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Abstract

Organic, hard red winter wheat of 11% moisture teagpered with distilled water to
moisture levels of 16 and 18% and held for 8, D@l 24 h. At each moisture and holding time
wheat was unexposed (control) or exposed to irdreadiation for 1, 1.5, and 2 min using a
bench-top flameless catalytic infrared emitter. Tirean external grain temperatures for 16% mc
wheat measured with thermocouples during infrasgubsure of 1, 1.5, and 2 min ranged from
77.4-83.1, 93.7-101.2, and 91.2-98.3°C, respegtivarresponding mean internal temperatures
were 67.3-76.4, 80.0-85.6, and 81.3-93.2°C. Mutfierences in kernel moisture, hardness, and
weight were observed among treatments. Temperedtvaffiier infrared exposure among
treatments lost 1.5-2% moisture. Infrared exposfirgheat reduced initial bacterial loads
(6.7x1d CFU/g) by 98.7% and fungal loads (4.3%TQFU/g) by 97.8% when compared with
those on untreated wheat. Wheat tempered to 18%»grased for 2 min to infrared radiation
lost 2% moisture, and this wheat when milled hgeell of 73.5%. The color of flour from
infrared- exposed wheat was slightly dark (colaarae AE = 0.31) when compared with
untreated flour. Differential scanning calorimestyowed that flours from infrared exposed
wheat had lower enthalpy (3.0 J/g) than those uneegbto infrared (3.3 J/g). These flours were
adversely affected because they had longer mixmest (7-15 min) at all infrared exposures due
to the presence of insoluble polymeric proteinst@uf0%). Microbial loads in flour from wheat
tempered to 18% and exposed for 1-2 min had 0.6e8.4eduction compared to flour from
untreated wheat.

Wheat tempered to 18% moisture with electrolyzeutiaing (EO) water reduced
bacterial and fungal loads up to 66%. EO water greghwheat exposed for 1, 1.5, and 2 min to
infrared radiation showed microbial reductions 8f3% when compared with control wheat.
Infrared treatment of tempered wheat cannot bemnezended as it adversely affected flour
functionality. The use of EO water for temperingoaposed to potable water that is generally

used in mills slightly enhances microbial safetyhafd red winter wheat.
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Chapter 1 - Rationale for evaluating flameless catwgtic infrared

radiation on wheat microbial loads, milling yield and quality



1.1. Rationale for research

Wheat is the world’s most important food crop pding about one-third of the global
production of cereals, yielding over 600 milliontn@tons annually (http://www.ers.usda.gov).
The United States ranks third in the world in wha@iduction and produces about 64 million
metric tons annually. About 31 million metric toa® exported to 100 countries while 33
million metric tons are consumed domestically (ipvw.uswheat.org). In 2000, Kansas stored
30 million bushels of hard red winter wheat onfdrens and 245 million bushels was stored off
the farm.

Wheat in storage is susceptible to spoilage bycisséungi, and bacteria. Depending on
the length of storage, grain moisture, and usel@ral of pest management, stored wheat is
attacked by a variety of insect species (Storey.e1984; Reed and Pedersen, 1987; Kenkel et
al., 1992; Martin et al., 1997), bacteria (Ottogaiid Galli, 1979; Eyles et al., 1989; Richter et
al., 1993; Manthey et al., 2004), and fungi (Clensien, 1957; Cornell and Hoveling, 1998;
Daisuke et al., 2001).

Bacterial and fungal growth on stored grain cassgsficant reductions in both the
guantity and quality (Paster et al., 1995; Mckemtial., 1997). For example, in the United
States, the annual storage losses caused by fndgnsects are estimated at more than $500
million (Kells et al., 2001). Many species of furgypduce mycotoxins which are highly toxic to
animals and humans (Paster et al., 1995; Mckenzk,d997).

New and innovative technologies need to be congtarplored for effective
disinfestation and disinfection of wheat, becausgroblems associated with pesticide residues,
resistance development in pests, assure food safefyto meet quality demands of domestic and
foreign buyers. Very few pest management optioasaaailable for managing pests for organic
stored wheat. One such alternative that appedrs the use of infrared radiation for disinfesting
and disinfecting grains.

Infrared radiation is that part of the electromagngpectrum with wavelengths between
those of ultra-violet and of microwave radiatiomeTwavelengths of infrared radiation range
between 0.5 pum and 1000 um and interact with foaterals by reflection, absorption,
transmission and scattering (Rosenthal, 1996).pEmetration of infrared rays into the food
material causes the water molecules to vibratefr@gaiency of 60,000-150,000 MHz and this



causes rapid heating. The dissipation of radiaivergy as heat results in particular surface
temperatures and penetration depths specific tiotitematerial treated, depending on the
infrared wavelength, product composition, wateivagtand product thickness (Sakai and
Hanzawa, 1994). Infrared radiation does not hedaheasurrounding medium.

Infrared radiation can be divided into three catexs namely near infrared (NIR; 0.75 —
1.4 um; temperature less than 400°C), mid infrared (MIR;— 3um; temperature in the range
of 400°C to 1000°C), and far infrared (FIR; 3-1Q00; temperature more than 1000°C) (Sakai
and Hanzawa, 1994; Skjoldebrand, 2001). Shorteeilgagth infrared radiation has greater
penetration while producing lower temperature camgao longer wavelength radiation
(Skjoldebrand, 2001). Infrared heating has sestahntages such as (1) higher heat transfer
capacity, (2) instant heating because of direct peaetration, (3) high energy efficiency, (4)
faster heat treatment, (5) fast regulation respd@3detter process control, (7) no heating of
surrounding air, (9) uniform heating, (10) presgion of vitamins, and (11) less chance of
flavor losses from burning of foods (Dagerskog @stlerstrom, 1979; Afzal et al., 1999;
Skjoldebrand, 2001).

The use of intense infrared radiation (FIR) wadwatad two decades ago in the United
States for killing immature stages of stored- giasects developing within kernels as well as adult
(Tilton and Schroeder, 1963; Cogburn, 1967; Cogletiial., 1971; Kirkpatrick and Tilton, 1972;
Kirkpatrick et al., 1972, 1973; Tilton et al., 1983akai and Hanzawa (1994) indicated that FIR
energy penetrates very little; almost all the epesgonverted to heat the surface of food. These
findings were consistent with the study of Hashionett al. (1993) who evaluated FIR heating
technique as a surface sterilization method taBsttherichia colandStaphylococcus aureus
suspended in phosphate-buffered saline solutiomdtaka et al. (2000) and Uchino et al.
(2000) investigated sterilization of wheat surfaseng infrared radiation. Infrared radiation is
transmitted through water at short wavelength wéeeed longer wavelengths it is absorbed at the
surface. Hamanaka et al. (2000) examined the diglioih effect of infrared radiation on wheat
inoculated withAspergillus nigerin which the wheat was treated with infrared mgpat 2 kW
for 30 sec, followed by cooling for 4 h, and agaeated for 30 sec with infrared radiation to
obtain a 1.6 log reduction in colony forming ur(@&~U)/g. Uchino et al. (2000) exposed wheat
to infrared radiation for 28, 37, and 63 sec aralwated microbial load reduction. However,

sterilization effects of infrared treatment for@extded exposure times have not been studied.



Moreover, in studies conducted on insects and esptemperature of substrates exposed to
infrared radiation was measured immediately aft@osure and not in real time. Therefore, in
these studies, actual temperatures attained byréne were under estimated. Infrared radiation
sources used were lamps or tubes with low pow&rl{d/), or gas-fired emitters with high
power ranges (14 kW) resulting in very high tempees (900°C). In previous studies with
insects natural gas or propane were combustedcevamic panels in the presence of oxygen
and had open flames.

Unlike gas-fired emitters, the flameless cataliyifcared emitter developed by Catalytic
Industrial Technologies LLC, Independence, KS, UB#p://www.catalyticdrying.com), uses
propane or natural gas combusted over a platindahysain the presence of oxygen to emit
infrared energy in the 34/m wavelength range resulting in temperatures b&o®C. The
catalytic infrared heaters are environmentallyrfdly and do not produce any N@ CO. The
co-products of catalytic oxidation-reduction reaotare carbon dioxide, water vapor, and
infrared radiation.

Pan et al. (2008) used flameless catalytic infrasglihtion to simultaneously dry and
disinfest paddy rice. Eggs and adults of the legssin borerRhyzopertha dominicér.) and
Angoumois grain mottSitotroga cerealellgOlivier) were exposed to infrared radiation along
with the paddy rice. A total of exposed 250 g paddg of 20.6 and 25.0% moisture (wet basis,
wb), on a drying bed in a single layer for 15, @0, and 90 sec. After 15, 40, 60, and 90 sec
exposure the 20.6% moisture paddy rice attainegpeeatures of 42.8, 54.3, 61.2 and 69.4°C,
respectively; corresponding temperatures of 25.08isture paddy rice were 42.8, 55.5, 59.1,
and 68.0°C. The study recommended heating paddyaié0°C in 60 sec, and moisture loss
after exposure of paddy rice at the two moisturas about 1.7%. This recommended treatment
regimen resulted in 0.7-1.2% higher total rice ¢i@hen compared with conventionally dried
paddy rice.

Khamis et al. (2010; 2011a,b) studied the effectss of flameless catalytic infrared
radiation against all life stages of the rice we&iophilus oryzaégl.), red flour beetle,
Tribolium castaneuniHerbst), andR. dominicainfesting hard red winter wheat of 12% moisture
(wb). In these studies, temperatures were measureadl time during infrared exposure. They
reported that exposure of 113.5 g of wheat in glsitayer at a distance of 8 cm from the

infrared emitter surface for 1 min killed all ligtages of the three insect species. The



temperatures required for complete disinfestatadribe three species ranged from 90-114°C.
The temperatures attained by wheat did not adyesdtdct wheat milling yield and flour quality
(Khamis et al., 2011c). Wheat quality was perhapsfected because Khamis et al. (2011c)
wheat was tempered to 16% moisture (wb) after iaft@xposure. It is unclear whether infrared
exposure of tempered wheat has any adverse effectslling yield and flour quality. This

guestion formed the basis of my thesis research.

1.2. Infrared radiation basics

Temperature of the heating element determines #welngth at which maximum
radiation occurs as described by Planck’s law, Widisplacement law, and Stefan-
Boltzmann's law (Dagerskog and Osterstrom, 1978aBand Hanzawa, 1994).

The amount of heat emitted from a black body (arktEcal object that absorbs 100% of
the radiation that fall on it) can be determinemhgdhe Stefan-Boltzmann’s equation:

Q= cAT*

where,Q is the rate of heat emission in J/$s the Stefan-Boltzmann’s constant (5.7 x
10° W/m’K?), A is the surface area in“randT is the absolute temperature in °K. This law
clearly indicates that even a small increase irpeature can lead to higher rate of heat
emission.

Infrared heating element emits radiation in ranp@avelengths with varying intensities.
The wavelength at which maximum radiation occuigetiels on the lamp temperature according

to Planck’s equation:

2mhe,”
fic, ]
2 .45 \ nA

7 }. e nAkT

E _(T,A)=

—1

where,E is the emissive power of a black botlyis the Planck’s constant (6.626 x°I8),c, is
the speed of light in km/syis the refractive index of the mediuiis the wavelength ipm, k is
the Boltzmann’s constant (1.3806 Xx2@/K) andT is the absolute temperature in °K. As the
temperature of the heating element increases, #velength at which maximum radiation

occurs decreases and the total energy emittedaisese



Wien’s law states that the wavelength correspontbngaximum emission is inversely
proportional to the black body temperature accagdinWien's law:
2900

0x T

where AmaxiS the wavelength corresponding to maximum emisgigum andT is the absolute

temperature of the black body in °K.

1.3. Interaction of infrared radiation with food materials

As food is exposed to infrared radiation, it iheitabsorbed, reflected, or scattered.
Absorption intensities at different wavelengthsyaith food components. As the infrared
radiation is absorbed by food components, the tidoraand rotation of the molecules change
because of a decrease or increase in the distatwedn atoms, movement of atoms, or
vibration of molecules which leads to radiative tivea(Skjoldebrand, 2001). A significant
portion of the infrared radiation is reflected degieg upon the wavelength. Less than 10% of
the radiation is reflected back in the FIR wavetarrggion (Skj6ldebrand, 2001).

The rate of heat transfer to food material dep@mdseveral factors such as the
composition, depth, temperature of the infrared@®mumoisture content of the food material,
shape and surface characteristics of the food mb{&kjoldebrand, 2001).Water and organic
compounds such as proteins and starches whichearaain components of food absorb infrared

energy at wavelengths greater thanirb(Sakai and Hanzawa, 1994).

1.4. Pathogen inactivation mechanism of infrared hed treatment

Infrared heating can be used for pathogen ina@inal here are limited studies
performed on the application of infrared radiationpathogen inactivation in food systems
(Uchino et al., 2000; Daisuke et al., 2001; Jun landayaraj, 2003). Several researchers have
suggested numerous targets for inactivation sudhNgs, RNA, ribosome, cell envelope, and
proteins in the cell. Mid to far-infrared radiatieused in the pasteurization of food products,
because the absorption of infrared energy by watdrorganic materials is high in this
wavelength region (Sawai et al., 1995). The samsitof E. colito the antibiotics like rifampicin
and chloramphenicol increased following heat tremimvith far infrared irradiation and thermal
conduction, suggesting that the damage to RNA peigse and ribosome occurred leading to
cell death (Sawai et al., 1995).



1.5. Role of infrared radiation in wheat conditionng

Wheat is conditioned before milling primarily topnove its physical state. Tempering
involves adding water to wheat before milling tagben the bran and soften the endosperm, and
thus improve the efficiency of flour extraction. &t conditioning methods using heat,
practiced in European countries, reportedly sheddhe time required for conditioning as well
as improved the baking quality of soft wheat (Braghet al., 1960). Studies on warm
conditioning (at temperatures less than 46.1°Q)choditioning (at temperatures over 46.1°C)
and steam conditioning of wheat have been reptyegradbury et al. (1960).

Early studies on Kansas hard wheat were undertiakéatermine whether the
improvements in milling/baking quality accompanythg ‘aging’ of wheat immediately after
harvest could be achieved by moistening and he#tmgvheat (Bradbury et al., 1960). Swanson
et al. (1916) used temperatures ranging from 28t&€ and quantities of water ranging from 25
to 100 cc/kg of wheat at different holding times éach treatment, and concluded that heating of
moistened wheat improved the milling quality of wahand baking quality of flour to some
extent. The chief advantage claimed for hot coaditig is that the use of heat reduces the
standing time required for penetration of moistate the grain. Mellowing of hard wheat
kernels is largely dependent on the entrance oftw. From the data given by Polewka (1929)
it appears that heat of conditioning facilitatedloveing process. He determined texture of
kernels by examining sections with a diaphanosc8peafer (1954) attributed the easier
separation of bran from endosperm to the hardewifipgotein contents of the cells of aleurone
layer. This hardening was considered to have mtadechanically easier for the flutes of the
rolls to scrape the outermost endosperm cells frebran.

Bradbury et al. (1960) indicated that infrared atidin had been used to some extent in
Germany to dry wheat grain for milling and that tost was compensated for by the increased
yield and quality of flour. Rumpf (1955) statedtth&rared radiation of 2.5 to 3 kW can be used
to condition 100 kg of washed wheat grains to 40c8for improved flour yield and quality. He
also observed that the over extensible gluteniiawmlamaged/soft wheat were strengthened
due to radiative heat. Pan et al. (2008) statedhttating by conventional methods has
disadvantages like slow heating and non-unifornt disdribution, which results in moisture
gradients within paddy grain. The moisture gradenitld induce tensile and compressive

stresses resulting in fissures after cooling. Rah. €2008) observed these effects on infrared



heating of paddy grain. | hypothesize that simgiiect of stresses and fissuring could be caused
in wheat due to non-uniform conventional heating. pemise is that infrared radiation can
provide a solution for achieving fast and relatyehiform heating resulting in reduced moisture
gradient within the grain, which in turn may indudeaner separation of bran resulting in

improved milling yield.

1.6. Flameless catalytic infrared heating

Catalytic Drying Technologies LLC, Independence, K&s developed a proprietary
flameless infrared technology for diverse dryinglagations. The company received an award
from the United States Environmental Protection#uyés Pollution Prevention Program for
developing the flameless catalytic infrared radiatource, under the “Environmentally
Preferable Products” category. Unlike flame irdcaemitters, in flameless infrared emitters,
propane or natural gas chemically react at theasardf a platinum catalyst below gas ignition
temperatures, delivering peak radiant energy irBtdeum range, and the resulting temperatures
are below 500°C (Khamis et al., 2010).

The bench-top flameless catalytic infrared emiti&s a circular heating surface of 613.4
cnt and is fueled by a propane cylinder (Ozark Traifane Fuel, Bentonville, AR) at 27.9 cm
(0.40 psi) of water column pressure. To initiate thaction, the coil is heated with a 110 volts
electrical supply for 15 min. The propane reacth wikygen in the presence of a platinum
catalyst and emits infrared radiation. The co-paslof this reaction are carbon dioxide and
water vapor. The total heat energy output of tmis is 1.5 kW/h (Khamis et al., 2010). The
reaction producing infrared energy is shown below:

CsHg+ 50, —» 3CQO, + 4H,0 + infrared energy

1.7. Research Hypotheses
Wheat tempered to different moisture contentsfétreint holding times, and
subsequently treated with infrared radiation fdfedent exposure times could result in a
substantial reduction of microbial loads (bactana fungi), and an increase in milling yield

without adversely affecting flour quality.



1.8. Research objectives

The research reported in this thesis focuses oloeng infrared radiation as a tool for
reducing bacterial and fungal loads in wheat acdemse milling yield. This study also
examined wheat physical properties, flour functlitp@and end-use qualities. Furthermore, this
study explored the use of electrolyzed-oxidizin@JRvater as a tempering agent for wheat to
reduce microbial loads. Specific objectives of thagk included: (1) measuring external and
internal temperature profiles of wheat grain duiimigared heating, (2) evaluating effects of
infrared heating on microbial loads of whole whasadl flour, (3) determining effects of infrared
heating on wheat physical properties, germinatioifiing yield, and flour quality and
functionality, and (4) evaluating effects of EO wmatised for tempering wheat plus infrared
radiation on microbial loads of whole wheat andiflo

This thesis has five chapters including this intrctdry chapter. The first chapter
describes infrared radiation principles and baaias provides a rationale for the work reported
here. In chapters two through four, we exposed wigaand 18% moisture [mc], wet basis
[wb]) tempered for 8, 16 or 24 h to flameless cdialinfrared radiation for 1, 1.5 and 2 min. In
the second chapter, the internal and external teatyres of wheat kernel during infrared heating
were measured using thermocouples and comparéstistdly to determine differences in
temperatures attained. Thermal conductivity anflisiivity were calculated for wheat tempered
to 18% mc for 24 h and exposed to infrared radmetow 2 min. In the third chapter, reduction in
bacterial and fungal loads on tempered wheat duningred radiation exposure was evaluated,
and the average infrared radiation exposure timeired for one-log reduction of microbial
loads D-value) was determined. In the fourth chapter ctienges in wheat physical properties
namely moisture, weight and hardness, and gerromatere evaluated. Wheat tempered to 18%
mc and IR treated for 1.0, 1.5 or 2 min was mibed the milling yield was calculated. The flour
was evaluated for changes in color, falling numbathalpy, baking quality and amount of
insoluble polymeric protein present. In the fiftmapter, wheat was tempered to 18% mc for 24 h
with distilled water and EO water. The reductiorbacterial and fungal loads on wheat
unexposed and exposed to infrared radiation far3.and 2 min were evaluated and the
correspondindp-values were calculated.

Described below are standard microbial plating pdaces that are not mentioned in

detail within each chapter:



(a) Preparation of media

Bacterial counts were estimated using Tryptic SoytlBAgar (TSBA) base (Beckton,
Dickinson and Company, Sparks, MD, USA). To 1.0fdistilled water, 23.0 g of TSB and 12.0
g of nutrient agar were added and placed on a haateshaker (Thermolyne, Dubuque, IA,
USA) with a magnetic stirrer placed inside the medior homogenous mixing. After mixing
for 15 min, the medium was autoclaved in a steileet to 121°C at a pressure of 2038.9 cm of
water column (29 psi). The medium is then pouréd #90 x 15 mm Petri plates and allowed to
solidify. After solidification the plates were inted.

Fungal counts were estimated using Potato Dextkgse (PDA) base (Oxoid Inc.,
Hampshire, England). To 1.0 L of distilled wated,Bg of PDA was added and the medium was
prepared following the same procedure as indicitedacterial counts. Chloramphenicol (75
mg; Genlantis, San Diego, CA, USA) dissolved inilof ethanol was added to the medium
before pouring into petri plates as mentioned above
(b) Preparation of inoculum

Blanks consisting of 100 ml distilled water eadr, dll samples were prepared by
dissolving 1 g of peptone (Beckton, Dickinson amahfpany, Sparks, MD, USA) in 1 L distilled
water and autoclaved at 121°C at 2038.9 cm of wattlermn (29 psi). Test tubes containing 9 ml
distilled water were also autoclaved along witls tiifter cooling down, 10 g of sample was
dissolved in the100 ml blank. From this sample,| bhinoculum was transferred to the 9 ml
distilled water in test tube which makes the inaculconcentration to 10 Similarly inoculums
of 102, 10° and 10* concentrations were prepared.

(c) Inoculating media plates and enumeration

Inoculums (100 pL) were poured onto the media gmeagl uniformly using sterilized

glass rod. The inoculated media plates were placad incubator under controlled conditions

(25°C and 65% RH). The bacterial and fungal col®miere counted after 48 h of incubation.
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Chapter 2 - Thermal diffusivity in wheat kernels exposed to

flameless catalytic infrared radiation
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Abstract

Organic hard red winter wheat of 11% moisture (¢dontrol) was tempered to 16 and
18%, and wheat at each moisture content was hel] fo6, and 24 h in sterile plastic bags.
Wheat (113.5 g) in a circular stainless steel gagaeh moisture and holding time was subjected
to infrared radiation for 1, 1.5, and 2 min at staince of 8 cm from the emitter surface. During
infrared exposure, temperature on the surfaceeoitieat kernel and at a depth of 2 mm within
the kernel were measured continuously with J-tjx@emhocouples. These measurements were
made for a kernel placed at the center of the panultaneously, temperatures of the wheat in
the pan center during infrared exposure were medstontinuously with a non-contact infrared
thermometer placed at a distance of 85 cm. Irreditinent combinations, mean external
temperature of grain measured by thermocouple durjri.5, and 2 min exposures ranged from
74.0-83.1°C, 93.3-101.4°C, and 91.2-99.3°C respelgti Mean internal temperature of grain
measured by thermocouple during 1, 1.5, and 2 xposures ranged from 67.3-76.4°C, 80.0-
85.6°C, and 81.3-94.3°C respectively. Mean surfaggerature of grain measured by infrared
thermometer during 1, 1.5, and 2 min exposuresa@éufipm 81.3-99.8°C, 90.9-104.2°C, and
101.5-110.4°C respectively. The thermal condugtiaitd diffusivity were determined for 11%
mc (control), 16% and 18% mc wheat at 1, 1.5 andrRexposure, and the values were not
significantly different among treatment>0.05). Linear regression modgl< a + bx) were fit
to the grain surface temperatures vs. internal &gatpres. The corresponding parameter
estimates showed the relationship between theTiis.helps in predicting the internal grain
temperature when the external surface temperaguaeown and vice versa during infrared
heating.
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2.1. Introduction

Infrared radiation is used for grain drying (Bradbat al., 1960; Schroeder and Rosberg,
1960; Faulkner and Wratten, 1969; Pan et al., 206B8rontrolling various life stages of internal
and external stored-product insects (Tilton and&sdter 1963; Cogburn et al., 1971;
Kirkpatrick and Tilton, 1972; Tilton et al., 1988hd for pathogen inactivation on cereals
(Hamanaka et al., 2000; Uchino et al., 2000; Juhlardayaraj, 2003). In all these studies, grain
temperatures were measured after infrared expasut@ot in real time, which may have
resulted in under-reporting actual temperaturesragt by the grain because of natural cooling
after exposure at ambient conditions. Infraredatioin sources used were lamps or tubes with
low power (0.5 kW), or gas-fired emitters with higbwer ranges (14 kW) resulting in very high
temperatures (900°C). They used natural gas ormpepombusted over ceramic panels in the
presence of oxygen and had open flames.

Unlike gas-fired emitters, the flameless cataliyifcared emitter developed by Catalytic
Industrial Technologies LLC, Independence, KS, UB#p://www.catalyticdrying.com), uses
propane combusted over a platinum catalyst in tasgmce of oxygen to emit infrared energy in
the 3-7um wavelength range resulting in temperatures b&@®fC. The catalytic infrared
heaters are environmentally friendly and since theyot use any flame, these heaters do not
produce any NQor CO. The co-products of catalytic oxidation-retitut reaction are carbon
dioxide, water vapor, and infrared radiation.

Pan et al. (2008) used flameless catalytic infraageliation to simultaneously dry and
disinfest paddy rice. They exposed 250 g paddywitle moisture contents 20.6% and 25.0%,
on drying bed in a single layer, for 15, 40, 6®@0rsec. The average infrared intensity at the
paddy rice surface was 5348 Wimfter 15, 40, 60, and 90 sec exposure the 20.@fstore
paddy rice attained temperatures of 42.8, 54.2 &id 69.4°C, respectively; corresponding
temperatures of 25.0% moisture paddy rice were,&5%, 59.1, and 68.0°C. The study
recommended heating rice for 1 min to attain a txeoire of 60°C to completely disinfest eggs
and adults of the Angoumois grain mafitotroga cerealellgOlivier) and lesser grain borer,
Rhyzopertha dominic@.). This recommended treatment regimen result@®d7-1.2% higher

total rice yield when compared with conventionaled paddy rice.
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Pan et al. (2008) also measured temperatures iof lged after infrared exposure using a T-type
thermocouple (Omega Engineering Inc., Stamford, C3A).

Khamis et al. (2010; 2011a,b) studied the effectss of flameless catalytic infrared
radiation against all life stages of the rice we&iophilus oryzaégl.), red flour beetle,

Tribolium castaneuniHerbst), andR. dominicainfesting hard red winter wheat of 12% moisture
(wb). In these studies, temperatures were measureadl time during infrared exposure. They
reported that exposure of 113.5 g of wheat for single layer at a distance of 8 cm from the
infrared emitter surface for 1 min killed all ligtages of the three insect species. The
temperatures required for complete disinfestatairibe three species ranged from 90-114°C.
The temperatures attained by wheat did not adyeedtdct wheat milling yield and flour quality
(Khamis et al., 2011c). Wheat quality was perhapsfected because Khamis et al. (2011c)
wheat was tempered to 16% moisture (wb) after iaffaxposure. The exposure of tempered
wheat to infrared radiation on temperatures atthimdeat physical properties, flour quality, and
microbial loads are unknown.

In the present investigation, experiments weregihesl to determine ‘real-time’
temperatures attained by wheat tempered to 16 &#dmoisture (wb) and held for 8, 16, and 24
h prior to milling exposed to infrared radiationm fiy 1.5, and 2 min. The latter two exposures
were greater than those used by Khamis et al. (Z111a,b,c). The effects on wheat physical
properties, microbial loads, germination, millinghgd and flour quality are reported in chapters
three to five. Like Khamis et al. (2010; 2011a,bezpperature of wheat in all treatment
combinations were measured continuously using acoatact infrared thermometer. In
addition, thermocouples placed on a wheat kerméhse and at a depth of 2 mm from the
surface were also measured. Specific researchtolggavere to (1) compare the internal and
external temperature profiles of wheat during irdthexposures with those measured by infrared
thermometer and (2) calculate thermal conductiartg diffusivity of tempered wheat subjected

to infrared radiation.
2.2. Materials and Methods

2.2.1. Wheat samples
Uninfested, organic hard red winter wheat (vargéagwas procured from Heartland

Mills, Marienthal, KS, USA. The initial mean + SEomture content of wheat was determined
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using the Perten 4100 Single Kernel Characterigeigstem (SKCS, Perten Instruments North
America Inc., Springfield, IL, USA), and was foutalbe 10.8 + 0.1%n(= 300). About 200 g of
wheat was placed in sterile polythene Ziploc bagh@r Scientific, Pittsburg, PA, USA) and
distilled water was added to increase the grairstuce to 16 or 18%. The amount of distilled
water added was calculated using the following tder{Harris and Lindblad, 1978):

Amount of water added (in ml) 100-nitial molsture

100-Tinal moisture

-1| x Amount of wheat (in g)

The bag with wheat after adding water was shakgorgusly for 10 mins to provide form
coverage of the added water on all kernels. Thenmi€8E actual moisture contents verified by
SKCS at 16 and 18% wheat were 15.9 + 0.0% and#@.1%, respectively. The wheat at each
moisture content was allowed to temper for 8, b@l, 24 h in an environmental growth chamber
(Percival, Perry, IA, USA) at 28°C and 65% RH.

2.2.2. Infrared heating
A bench-top flameless catalytic infrared emitteai@ytic Drying Technologies LLC,
Independence, KS, USA) was used for heating wiiglads a circular heating surface of 613.4
cnt and is fuelled by a propane cylinder (Ozark TPadpane Fuel, Bentonville, AR) at 27.9 cm
(0.40 psi) of water column pressure. To initiate teaction, a heating element within the emitter
casing is heated for 15 min. The propane reacts eygen in the presence of a platinum
catalyst and emits infrared radiation in the 3-7 gamge. The co-products of this reaction are
carbon dioxide and water vapor. The total heatgneutput of this unit is 1.5 kW/h. The
reaction producing infrared energy is shown below:
GHg + 50, —» 3COG, + 4H,0 + infrared energy
A steel pan (28.0 cm in diameter and 3.8 cm inlgepith a handle was used to expose 113.5 g

of wheat in a single layer to infrared radiatioraatistance of 8.0 cm from the emitter surface.

2.2.3. Temperature measurements
Two iron-constantan J-type thermocouplesdid ) were used to measure “real-time”
internal and external temperatures of wheat dunfrgred exposure. For measuring internal
temperature, Twas inserted into the grain through a hole orgiten end made using a 0.24
mm Titex® micro drill (MSC Industrial Supply Co., Melvill&yY, USA). T, was placed on the
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surface of a wheat kernel and held in place wiimall piece of tape to measure the external
temperature. In order to avoid direct heat fromittiared emitter, Twas placed underside of
the kernel. The wheat kernel was placed in theet@fitthe pan, because this is the area that
consistently has temperatures much higher thanitosaaway from the center (Khamis et al.,
2010). T, and T, were connected to input module at the channedskdfike Hydra Series Il Data
Logger (Fluke Corporation, Everett, WA, USA) tooett temperatures in real time. The internal
and external grain temperatures were continuowastypged at 1 sec interval, and the stored data
was transferred to a computer using a RS-232 cadblne USB port. Additionally, a non-
contact infrared thermometer (Raynger MX4 model Z8;/RayteR, Santacruz, CA, USA),
mounted on a tripod 85 cm away from the infraredtem was used to measure the external
surface temperature of the wheat being exposatdrared radiation. The thermometer works in
the 8-14 um range and has a response time of 268etonds. A RS-232 cable was used to
connect the thermometer to a laptop computer. fiertometer was directed towards the center
of wheat sample in the pan, and the external teatyer of wheat was recorded every second in
real time using the data acquisition program deyedion LABView software program (National

Instruments Corporation, Austin, TX, USA). The espent was replicated three times.

2.2.4. Calculation of thermal conductivity and diffusivity
Thermal conductivity and diffusivity were determihat 2 min exposures for 11%

(control), 16% and 18% moisture wheat tempere@4oh. Thermal conductivitl was
calculated according to equation 1 as:

K = QXA(Ta=To) (Eq. 1)
Where,Q = energy absorbed by wheat kernel in kilojoule3)(Ik = thickness of wheat kernel
(m); A = surface area of wheat kernefJnT, = temperature at center of wheat kernel (°K)=
temperature at distance ‘a’ from the center of wkeanel (°K). As stated abov&, was
measured at a distance of 8 cm from the centethetwkernel. Thickness of wheat kernel was
0.002 m. Surface area of wheat kernel was 0.0000&nergy absorbed by wheat kerr@iwas
calculated using the following equation 2 as:

Q=¢0A[(T)*- (To)] (Eq. 2)
wheree = emissivity constant, 1.92 (no unit)= Stefan-Boltzmann constant, 5.67 x*My/m?
K%
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Thermal diffusivitya was calculated using equation 3 as:
a = Ao ()/4(Ta=To) (Eq. 3)
wherea = radius of wheat kernel (m)p = temperature at center of wheat kernel (°K)+
temperature at distance ‘a’ from the center of wkeanel (°K);Aq = constant =
(Tap—Tay)/(to—t1), whereTa, = temperature at timig (°K); Tap = temperature at timig (°K). In
this experiment, radius of wheat kernel measuresl@@01 m. The experiment was replicated

three times.

2.2.5. Data analysis

Linear and/or nonlinear models were fit to exteanad internal grain temperatures as
well as temperatures measured by infrared thermemfat all treatment combinations using
TableCurve 28 software (Jandel Scientific, San Rafael, CA, USMOn-linear modey = a +
bx° was fit to the grain temperatures recorded ovee t{Fig 2.1). Linear modgl = a + bxwas
fit to grain external temperatures (measured byarefl thermometer and thermocouple) vs.
internal temperature (Fig 2.2).

All possible pair-wise comparisons were made bygammg individual models to a
pooled model (Draper and Smith, 1981). Models weresidered to be significantly differef (
< 0.05) if theF-test showed the pooled model to be different ftbenindividual models. ThE-
test statistic used is shown below (Draper and I5ri@81).

F =A/B
where, A = [Pooled error sum of squares - (Erron s squares of*imodel + Error sum of
squares of ® model)[/Numerator degrees of freedom (df); B =§Eisum of squares of'1
model + Error sum of squares df Znodel)/Denominator df.

The numerator and denominator df were calculatddlsvs:

Numerator df = Pooled error degrees of freedonrrofdf of £ model + Error df of % model];
Denominator df = Error df of*imodel + Error df of 2' model.

In addition, data over each exposure time forrid H% moisture at each of the three
holding times was averaged for each replicate. ldasa were subjected to three-way analysis
of variance (ANOVA) to determine significant diféarces in mean temperatures attained
between 16 and 18% tempered wheat, among thelibtémg times, and the three infrared
exposures (SAS Institute, 2008). The data for tlaeoonductivity and diffusivity determined at
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2 min exposures for 11% (control), 16% and 18% moéswheat tempered for 24 h, was
subjected to one-way ANOVA to determine significdifterences among grain moistures (SAS
Institute, 2008).

2.3. Results

As the wheat grains were exposed to catalytic iattaadiation, both the internal and
external temperature of the kernels increased.eTaldl and 2.2 shows the mean internal and
external temperatures attained by wheat as meabyréatrmocouplesiland T, and the
infrared thermometer. As expected the temperatttagied by wheat were greater at longer
exposure times. The internal grain temperatur@@kernels was relatively lower when
compared to the external surface temperature. Hiavte 2.3, 2.4 and 2.5, three-way ANOVA
results showed that grain moistufe<123.09; df = 1, 362 <0.0001), tempering timé-(=
8.95; df = 2, 36P = 0.0007) and exposure time £ 513.84; df = 2, 362 <0.0001) had
significant effect on mean surface temperaturessored using infrared thermometer. Similarly
grain moisturel = 50.38; df = 1, 36P <0.0001), tempering timé-(= 21.19; df = 2, 36P
<0.0001) and exposure time € 277.73; df = 2, 362 <0.0001) had significant effect on mean
surface temperatures measured using thermocoume @oisture f = 0.02; df = 1, 36P =
0.894) and tempering tim& € 0.12; df = 2, 36P = 0.885) did not have significant effect, while
exposure timeK = 165.38; df = 2, 362 <0.0001) had significant effect on grain internal
temperatures measured using thermocouple.

Representative temperature profiles for internal external temperature of wheat (11%
[control], 16% and 18% moisture) exposed for 1,dn8 2 min of infrared radiation is illustrated
in Fig. 2.1. Non-linear modgi = a + bxX° was fit to the internal and external temperatafes
grain, over time, measured by infrared thermometerthermocouples. The non-linear magel
values were 0.97 and greater which indicates gnad the model to the data. The parameter
estimates are shown in Table 2.6 and 2.7. Therlimeaely = a + bxfit to external and internal
grain temperatures over time is illustrated in Bi¢. The model described the data wefli*
0.99).

Model comparison of temperature profiles betwedmaied exposure times (1, 1.5, and 2
min) showed significant differences € 0.5 to 1.7; df = 2,118 <0.00001). Similarly, pair-

wise model comparisons between internal and eXtgram temperatures over time indicated
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that there were significant differences among niigjarf the pairsF = 0.9 to 3.8; df = 2,118
<0.00001).

The average thermal conductivity of wheat at 1188p5nd 18% moisture for 1, 1.5 and
2 min exposure were found to be in the range of ©710.03 x 18 W/mK. The average
thermal diffusivity at 11%, 16% and 18% moisture¥9 1.5 and 2 min exposure were found to
be in the range of 4.83 to 5.03 x°l®%h. Among treatment combinations, there was no
significant effect of grain moisture on thermal dantivity (F = 0.13; df = 2, 18P = 0.883) and
diffusivity (F = 0.60; df = 2, 18P = 0.559).

2.4. Discussion

Of the factors examined, the duration of infrargdasure greatly influenced the mean
temperatures attained, both in the interior anthersurface of wheat kernels. As the exposure
time increased the mean grain temperature alseased. The internal grain temperature being
considerably lower by about 20°C than externalrgtamperature during infrared heating can be
explained by the fact that infrared energy has pewetrative power. This makes infrared
radiation suitable for several surface treatmeptiegtions like sterilization, drying, blanching
and dehydration (Sakai and Hanzawa, 1994; Roseetl#l, 1996).

The mean temperature attained was affected by aneisbntent of the wheat. The mean
surface temperature of wheat was slightly loweabgut 4°C for higher moisture content of
wheat i.e. 18% when compared to the control (118d)16% moisture samples. This could be
due to a lower evaporative cooling effect in the lmoisture wheat than the high moisture
wheat, under constant radiation heat supply (Pah,e2008). The pattern of increase in grain
temperatures during infrared exposures of 1, 1dbZ2aminutes were shown by the fitted
regression curves. The linear regression models ftie external vs. internal grain temperature
profiles with highR? values ¥ 98%) indicate that the temperatures followed dlampattern of
increase over time. The corresponding paramet@n&sts give us the relationship between the
two temperatures, and this helps in predictingkernal temperature when the external surface
temperature is known and vice versa.

The model comparison results showed differencesgrtemperature profiles of 1, 1.5
and 2 min infrared exposure. This could be dusfferénces in initial temperature of grain

during infrared exposure. The experiment was cotedligver a period of several days. While
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exposing the grains to infrared radiation, the agerinitial ambient temperature (measured
using HOBJ data logger [Onset Computer Corporation, Bourna])Was 19.6°C. However

an increase in ambient temperature was observe, 2@°C, due to heat generated from the
infrared emitter as it ran continuously during expents. A steel pan was used to expose the
wheat grains in several lots. The pan became et miultiple exposures, and it also reflected
radiative heat which increased the initial tempaeatf the grain. Also, the temperatures
increased steadily and faster during the first 4, whereas after that the temperature increase
was relatively slower. A range of variation in iaittemperatures for each treatment combination
is shown in Table 2.9.

According to ASABE standards (2006), thermal conigtitg of wheat ranges from 0.12
to 0.16 W/mK, and thermal diffusivity of wheat rasgfrom 3.3 to 4.1 x 1dmé/h. Thermal
conductivity values obtained in this study werglgliy lower (0.10 W/mK) and thermal
diffusivity values were higher (0.01%h) when compared to the standard values. These
differences could be due to the fact that the stehdonductivity and diffusivity values could be
determined using conventional source of heatingc@imduction, convection and radiation)
unlike the catalytic infrared radiation used irstetudy. The lesser conductivity shows that
flameless catalytic infrared radiation has lessgprating power and hence is mostly used for
surface heating of food materials. The higher giffity shows that infrared radiation can heat
biological materials rapidly that conventional hegtmethods. In conclusion, this study gave an
insight into the pattern of temperature changasheat, both internally and externally, during
infrared heating. A mathematical relationship esthbd between the internal and external
temperatures helps in developing calibration cufgeshe same, which in turn helps in
predicting the temperatures. This would save vd&uaime, and help optimize infrared process

temperatures and exposure times without adver$kgtimg product quality.
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Table 2.1 Mean temperature attained by wheat temped to 16% and 18% moisture for 8, 16 and 24 h on frared (IR)

exposure.
Moisture  Tempering IR exposure Mean temperature + SE°C)
(%) time (h) time (min) External temperature External temperature Internal temperature
(IR thermometer) (Ty) (T2)
16 8 1.0 853 + 21 774 £ 2.0 67.3 £ 2
1.5 101.2 = 2.1 93.7 + 2.3 80.0 + 2.1
2.0 1104 = 1.9 983 + 2.1 93.2 + 21
16 1.0 921 + 2.3 83.1 + 23 75.2 + 2.2
1.5 104.2 = 2.2 101.2 + 2.3 85.6 2 2.
2.0 110.2 + 2.7 91.2 + 2.8 81.3 £ 0.0
24 1.0 844 £ 20 80.7 £ 2.2 76.4 £ 2.
15 98.8 + 1.9 1005 + 2.3 85.6 + 2.2
2.0 108.0 + 1.8 915 £ 1.9 816 £ 2.0
18 8 1.0 83.7 = 20 80.7 + 2.2 754 22
1.5 951 + 2.1 100.3 = 2.3 85.6 + 2.2
2.0 105.8 + 2.2 916 = 2.0 825 £+ 2.0
16 1.0 83.3 + 20 740 + 2.0 75.2 2 2.
1.5 909 + 25 98.3 + 2.3 85.6 + 2.2
2.0 105.2 + 1.8 916 = 2.0 83.6 £ 2.0
24 1.0 81.3 + 20 740 + 2.0 69.8 + 2.
15 913 + 2.2 1014 + 2.3 85.6 £+ 2.2
2.0 1015 + 1.9 915 + 1.9 824 £+ 2.0

#Values are based o= 3 replications.
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Table 2.2 Mean temperature attained by untempered teat (11% mc) on infrared exposure.

IR exposure Mean temperature + SE°C)
time (min) External temperature External temperature Internal temperature
(IR thermometer) (Ty) (T2)
1.0 998 + 24 795 £ 24 689 + 2.0
15 104.0 + 25 93.3 £ 25 81.0 £ 2.2
2.0 109.2 + 21 99.3 + 21 943 + 21

#Values are based o= 3 replications.

28



Table 2.3 Three-way ANOVA statistics for mean surfee temperature of grain measured using infrared thenometer.

Source df Mean Square F value P value
Grain moisture 1,36 510.79 123.09 <0.0001*
Tempering time 2,36 37.13 8.95 0.0007*
Exposure time 2,36 2132.37 513.84 <0.0001*
Grain moisturex Tempering time 2,36 26.11 6.29 0.0045*
Grain moisturex Exposure time 2,36 23.63 5.69 0.0071*
Tempering time<x Exposure time 4,36 9.46 2.28 0.0796
Grain moisturex Tempering time< Exposure time 4,36 10.55 2.54 0.0564

* Significant (P<0.05)
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Table 2.4 Three-way ANOVA statistics for mean surfee temperature of grain measured using thermocouple

Source df Mean Square F value P value
Grain moisture 1,36 218.11 50.38 <0.0001*
Tempering time 2,36 91.75 21.19 <0.0001*
Exposure time 2,36 1202.37 277.73 <0.0001*
Grain moisturex Tempering time 2, 36 21.26 491 0.0130*
Grain moisturex Exposure time 2, 36 10.75 2.48 0.0976
Tempering timex Exposure time 4, 36 48.56 11.22 <0.0001*
Grain moisturex Tempering time< Exposure time 4, 36 54.32 12.55 <0.0001*

* Significant (P<0.05)
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Table 2.5 Three-way ANOVA statistics for mean intenal temperature of grain at 2 mm depth measured usg thermocouple.

Source df Mean Square F value P value
Grain moisture 1, 36 0.08 0.02 0.8942
Tempering time 2,36 0.55 0.12 0.8850
Exposure time 2,36 741.14 165.38 <0.0001*
Grain moisturex Tempering time 2, 36 0.50 0.11 0.8952
Grain moisturex Exposure time 2, 36 20.22 4.51 0.0178*
Tempering time<x Exposure time 4, 36 49.04 10.94 <0.0001*
Grain moisturex Tempering time< Exposure time 4, 36 108.35 24.18 <0.0001*

* Significant (P<0.05)
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Figure 2.1 Temperature profiles for external tempeature (IR thermometer, T;) and internal temperature (T,) of wheat (11%,

16% and 18%) tempered for 24 h and exposed for 1.0,5 and 2.0 minutes to infrared radiation.
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Table 2.6 Regression estimates of external tempeuaié (IR thermometer, T;) and internal temperature (T,) of wheat (16%

and 18% mc) tempered for 24 h and exposed for 1.0,5 and 2.0 minutes to infrared radiation.

Temperature Grain moisture IR exposure Parameter estimates
(%) time (min) Intercept Slope R
IR thermometer 16 1.0 39.8+0.3 85+0.1 0.99
15 48.3+0.3 8.1+0.0 0.99
2.0 51.3+0.3 7.7+0.0 0.99
18 1.0 36.9+£0.3 85+0.1 0.99
15 33.0x1.7 9.2+0.2 0.99
2.0 40.6 £ 0.3 8.3+0.0 0.99
External T 16 1.0 31.4+0.2 9.4+0.0 0.99
15 395+13 95+0.2 0.97
2.0 30.5+0.3 8.3+0.0 0.99
18 1.0 29.8+0.3 85+0.1 0.99
15 395+1.3 95+0.2 0.97
2.0 30.5+0.3 8.3+0.0 0.99
Internal & 16 1.0 249 +0.3 96+3.1 0.99
15 26.4+£0.3 9.3+0.0 0.99
2.0 19.6 £ 0.6 8.4+0.1 0.99
18 1.0 22.3+0.3 9.1+0.1 0.99
15 26.4+0.3 9.3+0.0 0.99
2.0 19.6 £ 0.6 84+0.1 0.99

2Values are means + SE.
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Table 2.7 Regression estimates of external tempeuaié (IR thermometer, T;) and internal temperature (T,) of untempered

wheat (11% mc) tempered for 24 h and exposed for@,.1.5 and 2.0 minutes to infrared radiation.

Temperature IR exposure Parameter estimafes
time (min) Intercept Slope R
IR thermometer 1.0 45.6 +0.2 10.4+0.0 0.99
15 366+1.4 10.6 £0.2 0.97
2.0 43.3+£0.2 9.0+£0.0 0.99
External T 1.0 26.2+0.4 10.2+0.1 0.99
15 26.3+04 10.5+0.1 0.99
2.0 34.0+0.3 8.9+0.0 0.99
Internal & 1.0 25.4+0.8 8.3+0.1 0.98
15 219+0.2 9.3+0.0 0.99
2.0 27.4+0.3 9.1+0.0 0.99

2Values are means + SE.
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Table 2.8 Range of initial external and internal tenperatures of wheat exposed to infrared radiationmeasured by infrared

thermometer, and thermocouples.

Temperature measurement IR exposure Range of initial temperatures (°C)
time (min)
Surface temperature (infrared thermometer) 1.0 4380
15 36.4-48.5
2.0 456 -61.4
External temperature (thermocouplg T 1.0 40.3-45.2
15 425-51.3
2.0 42.3-55.2
Internal temperature (thermocouplg T 1.0 32.6-44.4
15 33.4-44.6
2.0 40.2 - 46.7
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Table 2.9 Thermal conductivity and diffusivity of wheat (11% [control], 16% and 18% mc) tempered for 2 h and exposed to

infrared radiation for 1, 1.5 and 2 min.

Grain IR exposure Mean + SE
m(z:;)t)ure (trlnr?r?) Thermal conductivity, Thermal diffusivity,
x 102 (W/mK) x 10 (m?/h)

11 (control) 1.0 9.70 £ 0.06 5.03£0.03
15 9.90 +0.06 4.90 + 0.00

2.0 10.03 £ 0.07 4.83+0.03

16 1.0 9.73 £0.07 5.03 +0.03
15 9.90 +0.06 4.90 + 0.00

2.0 9.97 £ 0.07 4.87 £0.03

18 1.0 9.77 £0.03 5.03+0.03
15 9.97 £0.03 4.90 + 0.00

2.0 9.93+0.03 4.90 + 0.00

#Values are based o= 3 replications.
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Figure 2.2 Linear regression models fit to externalemperatures (IR thermometer, T;) and internal temperature (T,) of wheat

exposed to 1.0, 1.5 and 2.0 minutes of infrared ré&ion.
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Chapter 3 - Effects of infrared heating of temperedvheat on

microbial loads of whole wheat and milled flour
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Abstract
Reducing microbial loads on wheat prior to millimgy reduce microbial loads in the milled
flour. The efficacy of infrared radiation in redngiaerobic bacterial and fungal loads on
untempered and tempered whole wheat and flour meesiigated. Organic, hard red winter
wheat of 11% moisture (wet basis) tempered to 16189 mc and held for 8, 16, and 24 h at
28°C and 65% RH was exposed to a bench-top flasiekslytic infrared emitter. Wheat (113.5
g) was exposed to infrared radiation at a distari@&cm from the emitter for 1, 1.5, and 2 min.
On untempered wheat that was not exposed to infradiation, the bacterial and fungal counts
were 6.5 x 1band 4.1 x 1DCFU/qg, respectively. Wheat tempered similarly tnexposed to
infrared radiation (control treatment) had 4.3 © % 1¢ and 2.9 to 3.7 x f0CFU/qg,
respectively. Across all moisture contents andlingl times, infrared exposures of 1, 1.5, and 2
min, on average, reduced bacterial counts by 9.8 and 98.7% and fungal loads by 53.7,
96.4 and 97.8%, respectively, relative to tempewredi unexposed wheat. Linear regression
models were fit to the logarithmic decrease of &aak and fungal counts, and the mé&an
values (infrared exposure time required for 1 keduction of microbial load) for bacterial and
fungal counts were determined. Model comparisologdirithmic decrease of bacterial and
fungal counts over exposure time between the twiston@ contents (16 and 18%) and three
holding times (8, 16, 24 h) showed no significaiffedences in whole wheat and flour. Despite
these lack of differences, infrared radiation hemhpunced antimicrobial effect on wheat during

processing and helps reduce microbial loads imrtitied flour.
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3.1. Introduction

Sterilization of stored grains or grain products baen an intensive research area
because of increasing concerns about food safetygtlal., 2003). Stored wheat can be
contaminated with fungi and other microorganisna giroduce off odors and change the
chemical composition of wheat and make it unsugtas food (Cornell and Hoveling, 1998).
Enteric pathogens such &almonellaspp. may occur in wheat due to fecal contamindtiom
birds and rodents prior to harvest through stor&gere-forming pathogens suchBegillus
cereusandClostridium botulinummay be present due to soil contamination (Man#tel.,
2003). Toxin-producing fungi lik&spergillus flavusAlternaria spp., andrusariumspp. are
also found to occur in stored wheat when thereéghkdr water activity (Saleh et al., 1988).
Chlorinated water (600 to 700 mg/L) has been usaantrol mold and bacterial loads in wheat
milling, and is commonly used to disinfect wheaigrduring tempering (EPRI, 2000).
However, there are growing safety concerns ab@utigie of chemicals like chlorine since it
could react with organic residues to form potehtie&rcinogenic reaction products (Beltran et
al., 2005). Hence, there is a need for, and intémesleveloping practical and effective
antimicrobial treatments for the inactivation othpagenic microorganisms on cereal grains.

Infrared heating can be used to inactivate bagtspares, and fungi in both solid and
liquid foods (Krishnamurthy et al., 2008). Applimat of far infrared radiation (FIR) to food
pasteurization processes has been studied by sesearchers (Hashimoto et al., 1993; Sakai
and Hanzawa, 1994; Rosenthal et al., 1996). Hanaaeb&l. (2000) examined the disinfection
effect of infrared radiation on bacterial countwimeat exposed to a 2 kW infrared heater for 60
sec decreased the bacterial count from 5.7#10.73x18 CFU/g. Uchino et al. (2000) exposed
wheat to 2 kW infrared radiation for 28, 37, ands&8 and obtained microbial load reduction.
However, sterilization effects of infrared treatrhtar extended exposure times have not been
studied. These studies used infrared lamps origagihfrared emitters for treatments.

Khamis et al. (2010, 2011a,b) exposed wheat todlass catalytic infrared radiation for
60 sec at a distance of 8 cm from emitter and nbthcomplete mortality of three major stored
product insects without adversely affecting wheatliy (Khamis et al., 2011c). Khamis et al.
(2010, 2011a,b) exposed wheat of 12% moisture lfasis, wb) to infrared radiation and then
tempered it to 16% moisture which was used foringllIn a study by Macaluso (2007)

flameless catalytic infrared radiation was usethéativateSalmonellaspp., in processed
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almonds after a 30-90 sec exposure. We hypothetiatdameless catalytic infrared radiation
can be used effectively to reduce microbial lodds{eria and fungi) of tempered wheat without
adversely affecting wheat quality.

In this study the efficacy of flameless catalyh@rared radiation in reducing microbial
loads (aerobic bacteria and fungi) on whole whedtfeour was investigated and evaluated at

different moisture contents and tempering times.
3.2. Materials and Methods

3.2.1. Tempering of wheat samples
Uninfested, organic hard red winter wheat of 11%stuoe (wb) was procured from
Heartland Mills, Marienthal, KS, USA. About 200 fitbe wheat was placed in sterile polythene
Ziploc bag (Fisher Scientific, Pittsburg, PA), atidtilled water was added to it to increase the
grain moisture to 16 or 18%. The amount of watelealdvas determined using the formula
below (Harris and Lindblad, 1978):

Amount of water added (in ml) [%1 x Amount of wheat (in g)

After adding the required amount of water, the whe@ was shaken vigorously for uniform
distribution of moisture and was allowed to temfoer8, 16 or 24 h in a growth chamber
(Percival, Perry, IA, USA) at 28°C and 65% RH. Tamga wheat unexposed to infrared
radiation served as the control treatment. A totdl40 such bags were prepared for the various

treatment combinations (Table 3.1).

3.2.2. Infrared exposure
A bench-top flameless catalytic infrared emitteaf@ytic Drying Technologies LLC,
Independence, KS, USA) was used for infrared treatrof wheat. The unit has a circular
infrared emitting surface of 0.0613nand is fuelled by propane gas at 28 cm of waikmen
pressure. The total heat energy output of theisidit5 kw/h (5000 BTU/h). A grain quantity of
113.5 g was exposed at 8 cm from the emitter seifaa single layer thickness. Wheat was

placed in a steel pan of 28 cm diameter and exploseld 1.5 or 2 min to infrared radiation.
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3.2.3. Milling
The tempered wheat samples (except control, arempdred-infrared treated) were milled in a
Quadrumat Senior mill (Brabender GmbH and Co., Buig, Germany) in the Department of
Grain Science and Industry, Kansas State UniverSignhattan, KS. Before milling, the sieves
were cleaned and rolls were wiped with 95% ethahtoé machine was warmed for 30 min by
milling wheat. The feed rate was set at 150 g ofatimin. After milling, the break and
reduction flours were combined. The ambient tentpesaand relative humidity during milling

were 18°C and 40%, respectively. Each treatmenbamation was replicated five times.

3.2.4. Microbial plating

Microbial analyses were initiated by asepticallyigieng a 10 g sample (whole wheat or
flour) and suspending in 100 ml of distilled wateeptone 0.1% dilution blanks were prepared,
and serial dilutions from 1bto 10* levels were made for the samples (AACC Method #2-1
42-50). For total bacterial counts, 1 ml each efdHutions 1¢f, 10° and 10° were plated on
Trypticase Soy Broth (TSB) nutrient agar usingshdgace spread method. Using the same
procedure, for fungal counts, 1 ml each of thetitihs 10°, 10 and 10" were plated on Potato
Dextrose Agar (PDA) medium. Chloramphenicol (75 lmygfas added to PDA to prevent the
growth of bacteria. Three sub-replicates were pl&te each replicate of all the samples and the
plates were incubated at 25°C for 5 d. Enumeratifdotal bacterial and fungal loads was done
by colony count method and the results were expcegscolony forming units per gram
(CFU/Q).

3.2.5. Statistical analysis

A completely randomized design was used for alkeexpents. Before statistical analysis,
the total bacterial and fungal counts of whole vifagal flour treated with infrared radiation
were transformed to lgg(x+1) scale to normalize heteroscedastic treatmeardn@es and due to
zero counts obtained in the 2 min infrared exposdata.

The logarithmic decrease of total bacteria and &licgunts in untempered and tempered
wheat as a function of infrared exposure time (@,.8, and 2 min) was described by linear
regression (SAS Institute, 2008)= a + bx, wherey = total bacterial or mold count (lag
CFU/qg),x = infrared exposure time in min, aac&ndb are estimated parameters from the

regression. The inverse of the slope gaizewalue which represented the number of minutes of
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infrared exposure required for a 1-log reductiomadterial or fungal counts. Linear regressions
were also fit to data on bacterial and fungal ceumflour milled from tempered wheat held for
various time periods.

All possible two way comparisons of linear regressifor tempered wheat were made
by comparing individual models to a pooled modeidafizr and Smith, 1981). Models were
considered to be significantly differer® € 0.05) if theF-test showed the pooled model to be

different from the individual models.

3.3. Results

The mean bacterial and fungal counts of untempetezit are shown in Table 3.2 and that of
tempered wheat and flour from infrared-treated wigeeshown in Table 3.3. The untempered
wheat which was not exposed to infrared radiatiad the highest mean total bacterial (6.47 x
10* CFU/g) and mold count (4.13 x 3GFU/g). These loads decreased in a logarithmhidas
as a function of infrared exposure time (Fig 3ThHe time required for 1-log reduction of
bacterial counts on untempered wheat was 1 minedsesimilar time for reduction of mold
counts was 1.2 min. Generally, bacterial countswensistently higher than fungal counts in
both wheat and, irrespective of tempering moisttime microbial loads of samples in all
treatment combinations decreased consistentlyeasxposure time increased. Control wheat
(11% moisture) that was not tempered with distilleater, on exposure to infrared radiation,
showed a considerable decrease in bacterial |@zat$erial loads decreased by 53.6, 97.0, and
98.7% after exposure to infrared radiation for.5,dnd 2 min, respectively. Similarly, fungal
loads decreased by 54.7, 95.8 and 97.1% for 1arid®2 min of infrared exposure, respectively.
Tempered wheat that was not exposed to infrarddtrad had lower microbial loads when
compared to the untempered wheat (20.8% less baad 19.3% less fungal loads). A slightly
higher decrease in microbial load was obtainethénciise of tempered wheat exposed to infrared
radiation. Bacterial loads decreased by 46.2, 8id98.6% after 1, 1.5 and 2 min of infrared
exposure, respectively, and fungal loads decrelag&@.6, 96.9 and 98.5% for 1, 1.5 and 2 min
of infrared exposure, respectively. Microbial load$lour were consistently lower compared to
whole wheat in all treatment combinations.

The logarithmic reduction of total bacterial anaddgal counts of whole wheat and flour

for the various treatment combinations as a funatibinfrared exposure time is illustrated in
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Fig 3.1 only for samples held for 24 h. Regressistimates foa andb parameters for all
treatment combinations are shown in Table 3.4 aiel3.5. Thé¥ values ranged from 0.61 to
0.86 for whole wheat and 0.64 to 0.91 for flouriagading that 61 to 91% of the decrease in
bacterial and fungal counts was predicted by tinegli regression model. In whole wheat and
flour, the logarithmic reduction in total bactercaunts was more rapid than the logarithmic
reduction in fungal counts as indicated by thesteslope values in bacterial count than in mold
counts.

In the case of tempered wheat, pairwise comparigbfited regression models between
the treatment combinations indicated that thereewersignificant differences in logarithmic
decrease of bacterial counks (ange among treatment combinations = 0.04 to; 8li79 2, 36
(for each pair being comparedd, range = 0.18 to 0.95) and fungal coumts=(0.10 to 4.20; df =
2, 36;P = 0.20 to 0.83) in whole wheat. Similarly, therer&/ no significant differences in
logarithmic decrease of bacterial courfis=(0.03 to 4.40; df = 2, 3® = 0.14 to 0.89) and
fungal countsK = 0.10 to 5.44; df = 2, 3& = 0.10 to 0.90) in flours milled from infrared
exposed tempered wheat.

The time required for 1-log reductioD{value) was consistently lower for total bacterial
counts than mold counts on both wheat and flout,ranged from 0.85-1.20 for wheat and 0.86-
1.22 for flour. These values indicated rapid inztion of bacteria and fungi on whole wheat

exposed to infrared radiation.

3.4. Discussion

Food components and microorganisms readily absdréred radiation, especially in the
far infrared region (Sakai and Hanzawa, 1994; feaamd Thomas, 2001; Krishnamurthy et al.,
2008; Erdogdu et al., 2010). When the infrared gynanpinges upon a surface, it may induce
changes in the vibrational state of molecules,dissipation of infrared energy as heat results in
rapid increases in surface temperature (Sakai @amzdva, 1994; Fasina and Thomas, 2001;
Krishnamurthy et al., 2008). Since the heat is cotetl to the interior by conduction and that
the food products have lower thermal conductivit§.6 W/nfK), the rate of heat transfer
through the food products under infrared radiaisorather slow. Therefore, intense heat might
accumulate on the surface causing the surface tamope to increase rapidly (Erdogdu et al.,

2010). If the infrared exposure time is properiytrolled, surface temperature can be
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preferentially raised to a degree where targetqgehic microorganism can be inactivated
without substantially increasing the interior temgtare (Fasina and Thomas, 2001; Huang,
2004).

In our study, microbial loads of whole wheat thaswintempered and tempered
decreased in a logarithmic fashion after exposuieftared radiation. Greater reductions were
observed after a 2 min exposure. Slightly high@rabial reduction was observed in wheat
tempered to 18% moisture when compared with untemipEl% moisture wheat. However, in
tempered wheat held at different time periods/algarithmic decrease in bacterial or fungal
counts was similar irrespective of initial moist@entent or holding time. Hamanaka et al.
(2007) reported increased microbicidal effect dfared radiation on wheat at higher moisture
content (24% whb) and little microbicidal effectlow moisture content (14% wb) wheat. As the
majority of microbial population is on the surfaafethe wheat, milling process itself reduces
surface microbial load to some extent. Hence tloéeial and fungal counts of flour were
consistently lesser than that of whole wheat.

Sterilization of wheat surface was investigatedHaynanaka et al. (2000). Surface
temperature increased rapidly as infrared raystiyréeated the surface without the need of any
conductors. Therefore, irradiating powers of 0.8, 1.5 and 2.0 kW resulted in 60, 80, 125 and
195°C inside the experimental device, and 45, 65a8d 120°C on the surface of wheat stack,
obtaining 0.83, 1.14, 1.18, and 1.9049GFU/g total bacteria after a 60 sec treatment,
respectively.

Inactivation of microorganisms by infrared heatingy include inactivation mechanism
similar to that of ultra-violet light (DNA damagahd microwave heating (induction heating) in
addition to thermal effect, as infrared wavelerigtiocated between ultraviolet and microwave
on the electromagnetic spectrum (Hamanaka et@)0Q)2Thermal inactivation can damage
DNA, RNA, ribosome, cell envelope, and proteingnicrobial cell. Transmission electron
microscopic observation and infrared spectroscdpyfrared treate®taphylococcus aureus
cells clearly verified cell wall damage, cytoplasrmembrane shrinkage, cellular content
leakage and mesosome disintegration (Krishnamu20y6).

In conclusion, this study showed that infrared atidn has a pronounced antimicrobial
effect on wheat and milling of infrared exposed ath@ay enhance food safety. However, a set

of experiments done in our laboratory showed thiaied radiation of tempered wheat had
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adverse effects on wheat flour quality and fundaldy (Deliephan, 2013). Taking this into
account, the use of infrared radiation on temperedat may not be recommended. There was a
logarithmic decrease in bacterial and fungal coimtsitempered wheat (11% mc) when
exposed to infrared radiation (Table 3.3), andviilees were comparable to those observed on
tempered wheat (Table 3.2). Khamis et al. (2014pdrted that treatment of untempered wheat
for 1 min followed by tempering and milling had adverse effects on milling yield, flour
functionality and end use properties. Therefor@osure of untempered wheat to infrared
radiation may result in reducing microbial loadsvdmeat and subsequently in flour without
adversely affecting wheat quality. However, furtberdy is needed to extend findings by
Khamis et al. (2011c) on wheat and flour qualityexposing untempered wheat to 1.5 and 2 min
followed by tempering and milling to determingh&se times also do not adversely affect the

milling yield and flour quality.
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Table 3.1 Treatment combinations used for untemperkand tempered wheat in this study.

Treatment Factors:

Grain moisture  Tempering time Infrared exposure

(%) (h) time (min)
Untempered; untreated 11 0 0
Untempered; infrared treated 11 0 1.0,15,2.0
Tempered; untreated 16, 18 8, 16, 24 0
Tempered; infrared treated 16, 18 8, 16, 24 19,20
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Table 3.2 Total bacterial and fungal counts in tempred and infrared treated whole wheat and flour miled from treated

wheat.

Grain
moisture
(%)

Tempering
time

(h)

Infrared

Mean + SE

exposure time

Total bacterial counts (CFU/Q)

Fungal counts (CRU/g

(min)

Whole wheat

Flour

Whole wheat

Flour

16

18

8

16

24

16

0.0
1.0
15
2.0
0.0
1.0
15
2.0
0.0
1.0
15
2.0
0.0
1.0
15
2.0
0.0

(4.87 £0.08) x 10
(2.73 £0.12) x 10
(1.40 +0.25) x f0
(7.33 £1.24) x 0
(5.60 +0.22) x 0
(2.73 £0.07) x 10
(1.00 +0.24) x fo
(6.67 +1.49) x 0
(4.33 +£0.49) x £0
(2.20 +£0.17) x 10
(1.07 +0.12) x o
(6.67 +1.83) x 0
(4.40 +£0.27) x 10
(2.73 £0.16) x 10
(1.27 £ 0.19) x o
(8.00 + 1.70) x 10
(5.67 +£0.41) x 10

(2.53 £0.08) x 1B
(1.40 £0.07) x 1B
(7.13+0.52) x 1
(3.93 £1.26) x 1®
(2.93+0.24) x 1b
(1.40 £0.12) x 1B
(3.40 +0.95) x 1d
(3.20 £ 0.95) x 1®
(2.13+0.33) x 1B
(1.14 £0.13) x 1B
(4.60 +£0.78) x 1®
(3.13 £0.59) x 1®
(2.40 £0.29) x 1B
(1.40 £0.12) x 1B
(5.93 +1.32) x 1®
(3.60 + 0.90) x 1B
(2.93 £0.24) x 1B

(3.53 £0.25) x 19
(1.07 £0.12) x 1d
(1.47 +0.08) x 1
(1.07 £0.27) x 1d
(3.73 +0.44) x 1
(1.60 £ 0.29) x 1B
(9.33+1.63) x 1b
(5.33 £1.70) x 1b
(3.53+0.37) x 1b
(1.53 +£0.25) x 1B
(8.00 +1.33) x 1b
(6.67 +1.05) x 1b
(3.33+0.32) x 1B
(1.67 £0.38) x 1B
(1.00 £0.11) x 1®
(6.67 +£1.05) x 1b
(3.00 +£0.33) x 1B

(1.73 £0.12) x 10
(4.73 £ 0.56) x 1®
(7.13 +0.44) x 1
(5.53 + 1.46) x 1b
(2.07 +0.22) x 1
(8.00 +1.51) x 1®
(1.11 +0.64) x 19
(2.53 +0.76) x 1b
(1.77 £0.19) x 1D
(6.47 +1.01) x 1®
(3.47 £0.52) x 1b
(3.00 + 0.56) x 1b
(1.60 +0.19) x 1d
(6.93 £ 1.58) x 1B
(4.53 +0.50) x 1b
(2.87 £ 0.49) x 1b
(1.40 +0.16) x 1d
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1.0
15
2.0
24 0.0
1.0
15
2.0

(2.93 £0.12) x 0
(1.20 + 0.25) x 0
(7.33 £1.25) x 0
(5.87 +0.25) x 10
(3.20 £ 0.25) x 10
(1.33 £0.30) x 0
(6.00 + 1.25) x 0

(1.47 £0.08) x 1B
(5.67 +1.59) x 1®
(2.80 £0.87) x 1®
(2.80 +£0.20) x 1B
(1.47 £0.13) x 1B
(5.60 £ 1.27) x 1B
(1.93 + 0.45) x 1

(1.73£0.19) x 1B
(8.00 +0.82) x 1b
(4.67 £0.82) x 1b
(2.87 £0.13) x 1d
(1.87 £0.31) x 1B
(9.33 £2.45) x 1b
(3.33 +£0.00) x 1b

(7.07 £0.78) x 1®
(3.33 £0.64) x 1b
(2.07 £0.41) x 1b
(1.40 £ 0.07) x 1d
(8.20 + 1.44) x 1®
(4.33 £1.36) x 1b
(1.60 + 0.07) x 1

@ Each mean is based orF 5 replications.
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Table 3.3 Total bacterial and fungal counts on unt@pered (11% moisture, wb) whole wheat unexposed arekposed to
infrared radiation.

Infrared Mean + SE
exposure time  Total bacterial counts (CFURy) Fungal counts (CFU/§)
(min) Whole wheat Whole wheat
0.0 (6.47 £0.27) x 10 (4.13£0.27) x 1B
1.0 (3.00 £ 0.30) x 10 (1.87 £0.25) x 1d
1.5 (1.93 +£0.12) x 10 (1.73 £0.29) x 1®
2.0 (8.40 £ 1.69) x 10 (1.20 £0.23) x 1B

2Each mean is based arF 5 replications.

PMean + SE linear regression parameteasidb describing logarithmic decrease in bacterial cewmsta function of time are 5.00 +
0.36 and -1.00 + 0.26, respectively. Thevalue (1b) is 1.00.

“Mean + SE linear regression parameteasdb describing logarithmic decrease in fungal cousta function of time are 3.74 +
0.30 and -0.83 + 0.22, respectively. Thevalue (1b) is 1.20.
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Figure 3.1 Linear regressions describing logarithma reduction in bacterial and fungal counts in wholevheat and flour as a
function of infrared exposure time. The wheat tempeed to 16 and 18% moisture (wb) and held for 24 hta28°C and 65% RH

was exposed to infrared radiation, followed by milhg to extract flour.
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Table 3.4 Regression estimates showing logarithmieduction in total bacterial and fungal counts in whole wheat tempered to

16 and 18% moisture and held for 8, 16, and 24 h a@rexposed to infrared radiation.

Tempering Tempering Total bacterial counts Fungal counts
moisture time a+ SE b+ SE R D-value a+ SE b+ SE R D-value
(%) (h) (min)® (min)®
16 8 489+0.15 -1.00£0.11 0.82 1.00 3.61+£0.09 -0.83+0.06 10.9 1.20
16 494 +0.17 -1.08+0.13 0.80 0.93 3.77+0.211.10£0.16 0.74 0.91
24 490+£0.30 -1.18+0.22 0.61 0.85 3.67+£0.14.00 £ 0.11 0.82 1.00
18 8 484 +0.15 -0.97+0.11 0.80 1.03 3.65+0.14.92 £ 0.10 0.82 1.09
16 495+0.16 -1.04+0.12 0.81 0.96 3.66 +0.19.98 £ 0.11 0.82 1.02
24 499+0.17 -1.09+0.13 0.81 0.92 3.68+£0.14.02 +0.12 0.81 0.98

#D-value (1b) shows time in min for 1-log reduction of bactédad fungal counts.
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Table 3.5 Regression estimates showing logarithmieduction in total bacterial and fungal count in wheat flour obtained by

milling wheat tempered to 16% or 18% moisture for § 16, and 24 h, and exposed to infrared radiation.

Termpering Tempering Total bacterial count Mold count
moisture time a+ SE b+ SE R D-value a+ SE b+ SE R D-value
(%) (h) (min)® (min)®
16 8 469+0.28 -1.16+0.21 0.64 0.86 3.28 £ 0.08.82 £ 0.06 0.91 1.22
16 465+0.20 -1.14+0.15 0.77 0.88 3.50+£0.2.0#+0.15 0.75 0.93
24 450+0.16 -1.01+0.12 0.80 0.99 3.35+0.149.98 £ 0.10 0.84 1.02
18 8 458+0.17 -1.02+0.12 0.79 0.98 3.31+£0.18.93£0.10 0.84 1.08
16 469+0.17 -1.13+0.13 0.81 0.88 3.31+0.19.99+0.11 0.82 1.01
24 469+0.18 -1.17+0.14 0.81 0.85 3.36 £0.14.03 £+ 0.12 0.80 0.97

#D-value (1b) shows time in min for 1-log reduction of bactédad fungal counts.
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Chapter 4 - Effects of infrared heating on wheat pisical

properties, milling yield, and flour quality
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Abstract

Infrared radiation is used for grain drying, digisfation, and disinfection. In a laboratory
study, the effects of flameless catalytic infraradiation on tempered wheat physical properties,
milling yield, and flour quality were characteriz&drganic, hard red winter wheat of 11%
moisture (wb) was tempered with distilled watentoisture levels of 16 and 18% and held for 8,
16, and 24 h at 28 and 65% RH. At each moisture and holding timegathvas unexposed
(control) or exposed to infrared radiation for 15,1and 2 min using a bench-top flameless
catalytic infrared emitter. Physical propertiesuifeat kernels were analyzed using the Single
Kernel Characterization System. Up to 2% moistass las observed after a 2 min exposure to
infrared radiation. Flour yield during milling ireased by 9% for infrared treated wheat when
compared with unexposed wheat. Color of infraredted wheat flour was slightly darker (color
changeAE = 0.31). Differential scanning calorimetry showhdt flour from infrared-exposed
wheat had lower enthalpy (3.0 J/g) when comparék fiaur (3.3 J/g) from unexposed wheat.
Falling numbers of the infrared-exposed and unexgh@gheat samples were essentially similar.
Infrared-exposed flours had poor mixing propertias to the presence of high amount of
insoluble polymeric protein (up to 60%) and theuflailed to form into a dough. Since the
flour functionality was adversely affected, the espre of tempered wheat to infrared radiation

cannot be recommended despite an increase in glieid.
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4.1. Introduction

Infrared radiation is used for grain drying (Bradbat al., 1960; Schroeder, 1960;
Faulkner and Wratten, 1969; Pan et al., 2008) anddntrolling various life stages of insects
developing within and outside kernels of storedrgrdTilton and Schroeder 1963; Cogburn et
al., 1971; Kirkpatrick and Tilton, 1972; Tilton &it, 1983). In these studies, the grain
temperatures were measured after infrared expasut@ot in real time, which resulted in
under-reporting actual temperatures attained bygthm. Infrared radiation sources used were
lamps or tubes with low power (0.5 kW), or gasdiemitters with high power (14 kW) resulting
in production of very high temperatures (900°C)cé&pt for the study by Pan et al. (2008), the
infrared emitters were fueled by natural gas oppr@ combusted over ceramic panels in the
presence of oxygen and had open flames.

Unlike gas-fired emitters, the flameless catalyticared emitters developed by Catalytic
Industrial Technologies LLC, Independence, KS, prepane or natural gas. In the presence of a
platinum catalyst and oxygen these emitters prothfcared energy in the 3 topm wavelength
range resulting in temperatures below 500°C. Tha&lyéc infrared heaters are environmentally
friendly and since they do not use any flame thesgers do not produce any \N&» CO. The
co-products of catalytic oxidation-reduction reaotare carbon dioxide, water vapor, and
infrared radiation.

Khamis et al. (2010; 2011a,b) studied the effectss of flameless catalytic infrared
radiation against eggs, larvae, pupae, and aduttgoointernal insect species, the lesser grain
borer,Rhyzopertha dominicgr.) and rice weevilSitophilus oryzaégL.); and one external insect
species, the red flour beetlgjbolium castaneunfHerbst). They reported that a 1 min exposure
of 113.5 g of wheat (12% moisture, wb) at a distaoic8 cm from the emitter surface, which
resulted in producing mean temperatures of 90 iMere necessary to assure complete
disinfestations of all stages. Pan et al. (2008]Jistl the feasibility of using infrared heating in
rough rice drying and disinfestation by exposings2ihd 25.0% moisture (wb) paddy rice to
infrared radiation for 25, 40, 60 and 90 s, andregul 0.7-1.9% higher head rice yield up on
milling following the exposures.

Deliephan (2013) evaluated flameless catalyticamsd radiation to be effective in
reducing microbial loads of tempered wheat (up log3reductions in bacterial loads, and 2 log

reductions in fungal loads) after brief exposurd 0f.5 and 2 min. To our knowledge there is
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little information available in the literature omet effects of flameless catalytic infrared radiatio
on quality and end-use characteristics of tempe#tteeat. Khamis et al. (2011c) studied the
effects of flameless catalytic infrared radiationphysical, chemical and rheological properties
of wheat, after short exposure times (45 and 6]) ¥ébeat exposed to flameless catalytic
infrared radiation for 45 or 60 sec and then temgpéo 16% moisture for 16 h was milled to
evaluate wheat quality. They reported that tesgtteof wheat after infrared exposure was
unaffected. They found no significant changes itimgi yield of the various wheat fractions,
and the chemical properties (protein and ash)oofrfIMixograph and bake test results showed
no adverse effects on quality and end-use progesfilour. These interesting results prompted
us to investigate the effects of extended expodoregrared radiation on wheat physical
properties, milling quality, and flour functionaliafter tempering.

The objectives of this study are to evaluate tieces of flameless catalytic infrared
radiation on physical properties, germination, imglyield, flour color, gelatinization property,

falling number, and end-use quality of temperedathe
4.2. Materials and methods

4.2.1. Tempering of wheat samples
Uninfested, organic, hard red winter wheat of atithoisture content 11% (wb) was
procured from Heartland Mills, Marienthal, KS. Aid@00 g of the wheat was placed in sterile
polythene Ziploc bag (Fisher Scientific, Pittsbupg,, USA), and distilled water was added to it
to increase the grain moisture to 16% or 18%. Theumt of water added was determined

according to Harris and Lindblad (1978) using tiéfving formula:

100-Initial moisturs

Amount of water added (in ml) 00 T moie

-1] x Amount of wheat (in g)

The wheat bag after addition of water was shakgareusly for uniform distribution of moisture
and was allowed to temper for 8, 16 or 24 h at 2&3€ 65% RH in a growth chamber (Percival,
Perry, IA). Tempered wheat that was not exposexdftared radiation served as the control
treatment. Untempered wheat unexposed and exposeflared radiation was used for
comparative purposes. A total of 140 such bags weseared for the various treatment

combinations.
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4.2.2. Infrared exposure
A bench-top flameless catalytic infrared emittenfr Catalytic Drying Technologies
LLC, was used for infrared treatment of the wheamgles. The unit was described in detail by
Khamis et al. (2010). The unit has a circular irdthemitting surface of 613.4 énand is fueled
by propane at 28 cm of water column pressure. dtat lheat energy output of the unit is 1.5
kw/h (5000 BTU/h). A grain quantity of 113.5 g spadeas a single layer thickness in a steel pan
and was exposed to infrared radiation at 8 cm fiteeremitter surface for 1, 1.5 or 2 min. Each

treatment combination was replicated five times.

4.2.3. SKCS analysis
The Perten 4100 Single Kernel Characterizationé®ygSKCS, Perten Instruments
North America Inc., Springdfield, IL) was used tdelenine hardness index (a dimensionless
index), moisture (% wb), weight (mg) and diametem() of the wheat kernels that were
unexposed or exposed to infrared radiation. The SkK&Sts 300 kernels per sample, and as

explained above each treatment combination wasiated five times.

4.2.4. Germination test
Germination assays were performed by placing 10ewvbeat kernels on filter paper
moistened with distilled water in sterile glassrPdishes. A total of 10 such Petri dishes were
prepared for each replication. The dishes were aekb°C and 65% RH for 6 d to determine
kernel germination. Germination was expressed@s@ntage, after averaging germination

across all 10 dishes in each replicatior= (5 replications per treatment).

4.2.5. Milling

Tempered wheat of 18% moisture (wb) held for 2drtreated and infrared-treated)
were milled in a Quadrumat Senior mill (Brabendenlb and Co., Duisburg, Germany) in the
Department of Grain Science and Industry, Kansate &iniversity, Manhattan, KS. Wheat
tempered to 16% moisture was not milled becaugefoared exposure the moisture content
dropped down to 14% (wb) which is not suitablerfolling hard red winter wheat. Untempered
wheat (11% moisture) was also not milled. Beforlimgj, the sieves and rolls were cleaned. The
machine was warmed for 30 min by initially millimheat. The feed rate was set at 150 g of
wheat/min. After milling, the break and reductidouirs were combined. The ambient
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temperature and relative humidity during millingred8°C and 40%, respectively. Total flour,
bran, and shorts yields, and yield loss were catedland reported on a percentage basis based
on the weight of original wheat and the weighteath of the three fractions. Each treatment

combination was replicated five times.

4.2.6. Color analysis
Color values of the flour samples from each treatmeplication were measured using a
CM-3500d Spectrophotometer (Minolta, Tokyo, Jagargbtain the color parametets &, and
b values). According to Commission Internationald’Belairage (CIE), an international color
standardization bodyl.' represents lightnessa*represents redness or green-ness while *
represents blueness or yellowness (Minolta, 19B9. Hunter color instrument was calibrated
with white and black ceramic plates. The changehkerindividual color parameters were
calculated as follows:
AL=L - Lg; Aa=a-—a; Ab=b-h
The subscript ‘0’ refers to the initial color parat@r of each flour sample that is unexposed to
infrared radiation. The total color differenceH) was determined by the following equation
(Nsonzi and Ramaswamy, 1998):
AE = [(AL)” + (A@)* + (Ab)]"°

4.2.7. Differential Scanning Calorimetry

Differential scanning calorimetry analyses werdqened using a DSC-Q100 (TA
Instruments, New Castle, DE) equipped with & Tniversal Analysi& 2000 workstation. The
moisture content of the flour samples was incredsett2, solid to water ratio. The samples
were weighed and hermetically sealed into standansiinum pans, and were heated from 30 to
130°C at the rate of 10°C/min. An empty pan waslusea reference. The gelatinization profiles
of the various samples during heating were obtaiard the enthalpy of gelatinizatiaid (J/g
of sample) was determined. Each treatment wascedptl five times. Degree of gelatinization
(%DG) was calculated as follows:

AHp— AH
%DG%
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Where,AHp is gelatinization enthalpy of flour from untreatetieat and\Hj; is gelatinization
enthalpy of flour from infrared-exposed wheat.dlldws from the equation that %DG of

untreated wheat flour is 0%.

4.2.8. Falling Number
Falling Number of the flour samples was determiaecbrding to standard AACC
method 56-81. It correlates égsamylase activity of the flour, which in turn issasiated with

kernel sprouting. Each treatment combination wpkaated five times.

4.2.9. Insoluble Polymeric Protein Analysis

The amount of insoluble polymeric protein was daiaed for flour samples from
unexposed wheat and wheat exposed for 1 and 2onmfréred radiation. Flour samples (100
mg) were mixed with 1 ml of solvent (1-propanolfgaced in a vortex stirrer (Vortex Genie-2,
Scientific Industries, Bohemia, NY) and vortexeatmouously for 5 min. Samples were then
centrifuged at 12,000 x g for 5 min and the sup@amtavas discarded. The procedure was
repeated two more times and the supernatants wserarded as they contain monomeric and
soluble polymeric proteins. After extraction, thelets containing the insoluble polymeric
protein were freeze dried. The pellet protein conteas determined by nitrogen combustion
(LECO analysis), and the insoluble polymeric proteercentage was calculated by multiplying
nitrogen values by a conversion factor of 5.7 ainelohg by total flour protein. Each treatment

was replicated two times in duplicates.

4.2.10. Statistical Analysis
Data from various experiments were subjected teetlway analysis of variance
(ANOVA) to determine significant differences amaheg treatments at = 0.05 using the GLM
procedure (SAS Institute, 2008). Data at 16 artd bisture and 8, 16, and 24 h holding times
on kernel hardness, moisture, and weight amongriedrexposure times were subjected to one-
way ANOVA. If one-way ANOVA showed significant défences means for each variable
among infrared exposure times was separated usinfeBonit-tests (SAS Institute, 2008).
Kernel hardness frequency distributions were pibtising SigmaPI6tsoftware (Scientific
Graphing Software, Jandel Corporation, San Ra@#), Data on insoluble polymeric protein
percentage were regressed over infrared exposnes tising a linear regressigrs a + bx
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wherey = amount of insoluble polymeric protein (%)s infrared exposure time (min), aad

andb are estimated parameters from the regression.

4.3. Results

Kernel hardness was 10-20 times higher for whedl % moisture compared to
unexposed wheat at this moisture. Exposure torgdreadiation slightly increased kernel
hardness probably due to loss of kernel moistureaé@rage, the mean kernel hardness
increased by 1.2, 2.1 and 3.0% and the mean kexight decreased by 1.4, 2.4 and 3.7% after
exposure to infrared for 1, 1.5 and 2 min, respebti Infrared exposure of 1 min decreased the
kernel moisture by 1.1%, while infrared exposure$.6 and 2 min decreased kernel moisture by
1.6 and 2.2% respectively (Table 4.1). Three-wayOMA results showed that tempering
moisture, tempering time, and infrared exposurethad significantly influenced kernel
hardnessK, range between tempering moistures, holding timed,infrared exposures = 8.77-
3508.10;P < 0.0003) , kernel weighf( range = 5.00-116.5P,< 0.0085), and kernel moisture
(F, range= 11.21 to 1803.5/;< 0.0001).

Germination percentages of untempered and tempéredt ranged from 78 to 87%
(Table 4.2). Grain moisturé (= 42.85; df = 1, 1022 < 0.0001) and tempering timE € 6.37;
df = 2, 102;P < 0.0025) had significant effect on germination petage, whereas infrared
exposure timeK = 1.92; df = 3, 102P = 0.130) did not have significant effect.

Infrared exposure increased milling yield (up t89%) and decreased the bran yield (up
to 6.8%) when compared with similar values frompened and unexposed wheat. Yield of
shorts was reduced by 3.9%, and flour loss inciebge% following infrared treatment (Table
4.3). Yield of flour, bran and shorts, and floussavere significantly affected by infrared
exposure timeK range = 5.17-180.40; df = 3, 18;<0.0001).

The color analysisL¢, a*, b* values) of the flour showed an overall color charAE)
of 0.31 to 0.40 for infrared treated flour compavéth untreated flourAE = 0) (Table 4.4).

Measurements using Differential Scanning Calorign@SC) did not show any
consistent difference between gelatinization terupees among the treatment combinations;
however there is a slight decrease in enthalpyqup5 J/g) and an increase in degree of
gelatinization (up to 15.2%) for infrared treatéalifs when compared to untreated ones (Table
4.5).
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The Falling number of the flour samples ranged f887% to 514 for the infrared treated
samples, and 384 to 475 for the untreated onedgab). This showed that the flours were
unaffected (high falling number).

Preliminary mixing experiments (mixograph) for fkeur samples were done using full
formula bread doughs. Infrared treatment did nfgtchfvater absorption which was about 61%
(flour weight basis, fwb) for all samples. Mixingie was significantly and negatively affected.

Mix time of flour from tempered and unexposed viheas 4 min, whereas flour from 1 min-
infrared exposed wheat had a mixing time of 6.5. nkfours from 1.5 and 2 min-infrared-
treated wheat did not develop into dough even aftemin of mixing. The dough formed was
hard and biscuit-like. These results indicated ithfaared treatment negatively affected the
functional dough-making properties of gluten in tloair. Due to the fact that dough could not
be formed, the bread was not baked.

The percentage of insoluble polymeric protein deteed for flours indicated that longer
exposure to infrared radiation resulted in flouthAhigher amount of insoluble polymeric
protein. The mean insoluble polymeric protein petages were 44.6, 47.6 and 60.4% for flours
obtained from untreated wheat, and wheat treatédinfrared radiation for 1 and 2 min,
respectively. The linear regression satisfactatégcribed an increase in insoluble polymeric
protection as a function of infrared exposure t{fRe= 0.72) (Fig. 4.1). There was 8% increase

in insoluble polymeric protein for every secondrdfared exposure.

4.4. Discussion

Infrared radiation is used for drying of cerealigsaBradbury et al., 1960; Pan et al.,
2008). Loss of kernel moisture leads to an incr@agernel hardness which is supported by the
SKCS results in our study and those reported bynidat al. (2011c). Kirkpatrick and Cagle
(1978) reported a decrease of 0.5% from initialshwe content of wheat (13.5%) when exposed
to infrared radiation. In our study a decreasepfai2.2% moisture was observed after a 2 min
infrared exposure. This decrease in moisture isg¢hson for a decrease in kernel weight as well.

The germination percentage was not significantgciéd by infrared exposure of the
wheat grains. Ghaly and Touw (1982) evaluateddfiel lof heat damage to wheat samples in a
small batch fluidized-bed rig, and determined thateffects of temperature and initial moisture

content were highly significant, but exposure tinagl little effect on quality deterioration of

65



wheat. Since infrared heating is rapid, and thelpcbloses heat relatively faster (Sakai and
Hanzawa, 1994) it would not have adversely affetitedyermination potential of the wheat
kernels.

During milling, flour yield is influenced by sevédfactors such as milling conditions,
condition of the machine, and type of wheat (Maay et al., 2006). Hard red winter wheat is
normally tempered to 16% moisture before millingolr study, wheat that was unexposed to
infrared radiation had moisture content of 18% \Wwhghigher than the recommended level.
This could be the reason that the mean flour yedd low in this treatment (64.7%). On
exposure to infrared radiation there was moistoss,|land the moisture content of wheat came
down to 16% especially for the 2 min infrared expes Hence, the flour yield was much higher
(73.5%). Another reason for higher flour yield abble the uniform heating of kernels when
exposed to infrared radiation, because water mtdedave the maximum absorption of the 3-7
pm infrared energy emitted by the flameless cdtalgfrared units. Pan et al. (2008) reported
that paddy rice dried with heated air (conventidredting), had more moisture near the surface
of the rice kernel relative to the kernel centerstoreating a moisture gradient in the rice kernel.
The moisture gradient could induce tensile and gesgive stresses resulting in fissures after
cooling and lowering of milling quality (Ban, 197Kunze and Choudhury, 1972; Kunze, 1979).
Using infrared radiation, Pan et al. (2008) obtdihegher head rice yield due to uniform heating
which caused reduced moisture gradient in kerrmedSaster moisture removal.

In the color values of flour samples there wasghsdecrease ib* value or brightness
of the sample as the infrared exposure time ineakado consistent trend was observed in the
case ofa* (green-ness) ank¥ (yellowness) values. Visual comparison with thgraated sample
indicated a slight darkness in the flour from 2 smfrared treated wheat, which could be due to
Maillard browning. Arntfield et al. (2001) report@drared treated lentils to be slightly darker
than raw lentils.

Differential Scanning Calorimetry indicated a sliglecrease in enthalpy for the 2 min
infrared treated sample when compared to the uettemne. It could be due to the fact that some
extent of gelatinization had occurred during infichexposure of 2 min, which may have lowered
the enthalpy. This is supported by the fact thsltghtly higher degree of gelatinization (15.2%)
occurred for wheat exposed for 2 min to infraretlagon when compared with those exposed
for 1.0 min (9.1%) and 1.5 min (6.1%).
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Falling numbers for wheat flour can range from 2Y861 (Maghirang et al. 2006).
Falling number values below 278 may indicate spdauhage or increased enzymatic activity
(Atwell, 2001). Falling number values of flours ebged in our study fell within these ranges
specified by Maghirang et al (2006). There wasghsincrease in falling number for 2 min-
infrared treated wheat flour when compared to kbxr ffrom unexposed wheat and wheat
exposed for 1 min and 1.5 min to infrared radiatibms could be due to inactivation of alpha
amylase enzyme during infrared treatment.

Glutenin polymers are strongly correlated with dopgoperties and breadmaking quality
(Gupta et al., 1993). When gluten is heat-denatiirfiedms a network which resists water
penetration and protects the starch granules fratenuptake. A number of studies have found
that the amount of insoluble polymeric protein lefhind after removal of all other soluble
proteins is directly related to flour quality (Orihd Bushuk, 1972; MacRitchie, 1978;
Chakraborty and Khan, 1988). Presence of highewatf insoluble polymeric protein
decreases the extensibility of the dough (Gupt.£1993). In our study, the amount of
insoluble polymeric protein increased as a functibmfrared exposure time, which indicated
protein denaturation. This in turn affected thealrenaking property of the dough.

In conclusion, despite an increase in flour yigiftared treatment of tempered wheat
adversely affected flour quality and functionalitfence, we do not recommend exposing
tempered wheat to infrared radiation, even thobghet are some beneficial effects such as

increased milling yield and decreased microbiaditoa
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Table 4.1 Effects of infrared treatment on physicaproperties of wheat tempered to different moistureand held for different

tempering times at 28°C and 65% RH.

Moisture Tempering time Exposure Mean + SE
(%) (h) time (min) Hardness Index Weight Moisture Diameter
(HN® (mg)’ (%)° (mmyf
11° 0 0 75.3+1.6a 27.8+0.3a 10.8 +0.1a 26+0.0
76.1 +0.4a 27.4 +0.1ab 10.3 £ 0.2ab 26+0.0
1.5 76.7 £ 0.5a 27.2+0.3ab 10.5 + 0.0ab 2080+

2 77.1 £0.6a 26.9+£0.2b 10.5+0.0b 2.6+0.0

16 8 0 66.5+0.2b 28.8£0.2a 16.0 £ 0.0a 2.60+ 0.
1 67.1 £ 0.2ab 28.4 £ 0.2ab 144 +£0.1b 2.6+0.0

15 67.8 £ 0.2ab 28.2 +0.2ab 13.7 £0.1c 2.60+ 0
2 68.4 £ 0.6b 27.8+£0.2b 12.5+0.1d 2.6 £0.0
16 0 66.6 £ 0.7b 28.4 +£0.2a 15.9+0.0a 2.6+0.0
1 67.6 £ 0.4ab 28.1 £ 0.1ab 144 +£0.1b 2.6+0.0

1.5 68.3 £ 0.1ab 27.9£0.2ab 13.9+0.1c 2.60£ 0
2 68.8 £0.2b 27.4+£0.1b 13.3+0.2d 2.6 £0.0
24 0 66.0 £ 0.3b 28.9+0.1a 15.8 £ 0.0a 2.6+0.0
1 67.0 £ 0.4ab 28.4 +0.3ab 14.0+0.1b 26+0.0

1.5 67.7 £ 0.4ab 28.2 £ 0.1ab 13.5+0.1c 2.60£ 0
2 68.5 +0.5b 27.7+£0.3b 12.8 +0.2d 2.6+0.0

18 8 0 56.9 £ 0.2a 29.6 £0.2a 17.9+0.1a 2.60+ 0.
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16 0

24 0

57.6 £ 0.3ab
58.2 £ 0.2ab
58.8 £ 0.6b
58.2 +0.8a
58.8 +0.4a
59.3+0.2a
59.8 +0.3a
57.8+0.1a
58.3 £ 0.2ab
58.7 £ 0.2bc
59.2+0.2c

29.2+0.2a
28.8 £0.2a
28.6 +0.3a
29.6 £0.1a
29.2+0.2a
28.8 £ 0.3ab
28.3+0.2b
29.8 +0.1a
29.4 +0.2ab
29.0+0.1b
28.7£0.1b

16.8 £0.3b
16.1 £0.1b
15.3+0.2c
17.5+0.2a
17.0 £ 0.2ab
16.6 = 0.2bc
16.2 +0.2c
17.8 £0.1a
16.9+0.1b
16.0£0.1c
15.5+0.2c

26+0.0
2.60+ 0.

26+0.0
26+0.0
26+0.0
2.60+0

26+0.0
26+0.0
26+0.0
2.6C 0.

26+0.0

@Each mean is based ar 5 replications.

®For each tempering moisture and holding time coativn, means among infrared exposure times follomedifferent letters are

significantly different P < 0.05, Bonferroni-test).

¢SE for mean diameter (mm) ranged from 0.006 - Q.6Bite the mean values were similar, data wersulgiected to one-way

ANOVA.
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Table 4.2 Mean germination percentages of untempedevheat and wheat tempered to 16,
18% moisture for 8, 16 and 24 h, and exposed to nafred radiation for 0, 1, 1.5 and 2 min.

Grain Tempering Exposure Germination
moisture (%) time (h) time (min) Mean *+ SE (%)

11 0 0 87.4+3.2

1 81.2+14

15 81.8+0.2

2 82.3+0.6

16 8 0 81.0+£0.8

1 81.9+0.3

15 81.7+0.7

2 81.6+0.3

16 0 81.5+05

80.7+0.8

15 82.0+0.9

2 82.0+0.6

24 0 82.1+05

81.8+0.6

15 82.5+0.7

2 825104

18 8 0 82.1+0.5

1 78.0+04

15 80.1+0.6

2 80.1+0.5

16 0 81.0+£0.5

79.1+£0.5

15 77905

2 80.4+04

24 0 80.2+0.3

81.8+0.3
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15 81.0+0.4
2 80.7+£0.2

#Each mean is based ar¥ 5 replications.
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Table 4.3 Milling yields of various fractions and four loss of wheat tempered to 18%

moisture for 24 h and exposed to infrared radiatiorfor 0, 1, 1.5 and 2 min.

Mean + SE (9%6)

Exposure
time (min) Flour Brar? Short8 LosS
0 64.7 £ 0.8a 20.4 £0.3a 7.4 £0.8a 7.4 £0.7a
1 68.0 £0.8b 15.9+£0.8b 6.4 £ 0.6a 9.7 £0.3a
15 70.1 £ 0.8c 15.0£0.6b 5.2+0.6b 9.6 £ 0.8ba
2 73.5+0.6d 13.6 £0.4c 3.5+0.8c 9.4+£0.3b

#Each mean is based arr 5 replications.

P Means within a column followed by different letten® significantly differentR < 0.05,

Bonferronit-test).
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Table 4.4 Color valuesI(*, a*, b*) and overall color change AE) of flour obtained from

wheattempered to 18% moisture for 24 h and exposed tofrared radiation for 0, 1.0, 1.5,

and 2 min.
Exposure Mean + SEB
time (min) = - = AE
0 97.42 £0.01 1.82 £0.09 0.03£0.00 0.00 £0.00
97.39 £ 0.06 1.68+0.12 0.02 £0.00 0.32£0.15
15 97.43 £0.02 1.80£0.10 0.07 £0.01 0.40 £0.0
2 97.20 £0.01 1.82 £ 0.06 0.03+£0.00 0.31+0.11

#Each mean is based are 5 replications.
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Table 4.5 Gelatinization temperature, enthalpy andlegree of gelatinization of flour
obtained from wheat tempered to 18% moisture for 24 and exposed to infrared radiation
for 0, 1, 1.5 and 2 min.

Exposure Mean + SB
time (min) Gelatinization Enthalpy Degree of
temperature (°C) (J/9) gelatinization (%)
0 65.1+0.6 3.3+£0.3 0.0 +0.0
65.7+£1.0 3.0+£04 9.1 £0.3
15 64.9+0.3 3.1+0.3 6.1 £0.3
2 65.4+0.9 2.8+0.3 15.2 +0.3

#Each mean is based arr 5 replications.
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Table 4.6 Falling numbers of flours obtained from vineat tempered to 18% moisture for 24

h and exposed to infrared radiation for O, 1, 1.5=@d 2 min.

Infrared exposure time (min) Falling number (Mea8E}
0 430 £ 39
1.0 426 + 38
1.5 423 + 23
2 484 + 36

#Means are based ore 5 replications.
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Figure 4.1 Linear regression describing an increas@ insoluble polymeric protein in flour
from wheat at 18% moisture held for 24 h that was x¥posed to infrared radiation for 0, 1,
and 2 min. Values in parenthesis in the equation arstandard errors of parameter

estimates.

70 1 y = 44.0(1.9) + 7.6(1.5)x; n = 12; R* = 0.72
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Chapter 5 - Effects of electrolyzed oxidizing watealone and
electrolyzed oxidizing water and infrared exposureon microbial

loads of whole wheat and flour
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Abstract

The efficacy of electrolyzed oxidizing (EO) watdorze for tempering wheat and EO
water followed by infrared treatment of temperedeathon aerobic bacterial and fungal loads
was investigated. A bench-top flameless catalyiared emitter was used to treat wheat that
was tempered with distilled water or EO water t&cli®oisture (wb) for 24 h and exposed to
infrared radiation for 1, 1.5 and 2 min. The trelatéheat was milled, and microbial plating was
done for the whole wheat and flour to enumerateohial loads. Wheat tempered with distilled
water and exposed to infrared radiation resulta@ducing bacterial and fungal counts by
98.9% when compared with wheat that was untemp@rEk moisture, wb) and unexposed to
infrared radiation. Wheat tempered with EO watet exposed to infrared radiation showed
about 99.5% reduction in bacterial and fungal ceuelative to those found on untempered and
unexposed wheat. Tempering wheat with EO wateman@xposing to infrared radiation
reduced bacterial counts by 56.1% and fungal cdun®6.1%. Linear regression models were
fit to the logarithmic decrease of bacterial anaigal counts as a function of infrared exposure
time to determin®-values (time in min required for 1-log reductidmacrobial loads)D-
values showed that the time for 1-log reductiomafrobial loads in wheat and flour took about
a minute, irrespective of whether distilled wateE® water was used for tempering wheat. The
results show that the use of EO water for tempasihgat will help reduce bacterial and fungal
loads on wheat.
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5.1. Introduction

Food safety and quality has been a high priorityrdkie last decade in light of several
food safety recalls of cereal commodities. Cereailng contain a wide assortment of microflora
including bacteria, fungi, actinomycetes, and ye@sveral studies have documented the
presence obalmonellaspp.,Escherichia coliBacillus cereusand other spoilage micro
organisms in wheat and flour (Ottogalli and Gdlf79; Eyles et al., 1989; Richter et al., 1993).

In recent years, the electrolyzed-oxidizing wakD (water) has received much attention
as a novel non-thermal antimicrobial agent. EOewhts been extensively studied for use in
agricultural and food industrial processes, post#st disease control of raw agricultural
commodities, and disinfection of food contact scefa(Grech and Rijkenberg 1992; Kim et al.,
2000; Al-Hag et al., 2002; Venkitanarayanan et1#199). The application of EO water for
microbial control provides many advantages oveenothemical agents, including less adverse
chemical residue, and it is cost-effective and emrnentally friendly (Kroyer 1995; Al-Haq et
al., 2002).

EO water is produced by passing a diluted saltteri(0.1% NacCl) through an
electrolytic cell, within which the anode and catb@re separated by a membrane (Fig. 5.1)
(Huang et al., 2008). By subjecting the electradedirect current voltages, negatively charged
ions of salt and water, Gind OH respectively, are attracted to the anode whenehihme with
dissociated water molecules™(Hnd Q) to form HCI, HOCI, C4, OCI, and Q. Positively
charged ions such as Nand H move to the cathode to take up electrons to foe®MN and H
(Hsu, 2005). EO water is collected at the anodé les a low pH (2.3-2.7), a high oxidation-
reduction potential (ORP >1000 mV), high dissoleaggen, and a free chlorine concentration
of 10-80 ppm (Shimizu and Huruzawa, 1992).

Bonde and Nester (1999), Oomori et al. (2000) aosh¥tia et al. (2004) studied the
effects of EO water in controlling post-harvestedises in cereal grains. However there are only
very few literature references that focus on thgiegtion of EO water in grain processing.

Macaluso (2007) developed a patented process &tinigenuts using infrared radiation in
combination with EO water to inactivaBalmonellaspp. Adding EO water to nuts followed by
infrared radiation exposure for 20-100 sec inat#iganicrobial loads without adversely

affecting nut quality. Deliephan (2013) reportedtthameless catalytic infrared radiation is

82



effective in reducing microbial loads of tempereldeat by 2-3 logs after 1, 1.5, and 2 min
exposures. lItis plausible that tempering whatt O water alone followed by brief exposure
to infrared radiation may further reduce microtheads. In the present study, the sterilization
effects of tempering wheat with EO water followsdiffrared radiation exposure was studied to

determine microbial loads on wheat and flour milledn wheat.
5.2. Materials and methods

5.2.1. Tempering of wheat samples
About 200 g of uninfested, organic, hard red wintbeat of 11% moisture (wb)
(Heartland Mills, Marienthal, KS, USA) was placedmdividual sterile polythene Ziploc bags
(Fisher Scientific, Pittsburg, PA). EO water of @H and oxidation-reduction potential (ORP)
1,100 mV was procured from RPA Biotech Inc., Laga&® NV. A calculated amount of EO
water or distilled water was added to wheat toease the grain moisture to 18%. The amount of
water added was determined using the formula bé@ttawris and Lindblad,1978):

100-Initial moisture

Amount of water added (in ml) [m-l x Amount of wheat (in g)

Each bag with wheat after addition of distillede® water was shaken vigorously for uniform
distribution of moisture and was allowed to temfoer24 h at 28 °C and 65% RH in a growth
chamber (Percival, Perry, 1A). Untempered whea%{Iic) was also included in this study to
show microbial loads prior to tempering and theaetpf infrared radiation exposure on
microbial loads. A total of 60 such bags were pregdor the various treatment combinations
(Table 5.1).

5.2.2. Infrared exposure
Each wheat sample (113.5 g in a single layer) & frfoisture or 18% moisture was
either unexposed or exposed for 1, 1.5, and 2 minftared radiation using a bench-top
flameless catalytic infrared emitter (Catalytic by Technologies LLC, Independence, KS,
USA), fueled by propane, at a distance of 8 cm ftbenemitter surface. The total heat energy
output of this unitis 1.5 kW/h. Temperatures aitdi at each exposure time are reported

elsewhere (Deliephan, 2013).
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5.2.3. Milling
Only the 18% tempered wheat samples were milledQuadrumat Senior mill
(Brabender GmbH and Co., Duisburg, Germany) irtepartment of Grain Science and
Industry, Kansas State University, Manhattan, K&oBe: milling, the sieves were cleaned and
rolls were wiped with 95% ethanol. The machine wasmed for 30 min by initially milling
wheat. The feed rate was set at 150 g of wheatlfitar milling, the break and reduction flours
were combined. The ambient temperature and relativgdity during milling were 18°C and

40% respectively. There were five replicationsdach treatment combination.

5.2.4. Microbial plating

Microbial analyses were initiated by asepticallyigivng 10 g of sample (whole wheat or
flour) and suspending it in 100 ml of distilled watDilution blanks (peptone 0.1%) were
prepared, and serial dilutions from™® 10* were made for the samples. For total bacterial
count, 1 ml each of the dilutions 4010° and 10 were plated using the surface spread method
on Trypticase Soy Broth (TSB) nutrient agar. Udimg same procedure, for fungal counts, 1 ml
each of the dilutions 1% 10% and 10" were plated on Potato Dextrose Agar (PDA) medium.
Chloramphenicol (75 mg/L) was added to PDA to pn¢viee growth of bacteria. Three sub-
replicates were plated for each replicate of aldhmples. The plates were incubated at 25°C for
5 d. Enumeration was done by colony count methotbtal bacteria and fungi, and the results

were expressed in colony forming units per gramW@ir

5.2.5. Statistical analysis
The logarithmic decrease of total bacteria and naoleht of whole wheat and flour
treated with infrared radiation and/or EO watefuaction of infrared exposure time (0-2 min)
was described by a linear regressipr, a + bx, wherey = total bacterial or fungal counts (leg
CFU/Q);x = infrared exposure time in minutes, andndb are estimated parameters from the
regression. The inverse of the slope galevalue which represented the minutes of infrared

exposure required for a 1-log reduction of bacteritungal counts.

5.3. Results

The mean bacterial and mold counts for all treatmembinations are shown in Table

5.2. The control wheat which is untempered andneated with infrared radiation had the
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highest mean total bacteria (6.67 ¥ TFU/g) and fungal counts (4.33 x*10FU/g). Among

the samples that are not exposed to infrared radjiavheat tempered with EO water alone had
the lowest microbial loads: 2.93 x*#nd 1.47 x 1DCFU/g for bacterial and fungal counts,
respectively. Wheat tempered with distilled watena had a slightly lower microbial load (5.80
x 10¢ CFU/g bacterial and 2.93 x .GFU/g fungal counts) when compared with untempered
and unexposed wheat, but higher microbial loadswdoenpared with wheat tempered with EO
water alone (2.93 x £@CFU/g bacterial and 1.47 x 3GFU/g fungal counts). Exposure to
infrared radiation reduced both bacterial and fliegants, and this decrease was logarithmic
(Table 5.3).

Wheat at 11% moisture showed 98.7% decrease irohiadloads after infrared
exposure. The decrease in microbial loads waseréattempered wheat samples exposed to
infrared radiation. Wheat tempered with distilledter and exposed to infrared radiation
showed up to 98.9% decrease in microbial loadsenthg wheat tempered with EO water and
exposed to infrared showed up to 99.5% decreasuciobial loads. Wheat tempered with EO
water and not exposed to infrared showed up tad%@&lécrease in microbial loads. Microbial
loads in flour was consistently lower compared twlg wheat in all treatment combinations,
and the trends were similar to that of whole whé&dte decrease in microbial loads in flour from
tempered and infrared exposed wheat also decréagaithmically (Table 5.4). The time
required for 1-log reduction of microbial loadstémpered wheat exposed to infrared radiation

and those found in flour from treated wheat wasuafianinute.

5.4. Discussion

The typical range of bacterial and fungal courasnfl in wheat is 3-8 logs and 2-7 log
CFUlqg, respectively (Manthey et al., 2004). The ofsEO water as a tempering agent for whole
wheat (without treating with infrared radiationjileo a 99.6% decrease in bacterial counts and a
66.1% decrease in fungal counts. The inhibitiomafrobes by EO water is based on the low pH
and high oxidation-reduction potential (ORP) of &@ter causing damage of cell membranes. In
general, aerobic bacteria grow in a pH range ofat®@ mostly at an ORP range of +200 to 80
mV. Oxidation occurs when oxygen reacts with ott@nmpounds causing them to lose electrons
and further causing the compounds to break dowthdrtase of microbes, oxidation due to EO

water (ORP >1000) damages cell membranes, cregteption in cell metabolic processes due
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to change in electron flow, and eventually kille ttell. The low pH of EO water (pH 2-3) could
sensitize the outer membrane of microbial celih&entry of HOCI (hypochlorous acid) into
the cell. HOCI, the most active of chlorine compds, appears to kill microbial cells through
inhibiting glucose oxidation by chlorine-oxidizisglfhydryl groups of certain enzymes
important in carbohydrate metabolism (Marriott &wvani, 2006; Liao et al., 2007).

An EO water generator is normally used to produ®entater, and various types of these
machines are available in the market. Al-Haq angiy&uma (2004) state that the machine most
commonly used in published reports is the ROX-20gthizaki Electric Inc., Toyoake, Aichi,
Japan). This has been used in studies reportecbbghkand Itoh (2001); Park et al. (2001,
2002) and Venkitanarayanan et al. (1999). A machiasufactured by Remotex (Remote Co.,
Toshima-ku, Tokyo, Japan) was used by Yamaki (1888)Yamaki and Schoerner (1995). Al-
Haq et al. (2002) used a machine manufactured guldishi Electric Engineering Co., Japan.

Production capacity of a ROX-20 generator is 1bt3min. A ROX-60 generator has a
higher production capacity of 3.0-6.0 liters/mihe&ricity consumption is 0.34 kW and 0.45
kW for ROX-20 and ROX-60 generators, respectivalgcording to Viking Pur8, a supplier of
EO water generators, the price range of largereagaits range from $12,000-$15,000 while that
of smaller-scale units is about $3,500.

In conclusion, the use of infrared radiation oneampered wheat and wheat tempered to
18% moisture with distilled or EO water resultechidecrease on microbial loads of both wheat
and flour produced from infrared exposed wheat. blzeka et al. (2006) reported increased
microbicidal effect of infrared radiation on whesithigher moisture content (24% whb) and little
microbicidal effect in low moisture content (14% wittheat. This conclusion is supported by
our results that showed a slightly higher microbgaluction observed in the tempered wheat
(18% moisture) compared with untempered wheat (fi$sture). Infrared radiation damages
microbial cell protein and RNA, and leads to mesasalisintegration, cell wall damage,
cytoplasmic membrane shrinkage and cellular conéaktage, thus killing the cell.

A combination of tempering with EO water followeg infrared treatment greatly
reduced the bacterial and fungal counts to 99.58®08M%, respectively, in wheat. Though the
wheat was tempered to 18% moisture for 24 h withvigter, the subsequent exposure to
infrared radiation brought down the moisture towthi®% which is the ideal tempering moisture
for wheat. Milling of these wheat samples resuitetlour with greater reduction in bacterial
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counts (up to 99.9%) and fungal counts (up to 99.7A& the majority of microbial population
is on the surface of the wheat, milling processlfiteduces surface microbial loads to some
extent. Hence the bacterial and fungal count afrflsere consistently lesser than that of whole
wheat.

This study showed that EO water on wheat has aoprased antimicrobial effect when
used separately, and in combination with infratiation. As the conventional wheat
tempering process uses chlorinated water whichidgdue issues, the use of EO water is
recommended as an eco-friendly process for impravietbbial load reduction. Subsequent use
of infrared radiation not only helps in moisturen@val of wheat for milling, but also in further
microbial load reduction. Exposure of tempered wheanfrared radiation had adversely
affected flour functionality (Deliephan, 2013). drkfore, for tempering wheat, it would be
practicable to use just EO water. Further studiesiaeded to be done on the economics of using

EO water for tempering wheat.
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Figure 5.1 Schematics of electrolyzed water genertand produced compounds (Source:
Huang et al., 2008).
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Table 5.1 Treatment combinations used for temperingvheat with distilled water or EO

water and exposing to infrared radiation to assessiicrobial load.

Treatment Factors:
Grain Tempering  Infrared exposure
moisture (%) time (h) time (min)
Control 11 0 0
Untempered; infrared treated 11 0 1.0
1.5
2.0
Distilled water-tempered; untreated 18 24 0
Distilled water-tempered; infrared treated 18 24 0 1.
1.5
2.0
EO water-tempered; untreated 18 24 0
EO water-tempered; infrared treated 18 24 1.0
1.5
2.0
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Table 5.2 Total bacterial and fungal counts in untepered and tempered wheat exposed to infrared radteon for 0, 1, 1.5, and

2 min.
Infrared Mean + SE
Treatment exposure time Total bacterial counts (CFU/Q) Fungal counts (CHU/g
(min) Whole wheat Flour Whole wheat Flour

Untemperedi 0 (6.67 £0.38) x 10 - (4.33£0.21) x 10 -

1 (3.06 +£0.37) x 10 - (1.67 £ 0.28) x 10 -

1.5 (1.87 £0.17) x 10 - (1.67 £ 0.15) x 10 -

2 (8.67 +1.69) x 10 - (1.27 £0.29) x 1D -
Distilled water 0 (5.80+0.17)x {0 (2.73+0.07)x1d  (2.93+0.07)x1d (1.33+0.11)x1d
1 (3.40 £0.31) x 1D (153+0.17)x1d  (1.93£0.19)x1®  (1.20+0.26) x 1D
1.5 (1.67+0.18)x 0  (7.80+1.33)x1d  (1.20+0.23)x 1D  (5.20+1.00) x 1b
2 (733+1.63)x10  (3.33+1.01)x1®  (4.00+0.70)x1b  (1.30+0.30) x 1b
EO water 0 (2.93+0.12) x40 (1.40+0.07)x1D  (1.47+0.08)x1d  (8.00+0.33) x 1®
1 (1.53+0.08) x10  (5.07+053)x1H  (8.67+0.82)x10 (3.80+0.27) x 19
1.5 (6.67+1.05)x 0  (3.33+0.70)x1®  (7.30+0.70)x 10  (2.50 +0.30) x 1b
2 (3.33+0.00)x10  (6.00+3.10)x1b  (2.70+0.70)x1b  (1.10+0.30) x 1b

#Each mean is based arF 5 replications.

b Untempered wheat was not milled into flour.
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Figure 5.2 Linear regressions describing logarithng decrease in bacterial and fungal counts of untengped wheat and wheat
tempered to 18% moisture with distilled or EO waterand exposed to infrared radiation for 0, 1, 1.5,r@d 2 min.
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Table 5.3 Linear regression parameter estimates ard-values of untempered and tempered wheat exposeditdrared

radiation.
Total bacterial counts Fungal counts
Parameter Untempered Distilled water EO water Untempered iDest water EO water
Intercept 4) 5.01£0.13 4,99 +0.15 4.67 £0.15 3.74+£0.11 .703 0.15 3.40+£0.19
Slope b) -1.02 £0.09 -1.03+0.11 -1.05+0.11 -0.86 &3). -0.98+0.11 -0.98+0.14
R 0.85 0.82 0.83 0.86 0.82 0.74
D-value (min} 0.98 0.97 0.95 1.16 1.02 1.02

%Intercept and slope values are means +8ER).

PD-value shows 1-log reduction in bacterial/mold doama function of infrared exposure time in misute
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Table 5.4 Linear regression parameter estimates ard-values of untempered and tempered wheat exposeditdrared

radiation and milled into flour.

Total bacterial counts Fungal counts
Parameter Untempered Distilled water EO water Untempered iDast water EO water
Intercept &) 4.68 £0.13 4.73+0.28 450 £0.28 3.37+0.23 443 0.21 3.11+0.16
Slope b) -1.02 £ 0.10 -1.20+0.21 -1.45+0.21 -0.90 £0. -1.09 +0.16 -1.03+0.12
R 0.85 0.65 0.72 0.61 0.73 0.80
D-value (min¥ 0.98 0.83 0.69 1.11 0.92 0.97

%Intercept and slope values are means * SE.

PD-value shows 1-log reduction in bacterial/mold doama function of infrared exposure time in misute
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