of water also promotes metastability which 

yields a single melting point (Walter 1998). Solid mixes above 50% could be 

misleading, as the shoulder becomes the main peak. Figure 18 illustrates the effect 

of water on the DSC7 profiles. However, the literature indicates that researchers 

use different water to solid ratios (Cenkowski and Sosulski 1997). Trials were 

performed with pure waxy rnaize, resulting in an onset melting temperature of 

65.4'C and requiring 13.75 Jlg (Appendix J). Using this information, the starch in 

the pea fiour samples could be distinguished. 



Figure 18 The effect of different water fractions on starch gelatinization of 
potatoes (Nielson 1994). 

Stprch - Table 9 displays the amount of energy required to gelatinize the remaining 

starch in the processed and unprocessed kemels. The change in enthalpy, AH (Jlg), 

represents the sum of all the peaks in the temperature range for which gelatinization 

of starch occurs (approximately 49°C to 55*C), since metastability was not 

apparent. The onset temperature was used rather than the peak temperature 

because of the varying interpretation of this temperature. Some researchers 

interpret it as the point when al1 the material is melted, but others disagree and 

believe it is unreliable because it is greatly influenced by the scan rate and sample 

sire (Nielsen 1994). Since the sample sizes varied by k2.0 mg, the onset 

temperatures are displayed . 



Table Q Amount of Energy Required to Gelatinize Starch 

(Intenrity kW/m2; %mc) (Jm Temperature 
( O C )  

23.2; 28 

23.2; 26 

23.2; 24 

16.8; 28 

16.8; 26 

12.3; 28 

12.3; 26 

reference pea 

The reference pea flour had an onset temperature of 63.4'C, within 3.2% of 

the pure waxy maire. As a result of microniration, the onset temperatures of the 

samples were lower than the reference samples. This is due to the reorganization 

of the starch during the heat treatment, making it available for gelatinization at a 

lower temperature. Reducing the heat intensity resufted in a lower onset 

temperature. This is the reverse of what was expecteâ since the reference sample 

had the highest onset temperatures. This could be a result of high standard 

deviations but could also be an effect of heat treatrnents - much like that shown by 

Slominiski (1997) with digestible protein as a function of heat treatment 

temperature. If an even lower intensity had been tried, the onset temperature might 

have started to increase. Another explanation could be due to varying moisture 

contents, though al1 samples were left to equilibrate in the same conditions. 



In general, these results show the higher the intensity of the infrared heat 

source, in conjunction with a high moisture content the less energy required to melt 

the starch, indicating more starch was gelatinized. The moisture content seemed 

to have a greater effect with the lower intensities, though the standard deviations 

also increased. This increase in AH is explained because micronization is 

dependent on the available moisture. The more moisture available, the greater the 

vapor pressure and inter-molecular friction, thus aiding the breaking of the starch's 

elastic wall. The reference pea fiour sample required significantly greater energy, 

5.08 Jlg, to gelatinize the available starch, thus demonstrating the effect of 

micronization. 

The effect of retrogradation, or the reforming of starch after tirne, is illustrated 

in Table 10. The sample that was tested in the DSC7 immediately after 

micronization needed 0.25 Jlg to melt the starch and 0.31 J/g and 0.32 Jlg was 

required for the samples tested 24 h and 14 days after micronization, respectively, 

indicating the reforming of starch is most prominent within the first 24 h. 

Tabb 10 Effect of Retropndation of Stiich 
Tmrtmont AH Onret 

(Intenslty kWlm2; Wmc; (JI0 1 Temperatun 
time rfter micronitrtion~ iOci 

as soon as possible 
* indiutes only one peak on graph (metastabili) 



Lipidr and a-amylase - The results listed in Table 11 show an increased amount 

of energy required to melt the lipids in the treated samples compared with the 

reference sarnple. This is due to the mobilization of lipids that occurs during 

micronization, making them more readily available during the melting process. The 

effect of retrogradation is not relevant for lipids in ternis of the amount present, 

because once the material is cooled, the lipids reform immediately, however, once 

reformed they melted at a different temperature due to this restructuring. For 

example, the reference sample had a melting onset point of 94.9'C for lipids, 

whereas the 23.2 kW/mz, 28% mc sample had a melting point of 95.7'C. On the 

other hand, the 12.3 kW/m2 , 28% mc sample started to melt at 91.6'C. 

Table 11 Amount of Energy Requind to Mdt Lipids 

Treatment AH (Jlg) Onset 
(lntrnrity kWh2; Temperature ( O C )  

% m l  

war disregarded as expimental error-a~er the Q-value test was prfomied 
(Neilsen 1994). 
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5.3 Obseivation 

5.3.1 Storage of Micronized Dehulled Yellow Pers - As an obsenration, the 

storage of the micronized kernels was monitored. Though no structural tests were 

performed, kernels that had been stored up to two years, in the dark and at room 

temperature, had no difference in appearance than those that had just been 

micronized. In almost al1 of the tests that were performed, the kernels were cooled 

down before placing into a plastic bag, which also allowed for any moisture on the 

surface of the peas to evaporate. The peas that were tested for mass 

measurements, however, were not allowed to cool down as moisture would have 

escaped. After about 4 wk green mold started to appear on these sarnples, 

indicating the amount of water rernaining on the surface of micronized material 

would support bacterial fungi. 



6. MO VIN^ MULTI-LAMP MICRONIZER 

6.1 Design Specifications 

Wth the information from the previous results, specificaüons were set out 

for the design and fabrication of a movable multi-lamp microniter (MLM). Since this 

machine was designed to be used in a household or small Company, it was also 

important to take the machine's physical factors into account, for example ease of 

storage and portability. 

6.1.1 Heat Intendty - The optimum heat intensity was determined based on 

several factors: the uniformity of the lamp; the temperature and moisture changes 

within the kernels; and how the IR treatment affected digestibility. 

Digestibility - Fintly, IR treatment is known to increase dry matter digestibility, but 

the amount of starch that was gelatinized needed to be determined. It was also 

necessary to make sure the digestible protein was not adversely affected by the 

process. since the type of heat treatment could adversely affect digestibility if the 

treatment was too hanh. Thus, the optimum heat intensity was detemined such 

that the product not only increased the digestibility of the dry matter and the starch 

but the amount of digestible protein increased as well. 80th the 16.8 and 

23.2 kWlm2 heat intensities increased digestible protein in addition to increasing the 

dry matter and starch digestibility, but the 23.2 kWlm2 heat intensity only required 

half of the amount of energy to gelatinize the starch when compared with the 

16.8 kWlm2 heat intensity. This indicates there was tees starch available. 
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Heat Uniformity - As previously discussed, the rniddle area (positions 3-6, a 9 cm 

length, Figure 7) under the IR unit receives a greater and more uniform heat 

intensity than the ends, staying within 2.3"C. The 12.3 kW/m2 heat intensity has the 

greatest uniformity with a variance of only 05°C in this area. For these reasons, this 

middle area under the lamp is recommended for processing uniformity, but to 

process a larger volume of peas, the whole length of the lamp can be utilized if a 

vibrating tray was implemented. 

Temperature and Moistun Changer - The greater the heat intensity, the quicker 

the kernels attained the final heating temperature and the faster they lost moisture, 

therefore, the 23.2 kWlm2 heat intensity is optimum in terms of heating rate, while 

at the same time not burning the product. 

Velocity - Ideally, the kernels would move on a vibrating conveyor belt under a 

stationary lamp. For simplicity in fabrication, however, the microniter was designed 

such that the IR unit would move along a stationary vibrating tray. The velocity of 

the moving IR unit should compare with the length of optimum heating for the 

stationary unit. Assuming the heat from the lamp emits to a 120 mm width (using 

the light emitted from the lamp as a guide to where the heat hits the material), and 

knowing it takes approximately 80 s to process the material at a height of 1 O cm and 

60 s at 8 cm. the unit should travel at a velocity of 1.5 mm/s (9.0 cmlmin) or 

2.0 rnmls (1 2.0 cmlmin). 
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Other Factors - The IR micronizing unit should have a reflective surface beneath 

the material tray. The reflective surface prevents the table top from burning, and any 

heat reflected from the surface acts as a convective heater for the material. As 

previously mentioned, the material tray should vibrate to ensure unifom heating of 

the kernels. A blower fan Model KB 4553 (Research Inc., Minneapolis, MN) was 

installed to provide forced cooling to the Pyropanel. This allows for convective heat 

flow and aids in the lifetime of the of the IR bulbs. 

Taking these factors into consideration, the 23.2 kWlm2 heat intensity is 

optimum. The temperature is within 2°C under the middle area of the lamp, and 

within 10°C overall. The final processing temperature for the 26% rnc samples was 

6°C higher than the 16.8 kw/m2 treatment, but reached it 20 s faster than the 

16.8 kWlm2 treatment without sacrificing any nutritional components. In fact, not 

only was the dry matter digestibility increased, but more starch was gelatinized than 

at any other intensity and the digestible protein increased. However, the rnoveable 

machine was designed to accommodate the 23.2 and 16.8 kW/m2 heat intensities 

as the 16.8 kW/m2 heat intensity had alrnost the same effect on digestibility as the 

greater heat intensity, but required more energy to gelatinize the remaining starch. 

Figure 1g shows the specifications for the moveable IR microniter. 

The frame is made from 2.54 cmdia steel tubing and the IR lamp is powered 

by a variable speed , revenib le, fractional honepower gearmotor (Bodine Electric 

Company, Chicago, II), 1MO hp and 43 rpm. The desired range of speed is obtained 

using a 30 and 10 tooth gear in combination. The lamp is conneded to bearings 

that travel along a 5.1 threaddcm (1 3 threaddnch) screw that guide the lamp on 
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two 2.54 cm-dia steel rads. The reflective surface and tiay heights are adjustable, 

and the tray, which is perforated metal, is removable to accommodate a change in 

sire. A 7.0 cm-dia corrugated flexible duct connects the blower fan to the air plenum 

on the lamp. 





6.2 Multi-Lamp Micronizer Results 

The MLM was operated at the previously recommended intensity and speed 

of 16.8 kW/m2 and 9.0 cmlmin, respectively, and the gop for airfiow into the fan was 

opened to result in an air speed of 1.7 mls. The temperature histories of the kernels 

across the length of the IR lamps were recorded (Figure 20). The overall 

temperature distribution varied by 1 O°C, an impiovement from the previous results 

with the stationary micronizer. The maximum temperature reached only 79.4'C, 

60°C lower than the ternperature attainable with the stationary lamp. This 

temperature difference could be attdbuted to the forced convection effect from the 

blower fan. The fan is recommended for extended use of the IR lamps, thus, the 

heating parameters had to be changed to accommodate this cooling effect 

(Research Inc. 1994). 

Figura 20 Temperature history of kemels using the MLM at 16.8 kWh2, 
9.0 cmlmin speed, and an air speed of 1.7 mls. Channels 1-5 were 
located throughout the length of the tray. 
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The air gap for the fan was closed to 1 cm (airspeed of 1.3 mls), the srnallest 

manufacturer-recommended gap (Research Inc. 19Q4), the operating speed of the 

MLM was slowed to 6.2 cmlmin, and the temperature histories were again recorded 

(Figure 21). The average maximum temperature reached was 95.812.7"C, which 

resulted in a good correlation of temperatures across the lamp but a low maximum 

temperature. The drop in temperature for channel 4 could be attributed to the 

moisture migration taking place withing kernel. As the moisture is passing over the 

thermocouple, it would have a cooling effect. 

O 50 100 150 200 250 300 
Time (s) 

Figure 21 Temperature history of kernels using the MLM at a height of 
16.8 kWlm2, lamp speed of 6.2 anlmin, and an airspeed of 1.3 mis. 

Because the heat intensity was 16.8 kWlm2, and the maximum temperatures 

were still not above 100°C, the intensity was increased to 23.0 kW/m2 (equivalent 

to the 8 cm height for the stationary lamp). Previously, it was stated that both 
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intensities were recommended, but the 23.0 k W h z  intensity rnight be too harsh for 

the surroundings - based on the stationary lamp results. However, since the kernels 

were not sitting directly on a table top, but were suspended thus leaving an air gap 

between the tray and the reflective surface, the 23.0 kW/& intensity was 

appropriate and would not burn the reflective surface. The intensity hitting the 

kernels was confirmed using the same method described for the stationary larnp. 

Figure 22 shows the temperature history for this trial (Tl )  which had a steady 

heating characteristic, and the maximum temperature for the kernels across the 

lamp was 100.7k2.3"C. only a 4.9'72 increase from those results in Figure 21. The 

lamp speed was then slowed to 3.9 cmlrnin (Figure 22, trial 2 (T2)). The maximum 

temperature was 103.1i2.1 OC; a srnall increase for decreasing the time of 

processing. The maximum temperature of kernels was usually reached when the 

kernels were directly below the middle of the lamp. In these trials, the maximum 

temperature was rnaintained as the lamp passed over the kernels. The first area 

heated consistently reached its maximum temperature aRer the lamp had 

cornpletely passed over it. The fact that the temperature within the kernels was still 

increasing after the lamp passed over the kernels and that the maximum 

temperature was rnaintained indicate that gelatinization could still be taking place 

within the pas.  Thus, as long as the kernels are maintained at a high temperature, 

the 140°C maximum temperature might need not be reached. This reflects the 

results found by Kouzeh-Kanani et al. (1981). Nonetheless, trials were continued 

to mach a higher temperature, but none were successful. 



O 50 1 O0 150 200 
Time (s) 

- CHI, T l  o CH4, T l  - CH5, T l  
CH l , T 2 C H 4 , T 2  -CH 5,T2 

Figure 22 Temperature histories of kernels using the MLM at 23.0 kW/m2 and 
an airspeed of 1.3 mls. T1 indicates a lamp velocity of 6.2 cmlmin and 
T2 indicates a lamp velocity of 3.9 cm/min. 

A trial was perfomied without the fan and at a lamp speed of 6.2 cmlmin to 

determine the fan's effect. The kernels only reached a temperature of 1 14.0°C and 

they were charred. 

Finally, trials were repeated for the following conditions: 23.0 kW/m2 ; IR lamp 

speed of 6.2 cmlmin; and an airspeed of 1.3 mls. Figure 23 is a representation of 

the temperature history. An average maximum temperature of 105.4î3.4'C was 

attained by the kernels. The first themocouple location had the lowest maximum 

temperature, but the temperature was consistently maintained within 5°C for about 

45 S. The kernel that was positioned last under the lamp maintained its maximum 

temperature for about 30 S. The temperature remained above 95'C for 45,80, and 

130 s for the first, second, and third themocouple locations, respectively. So, even 



though the maximum temperature was 

positions, it remained above 95°C for an 
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not maintained within 5°C for the latter 

extended period of time. 

O 1 O0 200 300 400 500 
Time (s) 

Figure 23 Average temperature histories of kernels processed with the MLM at 
three locations, 

6.2.1 Digestibility Detemination for the Multi-Lamp Microniter -The kernels did 

not reach an expected temperature of 140°C so the starch gelatinization was 

confirmed with DSC7 tests. These trials were similar to the previous tests, except 

the scanning rate was lowered to S°C/min to obtain a smoother curve. Since the 

scanning rate affects the AH value, the reference sarnple had to be repeated for 

comparison. Table 12 lists the melting points and AH values of starch from the 

DSC7 profiles. 



Tabk 12 Onset Tempentures and AH values of Starch 
~ioce88ed with th. MLM 
Ssmple Omet Temp AH 

The reference pea required 3.72 Jlg of energy to gelatinize the starch in the 

pea flour. The previous resuîts had a AH of 5.08 Jlg, 27% higher than this trial, 

perhaps indicating the difference in scanning rate. It was noted that when the 

samples were prepared the water did not disperse throughout the pea flour as easily 

as it had in the past. Instead, the tip of a micro-syringe was used to stir the water 

into the pea Rour. 

The MLM resulted in a decrease in the amount of energy required for 

gelatinization. The reference pea flour required 3.72 Jlg and the treated pea fiour 

needed 1.95 Jlg, a 47.5% decrease, despite having a lower maximum temperature 

attained during the microniration process than the stationary lamp. 



Microniration is an effective heat treatment for increasing digestibility and 

decreasing cooking time of dehulled yellow peas. Because of these benefits, a 

household IR micronizer, run on electricity, was designed and fabricated. 

This study resulted in the following conclusions: 

1. The theoretical amount of heat energy emitted from the lamp that reached 

the material decreased exponentially with increased height between the heat 

source and the material, and this was confirmed. The overall unifonity of 

heat energy reaching the material, however, was not affected. Of the energy 

emitted from the IR lamp, 38,29, and 22% reached the pea surface at lamp 

heights of 8. 10, and 12 cm, respectively. 

The greater the IR lamp intensity the quicker the micronization process 

occurred. The 23.2 k W h 2  heat intensity took only 60 s to micronize and had 

no adverse effects on digestibility, and the 16.8 kWh2 intensity took 80 s for 

micronziation and had comparable digestibility results. For a stationary lamp, 

the lower intensity is recommended for safety purposes. 

The initial moisture content did not have any conclusive effect on the 

rate of heating of the material or the moisture ratio histories. Comparing the 

26 and 28% mc the time of browning varied by a maximum of 3 s, and the 

total time of micronization varied by a maximum of 16 S. The maximum 
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temperature reached upon completion of micronization was greater with 

increased heat intensity but there was no absolute results in terms of 

moisture content - the maximum temperature for the 12.3 kWlm2 heat 

intensity differed by only 1°C between the two moisture contents; at 

16.8 kWlm2 the 26% mc was processed to 12°C less than the 28% mc; and 

the 26% mc treatment was rnicronized 12°C more than the 28% mc 

treatment at 23.2 kW/m2. 

3. Micronization with the stationary lamp increased the dry matter digestibility 

36% by: increasing the amount of available digestible protein by 7%; 

requiring at least 93% less heat energy to gelatinize starch in the peas; and 

re-organizing the lipid structure. In general, increased initial moisture 

contents resuled in increased gelatinization of the available starch. The 

effect of moisture content decreased with increased radiation intensity. 

4. An electric-powered, portable multi-lamp IR micronizer was designed and 

fabricated to micronize peas at heat intensities of 16.8 and 23.2 kWfm2, with 

the ability to adjust th8 heat intensity for future testing. 

The average maximum temperature reached by the kemels was 

105.4'C - approximately 35'C lower than the stationary lamp. As the lamp 

completely passed over the first heated area, the temperature within the 

kemels remained above 95'C (within 5'C of the maximum temperature) for 
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45 s, and the subsequent areas maintained a temperature above 95°C for 

80 and 130 S. 

Wth the moveable unit, the starch required 47.5% less heat energy 

than the reference sample to gelatinize, which was less than the stationary 

unit. This indicates a decrease in gelatinization when comparing the 

moveable lamp to the stationary lamp. 

5. Approximately 4 wk after the micronization process, molding resulted when 

water was not evaporated from the surface of the kernels. Those kernels that 

were cooled after micronization and stored up to two years were not affected 

by mold growth and appeared to be in tact. 



This study proved micronization was an effective means of heat treatment 

for dehulled yellow peas, and a feasible method of processing for small, rural- 

based, value-added companies. The following recommendations for further study 

were devised from this work: 

1. Enclose the unit for improved safety precautions. The unit supporting the IR 

bulbs did not get hot enough to cause burning during these experiments. 

However, if the machine is run for hours at a time, it will get hot enough to 

cause injury if touched, therefore a guard or shield is recommended. Also, 

if the unit is enclosed greater efficiency of the system due to convection 

should be determined. 

2. Eventually, a vibrating conveyor belt should be devised such that the material 

will be moving, and not the lamp. This would simulate the industrial-sized, 

gas-fired machines and would allow for easier cooling and packaging of the 

kernels. 

3. Design a controlled untoading system to aid in the packaging process. After 

the peas have been micronized, it is important to cool them to prevent any 

packaging from melting as well as allowing the excess moisture to evaporate. 

The kernels being micronized first would have a chance to cool down, though 

last ones to receive the IR heat will still be hot and leaving the kernels on the 
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tray may stall processing. Therefore, a device should be designed to allow 

for sufficient cooling time as well as provide a simple emptying device for 

packaging the material. 

4. Additional materials should be tested on this machine to determine their 

optimum processing characteristics while maintaining good digestibility. 

5. The reason for the lower maximum temperature of the kernels should be 

determined, and further test the effects of high-temperature holding-times on 

gelatinization and efficiency. 
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APPENDIX 8 PREPARATION OF SOLUTIONS FOR DIALYSIS/D~GES~B~LITY 
EXPERIMENTS 

0.05 M phosphate buffar pH 7.0 

75.35 g of monobasic sodium phospate (monohydrate) was dissolved in 2.73 L 
distilled water (Solution A). 121 -27 g of dibasic sodium phsphate was dissolved 
in 4.27 L distilled water (Solution 6). The two solutions were mixed and 14.00 L 
distilled water was added to make 0.05 M buffer. 

0.1 M phosphate buffer pH 7.0 

5.38 g of monobasic sodium phosphate, monohydrate was dissolved in 250 mL 
distilled water (Solution A), and 8.66 g of dibasic sodium phosphate in 500 mL 
distilled water (Solution B). The two solutions were mixed and diluted to 1 .O L. 

1 .O M HC1154 mM NaCI solution 

8.5 ml concentrated HCI (37%) was added to 3.2 g NaCl and made up to 1 .O L 
with distilled water. 

Pancreatin solution 

0.2 g pancreatin (P 7545, 8 x U.S.P., Sigma) was dissolved in 2.0 ml of 0.1 M 
phosphate buffer. 

Spectrum SpecWPor Molecularporous membrane tubing 
Dialysis 45 mm tubing 100 R flat 

Wdth: 45f2 mm 
Diameter: 29 mm 
VoüLength: 6.4 mUcm 
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APPENDIX C CONFIGURATION FACTOR FOR IDENTICAL, PARALLEL DIRECTLY 

Y 2/(pi*XY) 1st term 2nd temi 4th tem 6th term F(1-2) 

'The IR lamps are 2.0 cm above the bottom of the vertical shielding 
(Figure 6). All of the energy that is given off by the lamps passes through this 
opening (assuming reflectivity is 1 .O), since it is the only opening, and it acts as the 
'invisible source.' Thetefore, the variable c is useâ as 4, 6, 8, and 10 cm for the 
respective lamp heights. 
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APPENDIX F f EMPERATURE CHANGE PER SECOND OF DEHULLED YELLOW PEAs 
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APPENDIX H DATA SHEET FOR DIGESTIBIUM EXPERIMENTS 

Digestible Dry Matter 
Treatmen t Sarnple Peprin Dry Matter after Digested Dry 

Weight Weight Dialyris Matter 

Reference 1 5,1509 0.5085 2.8167 45.32 

Reference 2 5.0420 0.5024 - a - a 

16.8 kWlm2; 1 4.9543 0,5016 1.4573 70.59 

16.8 kW/m2; 2 4.9598 0.5036 1,3830 72.12 

23.2 kW/m2; 1 5.0270 0.5006 1.4495 71.17 

23.2 kWlm2: 2 5.0839 O. 5049 1.3149 74.14 
a Tube broke du ring dialysisldigestion 

lnitially at 26% rnc when micionized 

Dry Matter Digestibility = Pl, -Md Ioo% 
Ms 

where: 
M, = Sample Weight (g) 
M,, = Dry Matter Weight (g) 



Protein Remaining Aîter Digestion 

-- 

Treatment Sample Volume Remaining Average Standard 
Weight of Acid Protein Remaining Deviation 

(9) (mi) (Y Protein (%) 
(Oh) 

Reference 1 

16.8 kWlmz; lb 

16.8 kWlm2; 2 

23.2 kW/m2; 1 

23.2 kWlm2; 2 

Und igested 
reference 

0.51 13 12.03 
lnitially at 26% mc when micronized 

% Protein = N * N[HCI] ' V ' 6.25 . 
4 

where: 
N = Atomic weight of N, 14.01 glmol 
N[HCI]= Nonnality of HCI, molesL 
v - - Volume of acid, L 
6.25 = Protein w nversion factor 
M, = Sample weight, g 



Digestible Protein 

Sample Protein Ldt Original Protein Protein 
after Protein Digerted Digested 

Digestion (g) (a) (%) 
I%) 

--- -- - - - - - -- - - 

Reference 1 6.79 1 .O893 0.1913 82.44 

Reference 2 - - - - 
16.8 kW/m2; 1 9.52 1.0477 O. 1 387 86.76 

16.8 kW/&; 2 7.75 1 .O489 O. 1072 89.78 

23.2 kW/m2; 1 9.66 1.0631 O. 1400 86.83 

23.2 kW/m2; 2 9.41 1 .O751 0.1237 88.49 

Undigested 21.15 

Original Protein = M;%P 

where: 
M, = Sample weight, g 
%P = Percent protein in undigested reference sample, 21.15 g 

Weight of Protein Digested = M,*%P 

where: 
Mo, = Dry Matter weight, g 

% Protein Oigested = [(Original Protein) - (Protein Digested)]/(Original Protein) 



Reference Sample: Tnal 3 
Temperature Range: 50-80°C 
Temperature Range: 70-1 1 O°C 

23.2 kWh2; 26% mc; T . !  7 
Temperature Range: 40-70°C 
Temperature Range: 70-1 10°C 

23.2 kW/m2; 28% mc; Trial 3 
Temperature Range: 40-70°C 

16.8 kw/m2; 26% mc; Tnal3 
DSC perfonned immediately aRer pmcessing 

Temperature Range: 45-70°C 

16.8 kW/m2; 26% mc; Tnal 1 
DSC performed 24h aRer pmcessing 

Temperature Range: 45-70°C 
Temperature Range: 70-1 10°C 

16.8 k W/m2; 26% mc; Triel 2; 
DSC perfomed 2 wk aiter pmcessing 

Temperature Range: 40-70°C 
Temperature Range: 70-1 W C  

16.8 k W/m2; 28% mc; fa1 2; 
Temperature Range: 40-70°C 

12.3 kW/m2; 26% mc; Tifal3 
Temperature Range: 40-70% 
Temperature Range: 70-1 10°C 

12.3 k W/m2; 28% mc; T M  2 
Temperature Range: 59-M°C 
Temperature Range: 92-9Q0C 
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S a q l e  Wefgh:: 10.180 mg 
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APPENDIX J DSC CURVE FOR MELTING WAXY MARE 




