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Abstract : Peleg’s equation was applied to depict
the nature of hydration characteristics of paddy grain
during soaking temperature of 10°C, 20°C and 30°C
for 30 minutesto 12 hr. Thisequation was adequately
capableto predict the hydration characteristicsof paddy
under experimenta conditions. There ationship between
two Peleg’s constant (k,, k,) and temperature showed
that Peleg rate constant (k,, h%™") reduceswith thein-
creasein hydration temperature while Pel eg capacity
constant (k,, %') increaseswiththerisein tempera-
ture. Thisindicated that water absorptionrateincreased

INTRODUCTION

Paddy (Oryza sativa) is one of the most widely
grown food grain crop which serves asthe staplefood
for about half of globa population. Thispopular cered
crop is second only to maize in terms of worldwide
annua productionfor food use.

Steeping of paddy grain has gained alot of atten-
tion duetoitsusefulnessin further processing of grain.
After harvesting paddy isusualy subjected to two types
of moisturetreatment namely drying for safe storage
and water absorption for further processing™. Theprin-

and water absorption capacity decreased withincrease
intemperature. AnArrhenius-type equation was used
to describe the temperature dependence of k, and k,
(R?>0.98) and activation energy was found to be
35.83kJmoal. Usingthevaueof activationenergy dif-
ferent thermodynamic parameterswere eva uated.
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K eywor ds: Paddy; Water absorption; Peleg’s equa-
tion; Hydration kinetics, Activation energy.

cipd reasonfor soakingisto gelatinizethestarchinthe
granandit can beachieved ether through conditioning
bel ow the gdl atinization temperature and then cooking
abovethe gelatinizationtemperature, or through direct
cooking abovethe gdlatinization temperature?. Palat-
ability and digestibility are also improved dueto soak-
ing. Soakingisthefirst stepinwater penetration, which
transformstheinactivetissueinto living tissue®. Ab-
sorption of water activatesgrain metabolismwhichre-
sultsin degradation of reserve grain nutrientsinto sim-
pler form. Hydration isthe important unit operation
which facilitatesfurther processing and quality of the
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final product. Hencethereisaneed to study the hy-
dration characteristics of paddy grainin order to con-
trol and predict process parameters®.

Each ceredl grainshaveits own optimum soaking
timeand temperature. Hydration of grainisinfluenced
by time of soaking and temperature of water!®”. There-
foreitisof practical significanceto optimize soaking
conditionsand predict water absorption asafunction
of timeand temperature. Thus equation modeling of
hydration behavior of grain has attracted considerable
attention.

Absorption of moistureby food materid shavebeen
andyzed earlier by Fick’s laws of diffusion with appro-
priate equations®. Sincethelawsof diffusionarecom-
plex and involve numerousfunctionsand parameters,
they arenot convenient for practical computationsun-
der most situationg¥. To simplify themodeling of water
absorption by food componentsatwo-parameter, non-
exponential empirica egquation (Eq. (1)) wasproposed
by Peleg and became known as Peleg’s equation!®.,
Peleg’s equation can be written as

t
Me=Mot kD @
WhereM = moisture content (% dry basis) at aknown
time(t), Mo=initia moisture content (% dry basis)-, t
= soaking time (hr), k. = Peleg’s rate constant (h%™)
and k,= Peleg’s capacity constant (%™). Inthe above
equation “+” becomes “+’” when the process is ab-
sorption, and for drying processit becomes “—". The
equilibrium moisture contentisgiven by
Ast>ooM_=M £1/k, 2
Where M _ = equilibrium moisture content (% dry ba-
S9)

Themomentary sorptionrateisgiven by thefirst

derivativeof equation (1)
., _. K
dt 7 (k,+k,t)? ©)

Atthebeginningi.e whent =0 Peleg rate constant
relatesto the sorption rate and equation (3) becomes
(dM Jdt)_ =+ 1/k, o)

Peleg equation (Eq.1) can betransformedtoalin-
ear relationshipintheform

t

—(M‘_MO)=k1+k2t (5)

By plottingt/(M -M ) against t, astraight linewill
beobtained havingk, asintercept and k, asthegradient
or dope of theline. The plot allows determination of
characteristicsof Peleg’s constant. Peleg’s equation is
applicableto the curvilinear ssgment of the sorption
curve and thereciprocal of k, can be used to predict
the equilibrium moisture content*" (Eq.2). Duetoits
ampliaty Pdeg’s empirical formula has been widely used
to demongtratewater absorption kineticsof cered grains
and legumeg246°1213 The objective of thiswork was
to study the suitability of Peleg’s equation in modeling
of hydration characteristicsof paddy grain during soak-
ing at temperaturesbe ow ge atinization temperatureand
determination of thermodynamic parameter for hydra-
tion of paddy.

MATERIALSAND METHODS

Materials

Paddy grains were collected from local market.
Thenthegrainsweremanualy screenedtoremovefor-
elgn particles, chaff and broken kernds,immatureand
damaged seeds. Only paddy grainsthat werein good
condition were selected for the experiment.

M oistur e content deter mination

M oisture content of paddy grains was measured
by standard air oven method.1 gm paddy grain was
taken in aluminum cup and weighed, and then it was
placed in hot air oven for moisture determination’* at
130+3°C untill constant weight was obtained.

M easurement of physical properties

Linear dimensionsof randomly selected 50 paddy
grainswere measured using micrometer (Mitutoyo Cor-
poration, Japan.) having aresol ution of 0.01mm. Geo-
metric mean diameter (mm) was measured using the
following formuld®.

D,,=(LWT)® (6)
where Dgm= geometric mean diameter, L,W,T are
length, width and thicknessin mm.

The sphericity (¢) istheratio of thesurface areaof
the sphere havingthe samevolumeasthat of thegrain
tothe surfaceareaof thegrain andit was determined
using therel ationship™
o=(LWT)¥/L (7
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Surfaceareawasmeasured using thefollowing for-
mula®l,

_ mBL’
" 2L-B
whereB=VWT

Bulk density (kg/m?) of grain was determined by
fillingthecylindrica container of 10ml volumewiththe
grans, thenweighing the contents. Thebulk densty was
caculated fromthemass of thegrain and thevolume of
thecontainer. Thegrain density or truedensity (kg/m®)
was determined using toluenedispl acement method ™18,
Toluene was used instead of water because it is ab-
sorbed by kernelsto alesser extent.

Porosity percentageswerecal culated from the dif-
ference between grain density and bulk density and di-
vided by graindensity and it wasexpressed by thefol -
lowing relationship®.
£=[(p,-p,) 100]/p, ©
wherep . isgrainor truedensity (kg/m®) and p, isbulk
dengity (kg/md) of grain, e isporosity (%).

Thousand grain weight was measured using €l ec-
tronicsbaance (Mettler Toledo) having aresol ution of
0.02g.

Water absor ption study

To sudy thehydration characterigticsof paddy grains
adefiniteamount of clean raw paddy were soaked into
distilled water (1:10 w/v) at different temperature. The
soaking temperature studied were 10°C, 20°C and
30°C. Paddy grains were taken in a glass beaker con-
taining distilled water a thedesired temperature. During
hydration thesamplesweretaken out at definiteinterva
of time(initidly 30 min, then Lhand then 2h). Thesoaked
sampleswere placed on afilter paper to asorb the sur-
facemoistureand then we ghed to anaccuracy of £0.02g.
Moist grainswereplaced in an ovento determinemois-
ture content. Gaininweight of paddy grain dueto soak-
ing wasexpressed in terms of moisture content (%odry
bass). For equilibrium moisture content aseparate set of
samplewas soaked for 24 hours.

Thelinearized form of Peleg’s equation (Eq.5) as
described beforewas used to model the hydration be-
havior of paddy grain under experimenta conditions.

®)

t

—(Mt—l\/lo)=k1+kzt (5)

ORIGINAL ARTICLE

After evaluating two Peleg’s constant in each tem-
peraturefor paddy grain corrd ationsbetweenthemand
temperature were established.

Satistical analysis

All theexperimentswereconductedintriplicateand
mean va ueswerereported. Dataobtained from linear
regression anaysisof Peleg’s equation were subjected
to Student “t” test (Origin 6.1) and means were con-
sdered significantly different when P< 0.05.

RESULTSAND DISCUSSION

Physical properties

Averagevduesof physica propertieslikelinear di-
mens ons, geometric diameter, sphericity, surfacearea,
porosity aregivenin TABLE 1. Theaverage val ues of
length; width and thickness are 9.5+0.5mm,
2.21+0.11mm and 1.754+0.25mm respectively at a
moisture content of 14.3% (dry basis) which wasthe
initial moisture content. Theseresultsare comparable
with the earlier reports*9. Porosity of paddy grains
was found to be 57.89%. Sphericity of paddy grain
was 0.349+0.039. True density and bulk density were
1228+2 kg/m® and 517+3 kg/m?®respectively. These
vauesarein agreement with theearlier report for paddy
grain™#, and lupin seeds?.

Water absor ption phenomena

Hydration behavior of paddy grainintermsof mois-
ture content (% dry basis.) at different soaking time
and temperaturesisrepresented in Figure 1. Therate

of water absorptionwashigher initidly at dl threesoaking
temperaturesafter that water absorption rate decreased

TABLE 1: Physical characteristicsof paddy grain

Parameters ValuetSD"
a) Length (L) (mm) 9.5+0.5
b) Width (W) (mm) 2.21+0.11
¢) Thickness (T) (mm) 1.75+0.25
d) Sphericity (¢) = [(L.W.T) %]/ L 0.349+0.039
€) Surface area (mm?) 32.80+0.2
f) 1000 grain weight () 30.75+0.25
g) Bulk Density (kg/m°) 517+3.00
h) Density (kg/m®) 1228+2.00
i) Porosity () (%) 57.89+0.11

1Datas are mean of 3 replicate observations
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Figurel: Water absor ption curveduring soaking of paddy grain (A30°C, #20°C, ¢10°C) (5% error bar has been adjusted)

gradually asthe moisture content approachesto satu-
ration. Thewater uptake rate depends on the differ-
ence between moisture content at equilibriumand at a
giventime. With the progression of hydration process
this difference decreases and as a consequence the
water absorptionrate d so decreases. The soaking tem-
peratureinfluencestherate of absorption of moisture.
Thehigher the soaking temperature (10-30°C) the higher
was therate of water absorption. This phenomenon
can belinkedto high rate of water diffusion at higher
temperature. Similar observationshave been reported
for cereal grainsand |legumes46.12131,

Modeling of hydration isotherms

The moistureabsorption dataunder thespecific ex-
perimental conditionswasfitted to Peleg’s equation
(Eq.5) (Figure2). Estimated Peleg’s constants from the
linear regression anaysisareshowninTABLE 2. The

0.8 +
0.7 +
0.6
0.5 4

0.4 1

t/(Mt-Mo)
HH

0.3 4

0.2 A

0.1 A

0

correlation coefficients R? (TABLE 2) varied from
0.966t0 0.985. This established the sufficiency of the
equation for describing the hydration kineticsof paddy
grainswithinthe studied temperaturerange.

Deter mination of Pelegrate constant k|

Pelegrate congtant (k) islinked with masstransfer
rate. Sopade and Obekpaand Sopade et al. observed
that k, wasinversely related to temperature and its
reciprocal definestheinitia hydrationratd (Eq.4).
In the present study the magnitude of k, showed asta-

TABLE 2: Valuesof Peleg’s constants and correlation coef-

ficient R2for hydrated paddy grains

ki(h%™)
0.180
0.127
0.076

ka(%™)
0.0422
0.0445
0.0465

RZ
0.966
0.965
0.985

Temperature (°C)
10
20
30

0 2 4 6

8 10 12 14

Time(hr)
Figure?2: Fitting of Peleg’s model to water absorption data during soaking of paddy grain (A30°C, m20°C, 410°C) (5 %

error bar hasbeen adjusted)
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tistically significant (P<0.05) decreasing trend (from
18x102h%>"to 7.6x102 h%>") with theincrease
in soaking temperaturefrom 10°C-30°C (TABLE 2).
Thisindicatesincreasein water absorption ratewith
increasein soaking temperatures. Thistrendisinagree-
ment with the previous study!6121322,

k, could be compared to adiffusion coefficient and
theArrheniustype equation (Eq.10) could be used to
describethe temperature dependence of thereciprocal
of Peleg’s constant k,*3. Thisequation has been used
previoudly to study the hydration behavior of different
ceredl grainsand legumes*®,

(10)

wherek isaconstant (h%™), E, isactivation energy
(Jmoal'), Risuniversa gascongtant (8.314 Jmol~'K™)
and T isthe absolute temperature (K).

Arrheniusplot (Figure 3) with R? value0.988, con-
firmed thetemperature dependence of Peleg rate con-
stant. Activation energy cal culated from the slope of
theplot (Figure 3) wasfound to be 35.83 kJ/mol. The
reported val ue of activation energy of paddy grainwas
higher than rice®, wheat'® and sorghum!®, but |ower
than the val ue obtained for legume seed.

Deter mination of Peleg capacity constant k,

Peleg showed that Kk, islinked with maximum wa-
ter absorption capacity or equilibrium moisture con-
tent such that lower magnitude of k, indicate higher
water absorption capacity and vice versa'?. Peleg
capacity constant, k., for paddy grainincreased (from
4.22x102%'t04.65x102 %) significantly (P<0.05)
withincreasein temperature from 10°C to 30°C. The
k, values (TABLE 2) showed that water absorption

3 1

25

In(1/k1)
= o

o
0
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capacity declined withincreasein temperature. This
findingsarein accordance with the earlier report for
legume seeds’>*?4. The decreasing trend of k, with
increasing temperature was reported for wheat!®,
amaranth*¥ and sorghum(® etc. However other stud-
ies have shown that k, remains unaffected by tem-
peraturel?23,

Likek, thetemperaturedependenceof k,haveaso
studied usngArrheniustype equation (Eq.11) and the
Arrhenius plot (Figure4) having R?= 0.986 success-
fully characterized the Pel eg capacity constant.

i )eel)

where C and D arethe congtantshaving vaues of 4.12
and 500 %K respectively.

(1)

Thermodynamic consider ation

Thevaueof activation energy (Ea) obtained from
Eq.10 hasbeen applied for determination of different
thermodynamic parameters according to the expres-
son,

AH*=E_RT (12)
AS*=R|InA -1 K, InT

= nA - HE- n (13)
AG*= AH*-TAS (14)

where AH* is changein enthalpy, AG* ischangein
freeenergy, AS* ischangein entropy Risuniversa gas
constant, InA istheordinateintersection when regres-
sonanalysisisapplied to theplot obtainedin cacula-
tionof E,, k, isBoltzman constant (1.38x10 %K) h,
isPlanck constant (6.626x1034Js) and T is absolute
temperature.

R? = 0.988

0

0.00325 0.0033 0.00335

0.0034
1/T (K)

0.00345 0.0035 0.00355

Figure3: Arrheniusplot of In (1/k,) vs. (1/T)
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Figure4: Arrheniusplot of In(1/k,) vs.(1/T)

Values of these parameters are represented in
TABLE 3. Thenegativevauesof enthapy (AH*) indi-
cate that changes during hydration of paddy were as-
soci ated with exothermic and energetically favorable
transformation®!. The positivevaueof AG* indicates
an enderogonic reaction that requiresan input of en-
ergy from thesurroundings®!. Higher vaueof freeen-
ergy of activation (AG*) (64.66kca/mol a 30°C) indi-
catesthat hydration wasinfluenced by temperature.
However the negative vaues of entropy (AS*) indicate
anincreasein systemorder and thisisentropicaly un-
favorable. Negative entropy of activation occurswhen
degrees of freedom of rotation or translation arelost
during theformeation of the activated complex?9,

TABLE 3: Thermodynamic parameter sfor hydration of
paddy grains

Temperature AH* AS* AG*
(9] (cal/mol)  (cal/kmol)  (kcal/mal)
10 -2317.03 -221.04 60.32
20 -2400.17 -221.32 62.45
30 -2483.31 -221.60 64.66
CONCLUSIONS

The present study has shown the adequacy of
Peleg’s equation to analyze the hydration characteris-
ticsof paddy grains (Oryza sativa) during the hydra-
tion process at different soaking temperature, ranges
from 10°C to 30°C. This model was also used to pre-
dict the moisture content at given soaking timeand
temperaturewithintheexperimental condition. Peleg’s
constant k., decreased with increasing temperature,
indicated that water absorption rateincreased with
riseintemperature, where asreduction in water ab-

sorption capacity was observed ask, increased with
Increasing temperatures. Thetemperature dependence
of Peleg’s constants (k,, k,) was described by using
Arrheniustype equation. The activation energy was
used to study the thermodynamic parameters which
inturnindicatethat the changesduring the hydration
of paddy grain were associated with exothermic and
energetically favorabletransformation and the soak-
ing procedure was aless random system. Therefore
Peleg’s empirical model could be used by the paddy
grain processor to predict the soaking characteristics
aswell as hydration condition of paddy grain could
be optimized.
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