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ABSTRACT

Law, Donal,d Philip, M. Se. The Uni.:erslty of ManiËobå, February 1976
l{ear-Infrared Reflectance Studies on I{heat

Major Professor: Dr. R. Tkachuk

InsÈruments which use the reflectance of near-infr:ared

radiation are becomÍng widely accepted $rithin Èhe grain induslries.

Ilor,Tever Littl"e inforrnaËÍon on the basis for their use is available.

The maÍn objective of the thesis l,¡as to determine the near-infra.red

absorption châracteristics of l,rheâÈ and its conponents.

ReflecLance spectra of wheat, gluten, starch, pentosât-ts,

J-ípid and rrrater Ì¡ere recorded bet!,7een 1.0 and 2.5p usíng a Cary L7T

speetrophotometer, The specËruE for rnTheat ÌJas strongly influenced

by the carbohydTate comÞonents. Iiheat type had no effect on the

positíon of peaks. Gluten showed major peaks ¿t 1.19, 1,50, L.73"

L.98, 2.05, 2,L8, 2.2g an-d 2.47u, The spectïa for starch ând

pentosans Lrere sÍmí1ar hríth ¡iajor peaks occurring at approxímateLy

L.20, 1".45, 1.54r 1.93, 2.09, 2.32 and 2.49u. The posiËion of the

peaks åssociaÈed \,ríth hydroxyl groups laTas determined, Ín part, by

the degree of hydrogen bonding. the absorptÍon peaks for liquid

r^rater aÈ l-.45 and 1.93}r occurred aË slightly higher wavelengths

in vheat, glut.en, starch and penLosans. The absorption bands Ìrere

assigned to various overtone and combínation vibrations cf C-lt,.

N-H, O-H, and C=0 groups.

E>,perience r¡ith commercial near-infrared reflectance

graÍn analysers has shol^7n that the accuracy of the instrurnents

ís markedl.y ínfluenced by vâriations in the pârticle size of the

prepared samples. Examinaticn of Èhe iiterature on reflecÈance



spectrophÕtonetTy indícated ttjåÈ the mathemâÈícal" fornat of call-

biation used in these i.nstïumênts nras not theoretícaLly corrêct.

These problems r,7ere investigated in relation to the use of near-

infrared refl-ectance spec¿iopho tone Lry for the deí]ernínâtion of

ûoisture in r^'heat.

Sampl"es of a durum, a hard red spríng and a soft h'híte

winter r,rrheat were ground on three different mÍ11s. The mean par-

ticl-e síze of Lhe nine samples obtained (3 wheats x 3 ni11s),

ranged from 1-70 to 500p. r.ive subsarnples taken from each of the

above r¿ere hunídífied or vacuum-dried to yield a range of moisture
t

cor¡teûts from 7.1 to J.4,57., Kubelka-l.lunk values [F(Rr) = lÅ:B:I]
2R

fltere j:ecorded at tr^renËy wavelengths betvreen I.I2 a¡ð 2.49V.

AfÈer logaritlìmic transformation, the åpplÍcation of nultiple

regression analysis to the data yi-e1ded aû equation Iog uû. = 0.966 -F

tI.620 Las ¡(Rl)r.S:u - I.628 Log r(Rj)r.rou (r- = 0.98; c.v. =

7.5"/.). The validity of the caLibraLion for the moisture xange 2.8

xa J.6.5"Á l.ras established by predícting the moísture contents of

49 wheats; 32 of which rnrere. of a dÍfferent type and had been ground

on a dífferent rnÍl-1 to those used ín Èhe calibration.

The method eLiminates the suscepÈibilíty Èo part.Ícle size

of near-ÍDfrared reflectance spec trophotometTj-c techníques for the

de¿ermÍnatíon of moisture ín rn'heât and provides the basis for the

development of instrumerìËs r¡hich are calibrated wíth internal

sLêndêrds rather than rvíth samples of known composíËíon.
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I. INTRODUCTION

A rapíd nethod for the analyses of protein and ltoÍstuïe

contents i:f cereals has iong been a goal for chemÍsts Ìrithin the

grain industries. The most pro ising technique so far developed

appear: s to be near-infrared reflecÈance specÈropho tometry. Insiru-
ments designed specifÍcally for the analyses of proteín, moÍstuïe

anil oil conLents in cereals and oilseeds r-ere introduced in 197L.

Due to their aecurâ.cy, cost arid rapídiËy of anal_yses, they ha.Je

gaíned wide acceptance. A semi-automâtic instrumenË Ínstall-ed at

the Graín Research l-aboraLory, Winnipeg, has enabled Ëhe anal)rsês

of 2000 sanpJ-es of Ìlrheat. for proteÍn content per 8-hour Cay,

Sma-lLer instruments have been introduced at termi.nal eLevators in

Canada to assi.st with the segregatÍon of r\rheat on the basis of

Protêin coutent.

Despite the widespread poprrlarity of these irÌstruürerits,

the príncipJ-es of the Lechnique are not lùidelv understood. ThÍs

is due to the l-ack of pubLíshed information on the absorption of

near-Ínfrared radÍaËÍon by cereaLs and theiÍ coxrponents, as .$reLl

as on the use of reflecti.on spectroscopy for the analysÍs of

compl.ex üixtuïes i.nvolvíng variabi]-j.ty in surface charac terlstícs ,

A study hras conducted to establ-ish Lhe châracteristícs

of the near-i-nfrared absorption of r,üheaÈ and its coüponenËs. This

thesis il"lustrates Èhe spectra between 1.0 and 2.5u of wheat,

g1uÈen, starch, soiuble and insol-ubJ.e pentosans, lipid ånal water.

In addition, the absorplion peaks r"rere assigned to various overtone



and combination vibratÍons of C-H, N-Il, 0-H and C=0 groups.

The t.hesis also presents a method for the determinatiÕn of

moisture content ín r^¡heat. Detai-led evaluation of the conmercial

near-infrared reflectance grain analyzers demonsËrated that the

accuracy of the instruments in the ânalysis of wheat hTas detemined

largel-y by the degree of uniforrnity of the particl-e size distribu-

tion of the ground sample. thís dlstributÍon mây be influenced by

the method of sample preparation, grâin type, vâriety, and degree of

raTeathering (I{íl-i"Ía¡ns, 1975). Examinati.on of the lÍteraÈure on Èhe

quantitâtive application of reflecLance spectroscopy indicated that

the nathematÍcal treatment of the refLectanee measuremenÈs used in

t.he instrumenËs was not bâsed on âny of the accepted theories,

The Kubelka-Munk theory of diffuse reflectânce was applíed

to refl-ectance neasurements made on samples of durum, hard red

spring and soft r,'7hite ìrinter r.rTheats whÍch had been ground on three

different mil1s and adjusted to fÍve dífferent moisture levels.

MultipJ-e regressíon analyses of Lhe daËa yielded â method for the

determination of moÍsture Ín wheat, r,rhich was independent of rdheât

type and only s1ÍghtLy affected by the nethod of sanple preparation.

the



II. I.ITERATÜRE REVIEW

A. Near-Infrared SpectrtscopY

L. General

Revier¡s on near-ínfrared spectroscopy and its appl-ications

have been publÍshed by 811Ís .(1929) lauer and Rosenbaum (1952) '
Kaye (L954, 1955, 1960), l{heeJ-er (1959) ' God<iu: (1960), McCallun

(1964) and l,lhetseL (1966, 1969).

The near-infrared region ís usually considered to cover

the section of the electromagnetic spectlum betÌteen 0.7 and 3.0u.

As such, the region involves 1ow energy electronic transítions and

overLones and combínations of hydrogeníc stretching and bending

vibïations. The fundamentaLs of the stretching and bending víbra-

tlons occur in Èhe regulãr infrared. For reasons of instrumenta-

tíon the upper 1ÍmiË of the near-ínfrared Ís often considered Ëo be

2.5u (!ühersel' 1969) .

' In comparison r^¡ith the reguLar infrared, the near regíon

is considered to have l-ímited value in qualitative anâl-ytj-cal work;

however, Ít has proved to be extreme.ly valuable for deÈectÍng and

deternining funcËíonal groups which contain unique hydrogen grouPs

(Goddu' 1960). Colthup-tyPe charts shoüring position and range of

bands for various molecular groups have been pubJ-ished bÍ Kaye (1954) 
'

and Goddu and Delker (1"960).

t Theory

Thís treatment of theory is based on those Presented by

Wheeler (1959) and llhetsel (L969).



The absorptíon of radiarion of a defínite r,râvel-ength by a

rnolecule results Ín an íncrease in the frequency of vibration of Èhe

bond between a pair of atorns. To the first approxímation, a

molecular vibïatíon is anaLogons to a sif[pl-e harüonic oscÍllator.

AJ-1 energy changes ï7íthin molecuLes are quantized ând there is a

defÍnite frequency associated Ìrith the quantÍzed change ín vibrational

eriergy. ThÍs change in energy r¿íl-1 resulL from the absorption of

líght of a definite frequency or i¡avelength.

From quantum mechanícal consídeiatíons, the vibTational

energy of. a strict harnonic oscillator ts given by

E = (v + 1/2) hcv

where: E = the vÍbrational energy

= the vibrational quanium number; which can
assume ínÈeger values of 0, 1, 2, 3, ....,

v = the r{ave number of the fundamental
vibration (cm-l¡,

h = Pl-âncks consËârit, and

c = the speed of 1ight.

In the case of a true harmonic oscillator, selection

rules forbid transitÍons betr^reen trnro adjacenÈ energy levels and

Ínteractíons b etr4reen different oscÍllators. Ho!¡ever, as molecular

vÍbratíons are not true harmonic oscí1lators, transítions betù/een

non-adjacent energy leve1s and interactíons bethTeen vibratÍons occur.

The energy leveLs are not equaJ-Ly spaced as suggested by Equatíon l-

(1)



but gÍven by

E = hcv [(v + 1/2) -x (v + tlz)21

where:x = the ånharmonicity constanÈ.

Transitions between the grÕund state (v = o) and

second and hígher exciËed states (v = 2,3,....) give rise to first,

second, and higher ôvertcne bands at wave numbers sl-ighËly less than

two, three or more times the r¡ave number of the fundamentâl

vibration.

CoÐbÍnation bands rise when changes in vÍbrationaL

energy leve1s of Ëwo or more bonds occur simultaneously. Absorption

occurs at wave numbers slightly lower than the sum of the wave

numbers of Ëhe fundamental vibralions.

As the probability of transiLion bet\,reen Èr^ro energy levels

becomes progr'essively Less as 
^v 

increases, the intensj.tíes of the

bands decrease rnrith increase ín v. Simpl-e binary combinati-on bands

have íntensities of the same order of magrÌitude as fírst overtone bands.

3. AppJ-lcatlons

(a) CereaLs. Transmittance specÈra beÈr,reen 1.0 and 2.4v for

carbon Letrachloride suspensions of Ìret and dry r,lheaË have been

publ-ished (Norris and Hart, 1963). The âuthors studíed the relation

of optical density at 7.94V to moisture content. Massíe and

Norris (l-965) iLlustraLed the transmiËtance and refl"ectance spectra

beÈiüeen 0,4 and 2.0U for whole grain. wheal, oats, corn and rice in

(2)



connection üriÈh optínum energy sources for grain dryíng. Except for

the assígnment of bands at L,45 and 1.94p to !,'ater " these studies

provided no information on the groups responsíble for the various

. absorpÈion bands.

(b) Protei.ns, Absorption in the near-i"nfrared region by pïoteins

and other compounds contaÍníng peptide bonds has been studied

extensively by tÏânsmission spectioscopy (EJ-lis and Bath, 1938b;

Bath and EJ-l-is, 1-941; El-l-iott and Anbrose, 1950; l,rúrose ând 811Íott,

1-951,a, 1951b; EllioËt, l-952i E1l-iorr, Hanby and Malcoln, 1954;

Sutherl-and, Tanner and l,Iood, 1954; Fraser L955, 1956; Hecht and trrlood,

1956; Fraser and MâcRae, 1958; Herrnans and Scheraga, 1960; Larose,

1961; Susí and Ard, 1966). This r^rork as rn¡ell as studies on primary

ând secondary ¿rnidèe- by Goddu (1969), and Krikorían and Mahpour

(l-975) have resuLÈed in a comprehensive understanding, partícul"arly

in the N-H combinaÈlon regj.on, I.9 xo 2,2t, of the band assignments

for proteins.

El-lis and Bath (i.938b) and Bath and Ellis (1941) assigned

the bands at L.72 and 2.281t to lst overtone and combinatíon vibrations

arising frorn .CH; groups, Hecht ånd ![ood (1956) made the generai
¿

assígnments of the 1.1 - ]-2Þ, 1.7 - 1.8u anð,2,2 - 2.5u regíons to

2nd and Lst overtone and combÍnatÍon C-11 vibrations respecËively.

Fraser (1-956) assigned peaks at 2.29 and 2.361t in r,¡ool" and 2.30 ancl

2.35U in nyLon to .CHi group víbratíons. Larose (J-961) Ín studying

the degrêdation of nylon by HCI assígned bands at L.zL, I.42, L.74,

L.76,2.30, 2.34, 2.36 and 2,46t to v¿Tious overtone ênd conbínation

vibrotions due to .CH. groups.2'



Few studíes have been undertaken on band assignment for

the meÈhíne (.ðg.) grorp. Evans, llibbarcl and Powe11 (1951) assignerl

bânds at I.225 and 1.440u to overtone and combinâtiôn vibratíons

of the methine groups. I'raser and Ì"facRae (1958) proposed LhaL a

bånd at 2.L7lt t}j.at persisLed after compl-ete deuÈeraÈion of proteins

was due to combination ríbratíons of C=0 and the d-carbon hydrogen.

(c) Polysaccharides. There have been no extensive studíes of

abosÍption by pol-ysaccharídes in the near-infrared region. Níkitin

(1950) stu<lied the effect of hydrogen bonding ín cellulose on the

free hydroxyl peaks at 1.44, 1.91 and 2,07p. Korelova (1957) used

absorption ax I.475 and 1.570u in a study of hydrogen bonding in

ceJ-Lulose, ¡,rhi-l"e MitchelJ-, Bocknan and Lee (1957) deterrnined the

a-cetyl content of ceLLulose acetâte by Èhe reductíon in hydroxyl

absorbance at 1.445u.

(d) Lipids. Ho1mên and Edurondson (1956) published near-infrared

spectrê and band assignnents for a large number of fâtty acíds

and related substances. Near-infrared methods r,7eïe subsequently

used by Holnar¡ Ener, and Edmondson (1959) and ¡'enton and Crisler

(1959) to d.eÈernine cís unsatuïatíon in natural fats and oíls,

hyCrogenated oí1s and shorteníngs. A'bsorpÈion p.t I.725v has been

used by Ben-Gera and Norrís (1968a) to deternine the fat content

in meat products. The use of the near-infrared regíon in the

determinåtion of oiL content of cereals and oilseeds Ís discussed

ín Section II 83.



(e) Water. The near-infrared region hâs been used extensively

for studies oa the slructure of water as r¿ell as the deterÍlinâtíon

of moísture contents (whetsel, 1969). In dilute carbon teËrachloride

soluLion, t¡aler has foul: âbsorpLion bands; 1.39' 1.90' 2.7O and 2,76v.

In most other media, the bands âre shifted to longer wavelengLhs

due to various types of hydrogen bond.íng (Goddu, 1960).

EllÍott and Ambrose (1950) suggested that absorption at

l-.94U rníghL be applicable to the determinatíon of \n'ater ín Proteins.

This ¡,¡as confirrned by llecht and trlood (f956). Kaye (1954) denon-

strated the applícation of the region to the delermínatíon of

r,,7ater in hydrocarbons, alcohols and carboxylÍc acíds. Methods

applÍcab1e Lo âgrÍcultural products have been published by HarÈ,

Norris and Golumbic (1962) ' Norris and Hart (1965) and Ben-Gera and

Norrís (1968a, 1968b). In general Lhese methods embodied the use of

methânol extracÈs or suspensíons of the r'âteri.al in methânoL or

carbon tetrachlorÍde príor to measurement of absorplion at 1'93u.

The determínation of v/ater by near-infrared reflectance techniques

is discussed ín SecÈion If 83.



Ref lectance Spectroscopy

]. General

- Reflectance speclroscopy ís the investigation of the

spectral composiËion of surface-reflecled radiation krith respect to

its angularly dependent intensity and the composÍ.tion of the i.ncident

radiarÍon (Korrifu, 1969).

The fÍrst meâsuremenLg of accurate reflection daËa al:e

credited Lo Hardy ín the l-920rs fol-lowíne hís developrnenÈ of a

recordíng reflectometer (trrrendlandt ånd Hecht, 1966), Hardy (1!38)

reported: "The first fe\a7 months of operation of this ínstrument

r,ttere very exciÈÍng. lle measured the coLour of everything in sight

and then went out to Look for more samples. The instrument was

found to act r4'ith such rapldity thaË ít generally took less time to

make a measuremenL than it did to decide whether such a meåsurement

was lÍkely to be significant.rl

Three cl-asses of reflectance spectrÖscopy have developed -

specuJ"ar, díffuse and internal reflection. ThÍs Ëhesis considers

nainly diffuse refLectance. SpecuJ-ar refl-ecÈion is conoidered in

sufficÍent detail to explain its ínterference wíth Èhe phenorunenon

and measurement of diffuse reflectance. For information on specular

and internaL reflecÈion spectroscopy the reader ís referred to

texrbooks by l"lendlandr and Hechr (1966), Harríck (1967) and KorËih (1969).

Addítíonâl information on di.ffuse refl-ectance specÈroscopy nay be found

ín publicatÍons by Judd (1966)- WendLandl and Hecht (1966), trIendl"andt

(l-968), Kor tüur (1969) and Frei and }facNeiL (7973).

I,Ihereas specuLar reflecti"on may be explained by tr'resnel

1aw, no rigoEous tlteory exists to explain aLtenuation due to both
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the absorptiol1 and scatLeri.ng involved in diffuse reflectance

(Wendlandt and Hecht, 1966, Kortüm, 1969). Hordever, many phenomeno-

logical theories have been developed; the most wíde1y utilized is

that proposed by Kubelka and Munk (1931) and modified by Kubelka

(1948).

2. The Nâture of Reflected Radiation

(a) Specular and diffuse refl-ectj.on. The reflecLíon or râdiant

energy at boundary surfaces involves tr,ro distincÈ processes, The

fírst ís specular reflection which is also knornm as regular or

mirror-type refl-ection, The second, diffuse reflection, is châracter-

istic of refl-ection f¡om matt surfâces. SÈudíes undertaken by

Jentzch (l-912) indicate that both processes, specul-ar and diffuse,

always occur and thât the relaÈi.ve proportion of eåch depends on Lhe

nature of the reflectlng medÍum.

Regulaï reflectÍon is described by Fresnel equations r,rhich

in the case of perpendícular incident reduce to

" "2- (n-1)' + n'rK = 1--l .T--1-z(n*l-) - * n-r

r.rhere: n = the refractíon index, and

K = the absorption index.

(3)

r ís defined by Lamberts LarÀI

I=I exp [_4rnrd/Ào]o'"
where: lo = the r^ravelength in a vacuum, and

d = layer thíckness.

Diffrse reflection arÍses from penetratíon of a portion

of the íncident radiation into the ínterior of Èhe sample. Partial


