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ABSTRACT

The present study aims at correlating water activity (a,) to density inde-
pendent microwave permittivity ~ function (W) for spring barley (Hor-
deumVulgaresL.) kernelsin the sorption isotherm corresponding to 24°C.
The datafor ¥ were derived from the experimental results of relative per-
mittivity and loss factor measured at 2.45 GHz and nine moisture levels
from 8.2 %t0 25.1 %,(wet basis) all takenfromtheliterature. Thesevalues
of relative permittivity for bulk material s were then converted to those for
solidswith the help of eight equationsfor effective permittivity of random
media, such as the logarithmic law of mixing. With these data, quadratic
model for variation of two dielectric properties, relative permittivity and
loss factor, as functions of decimal moisture contents, have been pro-
posed. Four[ Equilibrium Relative Humidity (ERH)/Equilibrium moisture con-
tent (EMC)] sorption isotherms were converted to g /'¥' type of sorption
isotherms. The comparative goodness-of-fit for thefour different isotherms
was quantified through sigmoidal curve -fitting technique. The evaluated
parameters showed that Modified Henderson Equation (MHE) provided
the best fit with experimental results having minimal [chi-square/degrees
of freedom (DOF)]~7.65x10*? and maximum coefficient of determination
(r3) ~0.9999. Consequently, it was supposed to be the most appropriate
model in predicting sorption processes of spring barley kernels for the
chosen range of temperature and water activity.
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INTRODUCTION

Datare ating equilibrium moisture content (EMC)
to equilibrium relative humidity (ERH) for hygroscopic
particulatematerids, likegrainsand cereds, are needed
for designing post harvest processing, aeration, stor-
age, dryingaswd| asfor mathematica moddingof such

systems. Theadsorption playsaggnificantrolein chemi-
cal reaction of foodstuffg*2. A number of theoretical
and empirical sorptionisotherm equations have been
developed for the ERH/EM C relationsfor grains, at
different temperatures. On the bases of reviewsof a
series of paperson anumber of cereals sorptioniso-
thermd?, opined that astandard method for the deter-


mailto:apd.phy@gmail.com

BTATIJ, 2(1) April 2008

R.Murugan et al. 31

——————y FULL PAPER

mination of sorptionisothermsshould beestablished. A
survey of literature showsthat available 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 snglemodel 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
thetexturemouth fed of foodsfollowing manufacture.
Water activity and corresponding moisture content a a
giventemperature are characterized by thewater-sorp-
tion i sotherms. 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. Thus, it may be assumed that thesestud-
iesmay beableto providedatato draw ageneralized
food stability map with regard to water activity infood
materials. Thismay provevauableinmaintaining sta-
bility infood packaging requirement. Although water
activity (a,) isthethermodynamic measurelinked with
water bondingin thefood matrix, from an engineering
standpoint, itisequal to decimal ERH of air. Itisalso
related to surfaceinteraction energy of thematerid at a
given temperature Labuza et a.® and then Labuza
alond® conducted anumber of studiesbased on water
activity measurements. Further, aseparate study on
model food material, anima gelatin gel, hasexplored
the possibility of accessing information onwater activ-
ity viadid ectric measurements”. The present study was
proposed to beconfinedto asinglegraini.e. for spring
barley kerndls. 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 spring barley kernelswere avail-
ablefor study®, whilemost of the availabledielectric
properties’ datawerethosefor bulk materials. Thecor-
responding estimated valuesfor solid materials (ker-
nels) were proposed through extrapolations or model -

fittings or through the use of dielectric mixture equa-
tionsfor random media. Density-variation isanother
major disturbing factor in didectric measurements. Since
thedielectric properties of grainsare dependent both
on density and moisture content, sensing moisture con-
tentinflowinggrainisusudly difficult, becausethedi-
el ectric sensors cause errorsin moisture and density
measurementsin flowing graind®. Asregardsthefre-
guency of operation/measurement, microwaveswere
always preferred to lower frequenciesin that the ef-
fectsof ionic conductivity and bound-water rel axation
were supposed to disappear almost compl etely at mi-
crowave frequencies, especialy above5-10 GHz?,
A considerabl e study has been devoted to the devel -
opment of density- independent permittivity functions
by several workers™ %, Generally, thefunctionsarein
theform of ratio of relative permittivity todidectricloss
factor of granular materialsor itsinverse, with addi-
tiona constantsand powers. Alternatively, theratio of
microwave phase shift to attenuation coefficients(or its
inverse) areused. Successful gpplication of thesetools
issupposed to materialy improve the accuracy of on-
linemoisturesensing for practica uses. The objectives
of thisstudy were:

e toconvert thedataof measured relative permittiv-
ity of bulk spring barley samplesat different mois-
ture contents (wet basis) corresponding to 2.45
GHztothose of kernelswith the help of eight di-
el ectric mixture equationsfor random medid*®

e touseauthors’ quadratic modelsconnectingrela
tive permittivity and lossfactor of kernelsto the
moisture content (wet basis)*, for applying | east-
squares-fit method for nonlinear regression with
experimental datapointsin order to get thevalues
of ¢, and &,’ for different computed values of m.

e toconvert the moisture content, wet basis, into
that on dry basiswith the help of equation (2) tofit
them suitably into four ERH/EMC equations, dl of
which contained % moisture content, dry basis,
terms.

e tomodify thefour ERH/EM C equations namely
MHENDE, MCPE, MHALE, and MOSE, torep-
resent g asafunction of asuitable density-inde-
pendent permittivity function for spring barley ker-
nes.

e tostudythecurveof spring barley kernel samples
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inthelight of proposedfour g /M, models and
consequent g, /'¥plots, to evaluatetheir compara:
tive performancesthrough thecriteriaof goodness-
of-fit liketheva ues of coefficient of determination
(r?), standard deviation (SD), mean relativedevia
tion (p), Chi-square/ DOF etc.

MATERIALSAND METHODS

Thefour ERH/EM C models namely MHENDE,
MCPE, MHALE, and MOSE, chosen for their modi-
ficationsinthe present study, weretaken fromthework
of Basuniaand Abe’®. Test materia sspecificationsand
experimenta methodsfor measurementsaredescribed
inthoseworkg*®1"-2l, To restrict the study in the mi-
crowaveregion of frequencies, dataof measured val-
uesof rdativepermittivity a 2.45 GHz weretakenfrom
Nelson’sworks*® and those of dielectric lossfactor
werederived fromthe plot of lossfactor vs. moisture
content at the same frequency® (Figures 1 and 2).
Keepinginview that at microwavefrequencies, espe-
cialy above 3 GHz, the temperature dependence of
relative permittivity andlossfactor aeminima?2, it
wasintended to reckon these data of €' and €" corre-
sponding to 24°C amost identical to thosefor 25°C.
These datawere used to create datapointsfor density-
independent didectric function (W) for replacingM by
¥ in ERH/EMC modelsand plotsto obtain g, /¥ mod-
elsand plotsfor the present study. The second point of
anomay wasthat all the ERH/EM C model s contained
termsrel ating to % moisture content, dry basi's, whereas
theauthors’ model swere concerned with thevariation
of ¢ and ¢" asfunctions of decimal moisture content,
wet basis. In order to removethe anomaly, use of the
conversion equation was made’?¥. Therelation reads
asfollows
m,=m /(1-m ) (@)
=>M_=100m,=M /(1-0.01M ) @)

Thedensity-independent permittivity function used
inthisstudy istheratio of attenuation coefficient (A/t)
to phase coefficient (Q/t), asisgivenbelow :

¥=Cg"/(g'-&") ©)

where, C(=0.0758) isthe constant numerical coefficient, and ‘t’
isthe thickness of the sample in the direction of the propaga-
tion of microwaves used.
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Mathematical models

Theproposed modelsare:
g, =am+bm+K, 4
g, =cm?+dm+K, (5)

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

(i) MHENDE: a, = 1-[Exp(-A(T+C) (M, / (1-0.01M ))°] (6)
(i) MCPE :a =Exp[ (-A/(T+C) Exp(-B(M /(1-0.01M )] (7)
(iii) MHALE : & = Exp[-exp(A+B) (M, / (1-0.01M ))] (8)
(iv) MOSE : & =[((A+BT)+ (M, /(1-0.0IM ))*°+1)]*  (9)

Proceduresfor dataacquisition

Thevaluesof constantsK ,(1.72) and K, (0.037)
were estimated through theinterpolation of plotsof ex-
perimentd resultsof reative permittivity andlossfactor
asfunction of moisture content, takenfromthelitera
ture’®2). TheK, and K, arethevalues of relative per-
mittivity and lossfactor, respectively, corresponding to
M = 0. The method for evaluation of ¢, and ¢," as
functionsof m may briefly bedescribed asfollows:

Using any measured vaue of ¢ (=¢') and corre-
sponding vauesof p, and p,, and hencethe value of
volumefraction of theinclusonmaterid (f), €, wasca-
culated using any of the eight equations. Thetwo sets
of constantsviz (a, b) and (c, d) of the equations (4)
and (5) of the present study, wereeva uated by using
theleast-squares-fit method for second order polyno-
mial regression, with the dataof measured relative per-
mittivity and lossfactor asfunctionsof decima mois-
ture content. Using the computed constantsfor equa-
tion(4)i.e. (a b), and computed vaueof ¢,, thevalue
of mwas computed. The constants ‘c’ and ‘d’ being
known, the samevalueswereput intheequation (5) to
get the value of ¢,". The same process was repeated
for different f’sand also for different eight dielectric
mixture equations, oneby one, to get datapointsfor e,
ande," asfunctionsof computed valuesof m. Theval-
uesof ¢, ande," corresponding toagivenvaueof m
were then converted to the values of W for this set,
using equation (3). The process was repeated for all
thevaluesof m asderived throughtheeight dielectric
mixture equations. Only the data corresponding to un-
acceptable computed valuesof m, likem>1, wereomit-
ted from further computationsfor . Thus, four setsof
datafor g, corresponding to each computed val ue of
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m(=M, /100) were obtained through four g, /M equa-
tionsi.e., equations(6)-(9), and thusfour g /'¥' plots
(sorption isotherms) were drawn. Parameters were
evauated for dl thefour models, using second and third
order polynomial regression as well as sigmoid fit
method for curvefitting with datapoints. Thismethod
of andysseventualy paved theway for finding acor-
relation between diel ectric propertiesand water activ-
ity inspring barley kernels.

RESULTSAND DISCUSSION

Dataof measured val ues of moisture content (%,
wet basis), volumefraction of material inthemixture,
relative permittivity, and lossfactor of bulk samplesof
spring barley asderived from Nelson’sworkg829 at
nine moisturelevels of 8.2% to 25.1%, measured at
2.45GHz and 24°C arepresentedinTABLES 1and 2
containstheeva uated constantsand parametersfor the
two model s proposed through equations (4) and (5),
using themethod of |east-squares-fit for non-linear re-
gression andysis. Thedatawere combined together to
haveasingleset of 45 datapointsfor ¥ asfunctionsof
g, Using constants, such asA, B, and C, for adsorp-
tion, all at 24°C, datapointsfor a, , for each of thefour
ERH/EM C models, were obta ned in the present study.
In an attempt at adsorption isotherms of spring barley
kernels, the data pointsfor adsorption, wereusedina
singlea, /'t plot. The curvefitting wasdone adsorption
datapoints. A softwarecalled “ORIGIN-6.1" wasused
to estimate the parameters and quantitative statistical
standards or comparison criteriafor different models
namely, (Chi-square/degrees of freedom), coefficient
of determination (r?), standard deviation (SD), and
mean relative error (p). Sincethe sorption isotherms
obtainedinthisinvestigation presented i gmoid shapes
asexpectedfrom previousstudies, “sigmoidd fit” andy-
siswas used d ong with second and third order polyno-
mid regressonfor curve-fittingwith datapoints, toevad u-
ate the comparative goodness-of-fit of the different
models. In spiteof theconclusveremarkslike“Modi-
fied Henderson and Chung-Pfost equation aresuitable
for most starchy grainslike barley, corn, rice, wheat
and highfiber materiaslike crn cobsand peanut hull as
foundinliterature¥, al thefour model swere proposed
to beretainedin the present study in order to seetheir

TABLE 1. Measured valuesof relative per mittivity of spring
barley at 24°C and 2.45GHz at theindicated % moisturecon-
tents(wet basis) and volumefractionsof theinclusion mate-
rial inthemixture

M easur ed values of relative
per mittivity and loss factor of

M (;istLtJrO/e f Votl_umef the bulk material
content o raction (f) Relative L oss factor
per mittivity (g ("
8.2 0.473 2.05 0.284
11.3 0.485 2.28 0.328
12.8 0.488 2.36 0.375
14.9 0.484 2.54 0.409
17.4 0.48 2.68 0.437
19.7 0.484 2.92 0.484
211 0.481 3.05 0.512
23.4 0.463 3.26 0.575
25.1 0.459 3.17 0.597

TABLE 2: Coefficientsfor quadraticregresson equationre-
lating r elative per mittivity €', and lossfactor €', to decimal
moisture content, m, (wet basis), of spring barley kernels
(Hordeum VulgaresL.) at 2.45 GHz and 24°C in thelight of
author s’ proposed model

Moisture
range (%)

8.2-25.1

Quadratic model for Constants

(A) Relative
permittivity

a=-0.3256
b= 73844
ki=1.45
r’=0.999
Average % error of
prediction = 1.408

(¢)

(B) Loss factor 8.2-25.1
¢ =-0.4760
d= 20891
k2= 0.01
r’= 0.999
Average % error of
prediction = 0.406
TABLE 3: Thecomparison criteria®*for sigmoid fittingsin

different modelsof a, vs.'¥

(e"

Equation Chi-square/D.O.F re
MHE

Adsorption 7.6511E-12 0.99985
MCPE:

Adsorption 1.34304E-10 0.99992
MHALE:

Adsorption 1.11264E-8 0.99976
MOSE :

Adsorption 3.30782E-9 0.99985

aSmaller values of (chi-squared / D.O.F.) and greater values of r2
indicate better model performance

quantitative comparativegoodness-of-fitin sorptioniso-
thermsof spring barley kernels. Thedifferent plotswere
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1 (Plot from Modified Henderson Equation for spring barley Kernels)
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Figurel: Variation of water activity(aw) asafunction of
dengty-independent per mittivity function (ps) in aadsor p-
tion isothermsat 24°C and 2.45 GHz, for spring barley
kemels, in thelight of modified Hender son equation

(Plot from Modified Chung-P fost Equation

for spring barley Kemels)
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Figure2: Variation of water activity(aw) asafunction of
dengty-independent per mittivity function (ps) in aadsor p-
tion isothermsat 24°C and 2.45 GHz, for spring barley
kemels, inthelight of modified Chung-Pfost equation

also drawn with the hel p of the same software “ORI-
GIN-6.1". The comparison criteriafor the different
mode saquiredthroughsigmoidfitsarelisedin TABLE
3. The plots for a /¥ for the four models namely,
MHENDE, MCPE, MHALE, and MOSE areillus-
tratedinfigures1,2,3 and 4 respectively. Datafor spring
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Density-ind ipendent permittivity function (psi)
Figure3: Variation of water activity(aw) asafunction of
dengty-independent per mittivity function (ps) in aadsor p-
tion isothermsat 24°C and 2.45 GHz, for spring barley
kemels, in thelight of modified Oswin equation

(Plot from Modified Halsey Equation for spring barley Kernels)
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Figure4: Variation of water activity(aw) asafunction of
dengty-independent per mittivity function (ps) in aadsor p-
tion isothermsat 24°C and 2.45 GHz, for spring barley
kemels, inthelight of modified Hal sey equation

barley fitted to different regression equationsand their
analysisreved ed that with second aswell asthird-or-
der polynomial regression equationsin all thetested
modds(MHE, MCPE, MOSE and MHALE) provided
poor fittings(having r>~0.7-0.8). Sigmoidd-fitinM OSE,
and MHALE and their analysis showed poorear fit-
tings as compaired to MHE and MCPE. MHE pro-
vided thefitting in having maximum r?(~0.9999) and
minimum valueof [((chi-sguare)/(dof)) ~7.65x102].
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M CPE aso provided an acceptablefitin having ((chi-
square)/(dof))~1.34x10%° and r>~0.9999. Further, the
va uesobtained from statistica andysisare consdered
at 99.99% confidenceleve (p<0.0001), inall test cases.
Although, graphical datawere availableinthelitera-
ture® but for want of sufficient accuratetabul ar experi-
mentd datapointsfor ERH/EMC, theandys sthrough
residua plotsasfunction of different predicted values,
which otherwise, would have been aval uabletool for
diagnosis, could not be madeinthe present sudy. Andy-
s sthrough the well-accepted modified Guggenheim-
Anderson-de Boer (GAB) equation could not bemade
for want of parametersand constantsrequired for the

studly.

Nomenclature
Q Surfaceinteraction energy, kJ/mole
R Universal gas constant, in Equation (1) only

[=8.314 ImolKY]

Decimal moisture content, dry basis

Decimal moisture content, wet basis

Moisture content, % dry basis

Moisture content, % wet basis

Moisture content (kg water/kg dry mass) at

water activity a,

Relative permittivity of bulk material

Relative permittivity of particles (kernels)

Dielectric lossfactor of bulk material

Dielectric lossfactor of particles (kernels)

Water activity (decimal), dimensionless

Temperature (°C), except in Equation 1, whereit

isinKevin (K)

Model parameters having their different values

for different models

b4 Density-independent microwave permittivity
function, as defined by equation (3) of the
present study

F Volumefraction of the material inthe mixture,
also equal to theratio of bulk density (p,) to
kernel density (p,) of the material

h hour

3
a

=

=

= £

m m M
_oEN L

m
N

-

A,BandC

CONCLUSIONS

Resultsconcern of did ectric parameter namely den-
Sty independent permittivity function (V) of goringbarley
correlated towater activity (g, ) of themateria samples
inthelight of four g /M A models, modified from the
corresponding four ERH/EM C modelsviz. Modified
Henderson equation (MHENDE), Modified Chung

Pfost equation (MCPE),Modified Halsey equation
(MHALE), and Modified Oswin equation (MOSE),
for adsorptionisotherms, correspondingto 24°C. The
sorption isothermsmay provetheir candidaturesfor
being used in eva uating the storage stability, in model -
ing of drying processes’ design and control for grainsin
general, and spring barley kernelsin particular. The
modified Henderson and Chung-Pfost equationsproven
themsavesto give better fits.

ACKNOWLEDGMENTS

Theauthorsareindebted to Mr. Nelson, Mr. Chen
Mr. Basunia, Mr. Abe and all others whose works
hel ped the authorsto compl ete the present studly.

REFERENCES
[1]
[2]
[3]
[4]
[5]
[6]

Chia-Chung Chen, R.V.Morey; Transactions of the

ASAE, 32(3), 983 (1989a).

C.Chen; Transactions of the ASAE, 43(3), 673-

683 (2000).

S.0. Né son; Transactions of theASAE, 23(1), 139-

143 (1980).

S.S. Sablani, S.Kasapis, M.S. Rahman; Journal of

Food Engineering, 78, 266 (2007).

T.PLabuza, K.Acott, S.R.Tatini, R.Y.Lee, J.Flink,

W.Mcecall; Journa of Food Science, 41, 910 (1976).

T.PLabuza; Food Technology, 34(4), 36 (1980).

[7] S.Clerjon, J-D Daudin, JL Damez; Journa of Food
Chemistry, 82, 87-97 (2003).

[8] M.A.Basunia, T.Abe; Journal of Food Engieering,
66, 129 (2005).

[9] K.C.Lawrence, W.R.Windham, S.O.Nelson; Trans-
actions of ASAE, 41(1), 135 (1998).

[10] Andrezgj Kraszewski; Journal of Microwave Power
and Electromagnetic Energy, 23(4), 236 (1988).

[11] A.Kraszewski, S.Kulinski; |[EEE Transactions of
Industrial Electronic Control and Instrumentation
(IECI), 23(4), 364 (1976).

[12] W.Mayer, W.Shilz; Journal of Physics, D: Applied
Physics,13, 1823 (1980).

[13] A.W.Kraszewski, S.O.Nelson; Transactionsof the
ASAE, 34(4), 1776 (1991).

[14] B.D.McLendon, B.G Branch, SA.Thomson, A.
Kraszewski, S.O.Nelson ; Transactions of the
ASAE, 36(3), 827 (1993).

[15] K.C.Lawrence, S.O.Nelson, Jr. PGBartley; Trans-

s LBioTechnology

An Tudian Yourual



36 Modeling of sorption isotherms of spring barley kernels BTAIJ, 2(1) April 2008

FuLL PAPER

actions of the ASAE, 41(1), 143 (1998). [20] S.O.Nelson; |IEEE Transactionson Electrical Insu-
[16] Ashutosh Prasad, PN.Singh; Transactions of the lation, 26(5), 845 (1991).

ASABE, 50(2), 573 (2007). [21] Andrezej Kraszewski; Journa of Microwave Power
[17] Chia-Chung Chen, R.V.Morey; Transactions of the and Electromagnetic Energy, 23(4), 236 (1988).

ASAE, 32(3), 999 (1989Db). [22] A.W.Kraszewski, S.Trabelsi, S.O.Nelson; Trans-
[18] S.O.Nelson; Transactionsof theASAE, 29(2), 607 actions of the ASAE, 41(1), 129 (1998).

(1986). [23] S.O.Nelson, Jr.P.GBartley; Transactions of the
[19] S.O.Nelson; Transactions of the ASAE, 30(5), ASAE, 43(6), 1733 (2000).

1538 (1987). [24] S.O.Nelson; Transactionsof theASAE, 16(2), 384

(1973).

BioTechnologqy —

Hn Tudian Jounual



