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ABSTRACT KEYWORDS
The present study aims at correlating water activity [a,] to density inde- Water activity;
pendent microwave permittivity function (V) for corn( zea mays, L.) ker- Density-independent microwave
nelsin the sorption isotherm corresponding to 25°C. The data for ¥ were permittivity function;
derived from the experimental results of relative permittivity and lossfac- Corn;
tor measured at 2.45 GHz and six moisturelevel sfrom 10.3%to 33.4 %, all Sorption isotherms;
taken from the literature. These values of relative permittivity for bulk Modified henderson equation;
materials were then converted to those for solids with the help of eight Modified Chung-Pfost
equationsfor effective permittivity of random media, such asthe logarith- equation;
mic law of mixing. With these data, quadratic model for variation of two Modified Halsey equation;
dielectric properties, relative permittivity and loss factor, as functions of Modified Oswin equation;
decimal moisture contents, have been proposed. Four [Equilibrium Rela- Monolayer values.

tive Humidity (ERH)/Equilibrium moisture content (EMC)] sorption iso-
thermswere converted to g, /'Y type of sorptionisotherms. From the study,
it transpired that small hysteresis was shown by almost all the models,
except in Halsey’s, which manifested a large amount of hysteresis. The
comparative goodness of fit for the four different isothermswas quantified
through sigmoidal curve -fitting technique. The evaluated parameters
showed that M odified Chung-Pfost equation (M CPE) provided the best fit
with minimal [chi-square/ degrees of freedom(DOF)]~9x10°-9x10° and
maxi mum coefficient of determination (r?) ~0.94-0.99. Consequently, it was
supposed to be the most appropriate model in predicting sorption pro-
cesses of corn kernels for the chosen range of temperature and water
activity. © 2008 Trade Sciencelnc. - INDIA

INTRODUCTION for designing postharvest processing, aeration, Sorage,

drying aswell asfor mathematical modeling of such

Datardating equilibriummoisturecontent (EMC)  systems. Thedifferencein EMC’s at desorption and

to equilibrium reaivehumidity (ERH) for hygroscopic  adsorptioniscalled hysteresiseffect andit playsasig-
particulatematerids, likegrainsand cereds, areneeded  nificant roleinchemicd reaction of foodstuffg*3. A num-
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ber of theoretica and empirica sorptionisotherm equa
tions have been devel oped for theERH/EM C rdl ations
for grains, at different temperatures. On the bases of
reviews of a series of papers on corn sorption iso-
thermg“, opined that astandard method for the deter-
mination of sorptionisothermsshould beestablished. A
survey of literature showsthat avail able sorptioniso-
therm moisturedatafor grainsareinconsistent dueto
theeffectsof variety, harvest year, maturity, methods of
treatment of cropsindrying or in methodol ogy of mea-
surement. A seriesof workson different typesof grains
endorsed theview that no snglemode could adequately
fittheexperimental ERH/EM C datafor dl foodstested.
The concept of water activity (a,) hasbeenused asa
tool for reliable assessment of microbial growth, lipid-
oxidation, non-enzymetic and enzymatic activation and
thetexture/mouth fed of foodsfollowing manufacture.
Water activity and corresponding moisture content a a
giventemperature are characterized by thewater-sorp-
tion isotherms. Water-sorption isothermsare used to
eva uatethe storage stability and areemployedin pro-
cessdesign and control, such asin predicting theend-
point of drying and optimizing ingredient selectionin
food formulations®. Further, theknowledge of sorp-
tion models of agiven product isuseful in modeling
drying process. Althoughwater activity (3,) isthether-
modynamic measurelinked with water bondingin the
food matrix, from an engineering standpoint, itisequa
todecima ERH of air. Itisa sorelated to surfaceinter-
action energy of thematerial at agiven temperature.
Labuza, Acott, Tatini, Lee, Flink and McCdl® and then
Labuzaa one” conducted anumber of studies based
on water activity measurements. Further, aseparate
study on model food material, animal gelatin, hasex-
plored thepossibility of accessng information onwater
activity viadie ectric measurements®. Thepresent study
was proposed to be confinedtoasinglegraini.e. for
cornkernels. It encountered thedifficulty in that sorp-
tionisothermsand thedifferent established ERH/EMC
model slike M odified Henderson equation (MHENDE),
Modified Chung Pfost equation (M CPE), Modified
Halsey equation (MHALE), and Modified Oswin equa:
tion (MOSE), etc. for corn kernelswere availablefor
study®®, whilemost of the availabledieectric proper-
ties’ data were for bulk materials. The corresponding
estimated valuesfor solid materids (kernels) were pro-

pased through extrapol ationsor modd -fittingsor through
theuseof dielectric mixture equationsfor random me-
dia. Density-variationisanother mgjor disturbing fac-
tor indidectric measurements. Sincethedie ectric prop-
ertiesof grainsare dependent both on density and mois-
ture content, sensing moisture content inflowing grain
isusudly difficult, becausethedid ectric sensorscause
errorsinmoistureand density measurementsin flowing
graing?. Asregardsthe frequency of operation/mea-
surement, microwaveswereawayspreferred to lower
frequenciesinthat theeffectsof ionic conductivity and
bound-water relaxation were supposed to disappear
amost completely at microwavefrequencies, especidly
above5GHZ"Y. A considerablestudy hasbeen devoted
to the devel opment of density- independent permittiv-
ity functions by several workerd™°l, Generally, the
functionsareintheform of retio of relative permittivity
todielectriclossfactor of granular materialsor vice
versa, with additiona constantsand/or powers. Alter-
natively, theratio of microwave phase shift to attenua-
tion coefficients (or itsinverse) areused. Successful

application of thesetool sissupposed to materialy im-

provetheaccuracy of on-linemoisturesensing for prac-

tical uses.
The objectivesof thisstudy wereto:

e Convert thedataof measured rel ative permittivity
of bulk corn samplesat different moisture contents
(wet basis) corresponding to 2.45 GHz to those of
kernd swiththehe p of eight dielectric mixtureequa-
tionsfor random media.

e Useauthors’ quadratic models connecting relative
permittivity and lossfactor of kernelstothemois-
ture content (wet basis)*®, for applying least-
sguares-fit method for nonlinear regressonwith ex-
perimental datapointsin order to get thevauesof
g,/ ande,” for different computed valuesof m.

e Convert themoisture content (wet basis) into that
on dry basiswith the help of equation (3) tofit them
suitably intofour ERH/EMC equations, dl of which
contained % moisture content, dry basi's, terms.

e Modify the four ERH/EMC equations namely
MHENDE, MCPE, MHALE, and MOSE, torep-
resent g asafunction of asuitable density-inde-
pendent permittivity functionfor cornkernds.

e Study thehysteresiseffect in corn kernd samples
inthelight of proposed four a /M , modelsand con-
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sequent g, /'Y plots, to evaluatetheir comparative
performancesthrough the criteriaof goodness-of
fit likethevalues of coefficient of determination
(r?),standard dev.

MATERIALSAND METHODS

Materials

Thefour ERH/EM C models namely MHENDE,
MCPE, MHALE, and MOSE, chosen for their modi-
fications in the present study, were taken from the
Chen’s works!®. Test material s’ specifications and ex-
perimental methodsfor measurementsare determined
in the same paperd®19 To restrict the study in the
microwave region of frequencies, data of measured
valuesof relative permittivity at 2.45 GHz weretaken
from Nelson’s works!*¥ and those of didlectriclossfac-
tor werederived from the plot lossfactor vs. moisture
content at the samefrequency®; Figure 1. At thisjunc-
ture, two difficultieswere encountered-onein that the
datafor ¢” and £”” were for 24°C whereastherewere
no such ERH/EMC dataavailablefor corn kernelscor-
responding to 24°C, for their constantsand parameters
to beusedin thestudy. Thedatacorresponding to 25°C
wereavailableinthedcitedliteraturé®. Asisevident from
equation (33) of theliteraturd?”, theincrementinrela
tive permittivity corresponding to a change of 1°C
(25°C-24°C) of temperature is~0.013 only. On the

1.00 LgEd mAoemoencoon o0

Water activity (a_) in the sample
L}
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Density-indipendent Dielectric Function
Figurel: Variation of water activity (aw) asafunction of
density-independent per mittivity function in desor ption/
adsorptionisothermsat 25°C and 2.45GHz, for cornker-
nels, in thelight of M odified Hender son equation. mData
pointsfor desor ption; e Data pointsfor adsor ption

other hand, thelossfactor couldincrease or decrease
for thissmall increasein temperature, depending on
whether the operating frequency was higher or lower
thantherdlaxation frequency!?. Further, kegpinginview
that at microwavefreguencies, especialy above5-10
GHz, thetemperature dependenceof lossfactor ismini-
mal 11022 it was intended to reckon these data of ¢’
and e’ corresponding to 24°C dmost identical to those
for 25°C. These datawere used to create data points
for density-independent diel ectric function (\P) for re-
placing M by ¥ in ERH/EM C mode sand plotsto ob-
taing /¥ modelsand plotsfor the present study. The
second point of anomaly wasthat all the ERH/EMC
model s contained termsrel ating to % moi sture content,
dry basi's, whereasthe authors’ models were concerned
with thevariation of ¢’ and " asfunctions of decimal
moisture content, wet basis. In order to remove the
anomaly, use of the conversion equationwas made?,
Therdationreadsasfollows:
my=m, /(1-m) (@)
= Mg =100my =M, /(1-0.01M ) @)
Thedensty-independent permittivity function used
inthisstudy istheratio of atenuation coefficient A/ptto
phase coefficient ®/pt, asisgivenbelow :

y=ce" /(e —¢') ©)
where, C(=0.0758) isthe constant numerical coefficient, and ‘t’
is the thickness of the sample in the direction of propagation
of microwaves used.

Mathematical models

gh=am?+bm +K @)

gh=cm?+dm+K, (5

Thefour ERH/EMC modelsnamely, MHENDE,
CPE, MHALE, and MOSE, in modified form, renamed
asg,/ EMC models, read asfollows:

(i) MHENDE:

oy =1-[exp(-A(T +C)(M, /(1-0.01M ,,))B (6)
(i) MCPE:

ay =exp[(-A /T +C)exp(-B(M , /(1-0.01M ,, ))] (V)
(i) MHALE:

oy = exp[—exp(A + B)(M,, /(1- 0.01M ,,))~¢] (8)
(iv)MOSE:
oy =[1{(A +BT)+ (M, /[(1-0.01M ,))~C + 1}] 9
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Proceduresfor dataacquisition

Thevalue of the constant K in equation (5) was
takento beequal totheaverage of valuesderived from
equations (36) and (37) of the Nelson’s works?? with
theuseof datacontainedin Table6, for shelled yellow
dent field corn, zeamays, L., by putting M=0in both
theequations. Thevalueof K, wasequal to thevalue
of lossfactor derived from equation (41) of thesame
paper 2% and by taking the bulk density corresponding
to M = 0 from equation (4) of Nelson’s other paper
(24, Theexpression for K, may thusbegiven as:
K,=0.146[(p,) J?
where (p,),=0.6829 g/c®, for corn.

The method for evaluation of ¢," and " as func-
tionsof mwith the help of equations(14) and (6) may,
briefly, bedescribed asfollows:

Using any measured value of ¢ (=¢') and corre-
sponding valuesof p, and p,, and hencethe val ue of
volumefraction of theincluson material (f), €,’ was
calculated using any of the eight equations. Thetwo
setsof constantsviz. (a, b) and (c, d) of the equations
(5) and (6) of the present study, were evaluated by
using the least-squares-fit method for second order
polynomia regression, with thedataof measured rela
tive permittivity and lossfactor asfunctionsof decimal
moisture content. Using the computed constantsfor
equation (5) i.e. (a b), and computed valueof ¢, the
value of mwas computed. The samevaluewasthen
put in equation (6) to get thevalueof &,”, on account of
the constants ¢ and d being known. The same process
wasrepeated for different f’s and also for different eight
dielectric mixture equations, one by one, to get data
pointsfor &,” and €, asfunctionsof computed vaues
of m. Thevauesof &,' ande,” corresponding toagiven
value of m, werethen converted to thevauesof ¥ for
thisset, using equation (4). The processwas repeated
for al the values of m asderived through theeight di-
el ectric mixture equations. Only the data correspond-
ing to unacceptable computed valuesof m, likem>1,
wereomitted from further computationsfor ‘. Thus,
four sets of datafor g, corresponding to each com-
puted valueof m(=M /100) wereobtained through four
a,/M,, equationsi.e., equations(7)-(10), and thusfour
/'Y plots(sorptionisotherms) weredrawn. Param-
eterswereevaluated for al thefour models, and a'so

(10)

separately for desorption and adsorption, using second
and third order polynomial regression aswell assig-
moid fit method for curvefittingwith datapoints. This
method of andysiseventudly paved theway for finding
acorrelation between diel ectric properties and water
activityincornkernels.

RESULTSAND DISCUSSION

Data of measured val ues of moisture content (%,
wet basi s), volumefraction of material inthemixture,
relative permittivity, and lossfactor of bulk samplesof
shelled yellow-dent field corn, Zea mays, L., as de-
rived from Nelsonsworkg*2% g six moisturelevel sof
10.3%to 33.4%, measured at 2.45 GHz and 24°C are
presentedin TABLE 1. TABLE 2 containsthe evalu-
ated constantsand parametersfor thetwo mode spro-

TABLE 1: Measured valuesof relativeper mittivity of shelled
yellow-dent field corn at 24°C and 2.45 GHz at theindicated
% moistur e contents(wet basis) and volumefractionsof the
incluson material in themixture

M easur ed values of relative
per mittivity and loss factor

Moaisiure  Volume of the bulk material
content %  fraction (f) Relative L oss factor

per mittivity ()  (€"’)

10.3 0.582 2.47 0.30
12.2 0.581 2.59 0.37
17.7 0.568 3.20 0.63
19.5 0.563 3.59 0.69
22.9 0.550 3.98 0.80
33.4 0.517 5.25 0.85

TABLE 2: Coefficientsfor quadraticregression equationre-
lating relative per mittivity €', and lossfactor ¢, to decimal
moistur econtent, m, (wet basis), of shelled yellow-dent field
corn Zeamays, L. at 2.45 GHz and 24°C in thelight of au-
thors proposed model

Moisture

Quadratic model for Constants
range (%)
A) Relative permittivity 10.3 - 33.3 a=7.2307
p y
(€") b =9.3904
k,=1.4456
r’=0.9994

Average % error of
Prediction = 2.1684
¢ = 7.90057
d = 1.08605
k.= 0.06808
r’=0.990
Average % error of
Prediction = 3.3016

(B) Loss factor 10.3-334

(e")
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TABLE 3: Thecomparison criteria®for sigmoid fittingsin
different modelsof a vs. ¥

. M odel Chi-sguare/D.O.F
Equation a, /¥ 2
MHE :
(a) esorption 1.09488E-5 0.88515
(b) Adsorption  4.18338E-6 0.88325
MCPE :
(a) Desorption 9.00695E-6 0.94587
(b) Adsorption  5.72125E-6 0.94803
MHALE:
(a) Desorption  1.06138E-5 0.98663
(b) Adsorption  2.75837E-7 0.98694
MOSE :
(a) Desorption  1.72747E-10 0.97143
(b) Adsorption  4.33505E-9 0.98124

3Smaller values of (chi-squared/D.O.F.) and greater values of r?2
indicate better model performance
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Figure2: Variation of water activity (aw) asafunction of
density-independent per mittivity function in desor ption/
adsorptionisothermsat 25°C and 2.45GHz, for cornker-
nels, in thelight of Chung-Pfost equation. mData points

for desor ption; e Datapointsfor adsorption

ooas

posed through equations (5) and (6), using themethod
of least-squares-fit for non-linear regression analysis.
Using thetwo separate setsof constants, such asA, B,
and C, for desorption and adsorption, al at 25°C, two
sets of datapointsfor g,, for each of the four ERH/
EMC modéd s, wereobtained inthe present study. Inan
attempt at finding hysteresiseffect in sorptionisotherms
of corn kernels, the datapointsboth for desorption and
adsorption, wereusedinasinglea, /'t plot. Thecurve
fitting was done separately for desorption and adsorp-
tion datapoints. A softwarecaled “ORIGIN- 6.1 was
used to estimate the parametersand quantitative stetis-
ticd standardsor comparison criteriafor different mod-
elsnamely, (Chi-square/degrees of freedom), coeffi-

= =2 :

e in in =]

2 m o (5]

1 1 1 1
n

Waler Actwily (a ) in the Sample
&
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Density-indipendeant Dislectric Function
Figure3: Variation of water activity (aw) asafunction of
density-independent per mittivity function (R) in desor p-
tion/adsor ption isothermsat 25°C and 2.45 GHz, for corn
kernels, in thelight of M odified Halsey equation. mData
pointsfor desorption; - Datapointsfor adsor ption

cient of determination (r?), standard devietion (SD), and
meanrelaiveerror (p) etc. Sincethesorptionisotherms
obtained inthisinvestigation presented sigmoid shapes
asexpected from previousstudies, “‘sigmoidal fit”” analy-
siswas used a ong with second and third order polyno-
mid regressonfor curve-fittingwith datapoints, toeva u-
ate the comparative goodness-of-fit of the different
models. In spite of the conclusveremarkslike*“Modi-
fied Oswin equation can serve asan excellent model
for popcorn, corncobs and some varietiesof cornand
wheat, found in literature¥, al the four modelswere
proposed to beretained in the present study in order to
seethe comparative degree of hysteresisin sorption
isothermsof cornkernels. Theideabehind choosing 'V,
ingtead of relaive permittivity andlossfactor, separately,
isthat kernel densitiesaswell askernel volumesand
welghtsexhibit ahysteresisin the desorption/adsorp-
tion cycles®. Thedifferent plotswere also obtained
withthehelp of thesamesoftware“ORIGIN-6.17. The
comparison criteriafor the different model sacquired
through sigmoidfitsarelistedin TABLE 3. Theplots
for g /' for thefour modelsnamely, MHENDE, MCPE,
MHALE, and MOSE areillustrated in figures 1,2,3
and 4 respectively. Examination of thefitting of data
pointswith second and third order polynomialsfor g,/
‘¥ plots, by taking four ,/M models, both for des-
orption and adsorptionisotherms, dl at 25°C, revealed
that with MHENDE, the second order polynomid re-
gression gave poor fittings in having r~0.60 and
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SD™0.004, but the third order polynomial regression
for thesamea /¥ plot gave abetter fitting, with r*~
0.75-0.78 and S.D~0.003. Using second order poly-
nomid regression with MCPE, thefittingwasabit im-
provedin having r’~0.75 and S.D.~0.005 - 0.006. The
corresponding va uesfor third order polynomid regres-
sonwere: r’~0.88100.90 and SD~ 0.003, thus show-
ing afurther improvement infit. With Modified Hal sey
Equation (MHALE), the comparison criteriafor sec-
ond order polynomia regression are; r’~0.95-0.97 and
SD= 2.5x10°. The corresponding valuesfor third or-
der polynomial regressonwere: r’~0.97-0.99 and SD~
1.2x10°. Thus, fittingsin both second and third order
polynomia regression models, usng MHALE, werea
bitimproved, and more so in third order. However, the
guantitative hysteresisisasolargewiththismodel as
compared with the other threemodels. With the M odi-
fied Oswin equation (MOSE), ther?- and SD- values
for the second and third order polynomial regression
andysswere
(i) Second order : r>~ 0.89- 0.93and SD ~ 2.5x10°t0 1.2x10*
(i) Thirdorder :r?~0.95-0.98and SD ~ 1.2x10°t0 1.2x10°*
Thus, fromthebrief dataanadysisgivenabove, itis
evident that the best fit was obtained with third order
polynomial regression and al so reasonably good sig-
moidfitin MHALE. However, thehysteresisis maxi-
mum in thiscase. Ontheother hand, MOSE, yielded
reasonably good fitting with third order polynomial as
well aswith sgmoid fitswith minimal hysteresis. Fur-

ther, theva ues obtained from statistical anaysisare
considered at 99.99 % confidence level (p<0.0001),
inall test cases. Although, graphica datawereavail-
ableintheliterature¥, but for want of sufficient accu-
rate tabular experimental datapointsfor ERH/EMC,
theandyd sthrough residud plotsasfunction of differ-
ent predicted val ues, which otherwise, would have been
avaluabletool for diagnosis, could not bemadeinthe
present study.

CONCLUSIONS

Resultsconcerntwo typesof diglectric parameters
namely, losstangent (ratio of dielectriclossfactor to
relative permittivity, tand), and density independent per-
mittivity function (V") of shelled yellow-dent field corn
correlated towater activity (a, ) of themateria samples
inthelight of four a /M, models, modified from the
corresponding four ERH/EM C mode sviz. Modified
Henderson equation (MHENDE), Modified Chung
Pfost equation (MCPE), Modified Halsey equation
(MHALE), and Modified Oswin equation (MOSE),
for desorption and adsorption isotherms, separately,
both corresponding to 25°C. The sorption isotherms
may provetheir candidaturesfor beingusedin eva uat-
ingthestorage stability, inmodding of drying processes’
design and control for grainsin general, and cornker-
nelsin particular. The modified Chung-Pfost equation
provenitsdf togivebetter fit with minima hysteress.

Although, thefitting was found to be much better
with M odified Halsey model, but the hysteresiseffect
wasfound to bemaximal withthismodd . Further, modi-
fied Oswin equation showed oppositetrend of varia-
tioninthat it gavedightly greater g, for desorptionthan
that for adsorption for thesamevalueof WV, i.e, at a
given moisture content, and that too almost over the
entirerangeof variation. Thisconclusion posed aseri-
ousthresat toitstheoretica interpretationon physicaly
sound grounds, when compared with the established
modes (Basu et al., 2006). In other way it could be
seen that for the same value of g, ¥, >Y¥ . i.e,
(EMC)_>(EMC)_ i.e., Hysteresis [(EMC) . -
(EMC), ] wasfound to be negative.
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