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Abstract—Sandge an Indian traditional food adjunct was
prepared by using standardized recipe of carrd30
okra(9%), green chilies(3.5%), coriander leaves(2%)
sesame seeds(3.5%) and salt (2%) in an air conxedtiyer.
Studies on drying kinetics of sandgewere conduated5,
50 & 55°C.The graph of drying rate and the drymgve
revealed that drying took place in the falling rateriod
and increase in drying temperature accelerated dhgng
process.The experimental data of drying kineticss wa
satisfactorily fitted to four different empirical adels for
thin layer drying: Newton, Page, Logarithmic, Herstmn&
Pabis.With the selectioncriteria of high valuescoéfficient

of determination (B, low values of root mean square error
(RMSE) between and chi-squayd) ( Newton’s model was
selected as perfect fit. Applying the model of itk
unsteady state diffusion, effective moisture difus
coefficient (De) was calculated.The diffusivity iedr from
17.5 x 10n¥/s to 1.75 x 18n¥/s within the temperature
range and fitted the Arrhenius equation. The mdbecu
diffusivity at infinite temperature, De® was estiethto be
0.038n¥/s and the activation energy for moisture diffusion
E to be 9.57k J/mol.
Keywords—Food adjunct,
models, molecular diffusivity.

drying kinetics, empirical

l. INTRODUCTION

Drying is probably the oldest method for preserviagds.
Ancient civilizations preserved meat, fish, fruitsnd
vegetables using sun-drying techniquBsying is
considered as the complex operation which involveat
and mass transfer along with several rates of peas like
physical or chemical transformations which may ltegu
the product quality chang&%in countries like India where
poorly established low temperature distribution and
handling facilities are existing, drying is the eattative
treatment for post- harvest management. Over 20&odfl
perishable crops are dried to increase the shigf dnd
provide food securifyCurrently hot air drying is the most
widely used method in post-harvest technology of
agricultural products. Using this method, a moré&aum,
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hygienic and attractively colored dried product che
produced rapidfHowever, this process has adverse effect
on colour and quality of the processed products tduthe
higher temperatures and longer duration of drir{
Kinetic parameters, such as reaction order, ratsteot and
activation energy could be helpful in the prediatiof
change in colour and quality parameters during ntiaér
processing.The increasing demand for high-quatihelf-
stable dried productsrequires the optimizationhef drying
process conditions, especially temperature, wighptlirpose

of accomplishing not only the efficiency of the pess but
also the final quality of the dried produtts

Drying kinetics data of food materials has beersgnéed
by Marinos-Koulis and Marouft (1995). The effect of air
temperature, air velocity, relative humidity andtem&l size
have been studied and simulation models proposed by
various investigators for thin layer drying of many
agricultural product§®{Vazquez- Vila et al (2009),
Mazza (1983), Bakat al (2011), Lee and Kim (2009),
Abbasi and Anzari (2009), Doymaz (2007), Akpinadde),
Krokidaet al. (2003), Ahmecet al. (2001)and Kayamak —
Ertekin (2002)]. Although the literature on theidies of
drying characteristics of raw agricultural producis
available, but few studies have been reported erdtking
kinetics of processed food products.

Traditional food adjuncts in Indian cuisine inotugickle,
wet chutney, dry chutney, preserves, dried vegetabl
products such asndgendharwanmirchpapad, etc.
Sandgesa dried vegetable product made by mixing grated
carrots with okra, coriander leaves, sesame sagdsn
chilies and salt; making it into small balls of anal 2 inch.
diameter and sun dried at 42-45°C for 2-3 dayse dited
balls are then fried and served.

The research was carried out to investigate thengry
kinetics ofsandgén an air convective dryer. The objectives
were to study the effect of drying temperature oying
characteristics, selectthe best mathematical maael
determine the effective moisture diffusivity andiaation
energy fosandge.
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Il. MATERIALS & METHODS
Fresh vegetables e.g. carroDaficuscaroty coriander
leavesCoriandrumsativum)green chiliestapsicum annujn
okra (Abelmoschusesculentus. Moench) of uniform
maturityand quality were procured from the locagetable
market at Noida, India. All the vegetables werehealsunder
running water till completely free of dirt, the fage water
was soaked with a muslin cloth and the vegetablesew
stored in a refrigerator at 7-10°C till use. Sesame
seedsbesamumindicuyrand common salt (Tata brand) were
procured from the supermarket at Noida. Sesames seext
also cleaned and checked for any impurities.
Dryer Set Up
A laboratory scale batch Tray Dryer (SM Scientech,
Kolkata) was used for drying afandgeballs. The dryer
contained 8 trays, loaded one above the other.néterial
to be dried was placed in thin layers on the trayd the
trays were placed inside the dryer and hot air hitlwough
it. Two heaters heated the air from both sideshef tray
loading area. Thermostat was used to control the
temperatures in the two heating zones.Dryer wadesta
2hrs.earlierto the start of experiment to get Stesthte
conditions.
2.1 Preparation of Sandge
StandardizeSandgerecipe of carrot(80%), okra(9%), green
chilies(3.5%), coriander leaves(2%) , sesame s@&ds]
and salt (2%) was used in the experiments. Cameie
peeled and grated using food processor (Inalsaig)ind
Coriander leaves were separated from the rootsstems,
dried on muslin cloth till surface moisture was
soaked/evaporated and finely chopped. Both endthef
okra pods were removed and the pods were crushdtin
mixer. Green chilies were separated from the stalks
chopped and ground to a paste. The vegetables were
weighed and mixed well with weighed quantities e§ame
seeds and salt in a large bowl. Loose balls of ratoR
inchdiameter were made manually and kept on the
perforated tray in the tray dryer. Each tray @aks24 cm x
33 cm contained around 20 balls weighing aroun®29-
each. The trays were weighed and placed in ther dnye
above the other. The drying kinetics s#fndgevas studied
at three different drying temperatures 45, 50 &&5Fhe
sandgesamples dried at the three different temperatures
were weighed every hour using a digital weighintpbee
with 0.01g sensitivity. The relative humidity ofraiaried
between 45-50% during the experiments. It was nredsat
regular intervals with  hygrometer. The drying was
continued till constant weight was obtained. Theitan of
the tray was changed every 2 hrs. to allow unifdreat
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transfer and the balls were moved upside downeb g
uniform surface heating. The experiments were coradlu
in triplicates at each drying temperature.

2.2 Drying kinetics for Sandge

The drying rate curves for the three drying tempees
were obtained by plotting the drying rate agaimset Also
the drying curves for moisture content (kg/kg digrsus
time of drying (hrs.) for the three drying temperas were
plotted to see the influence of temperature on tthee
required for drying.

2.3 Mathematical modelling of drying curves

The data obtained experimentally for the threecdéfiit
temperatures studied (45°C, 50°C and 55°C) wategdlot
theform of the dimensionless variable moistureoréR)
versus time (expressed in hours), where

MR = W -We

Wc —We
(1)
With W the moisture content at any timge We the
equilibrium moisture content and/o the initial moisture
content,all expressed in dry basis (g water/g dhgs). The
value ofWewas found to be relatively small as compared to
Wo&W, hence the error involved in simplification was
negligiblé® and the moisture ratio was calculated as
MR = W/ Wo

2)

For drying model selection, the experimental sé{d/R, t)
were fitted to the four different empirical modétem the
literature, shown in Table 1. Statistical analydighe fitting

of data was carried out using XLSTAT, 2016, 0.2.

A non-linear regression procedure was used tdétthin-
layer drying models available in the literature tioe
experimental moisture loss data and the models were
compared based on the coefficient of determinationf
mean square error, and the reduced chi-square éetthe
observed and predicted moisture ratios. The high&res
for R? and lower values ofy 2and RMSE were chosen as
the criteria for goodness of it
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Id | =

- 2
RMSE = v 2] [MR .., - MR,__,]
.................. (4)
N .
Z (MRL‘LJ.'LI. - ﬂ’er‘J'L‘.rl )_
z_ g
~ N —m
or' "y %= (RMSE)* *N/N-m
.................. (5)

Where, RMSE: Root mean square error

N: No. of observations

m: No. of constants used in the thin layer modilewton,
Page, Logarithmic, Henderson and Pabis)

MR, is the I" predicted moisture ratio, MR is thel”
experimental value of moisture ratio.

Table.1: Empirical models for drying kinetics

S.NO | MODEL TYPE REFERENCE
NAME
1 Newton MR=exp(- | Mujumdar>
kt)
2 Page MR=exp(-| Diamante and
kt") Munrc®®
3 Logarithmic | MR=aexp({ Yagcioglwet
kt+c) al.?’
4 Henderson | MR=aexp(-| Zhang and
and Pabis | kt) Litchfleld®®

2.4 Moisture Diffusivity and Activation Energy
According to Fick’s second law for unsteady-state
diffusion, assuming that the samples used can be
approximated to cylinders,the diffusion is expresag
follows:

oW _1| 0 oW | 0 ow
— == —| D — |+—| D —
ot r{ar[ or } az[ or ﬂ

whereD, is the effective moisture diffusivity (is), ris
thecylinder radius (m}is the height (m) antlis the
time,expressed in seconds.

Assuming uniform initial moisture content and camst
diffusivity throughout the sample, the solutioneaf. (6)
becomes
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IN(MR) = In (4/b?) + -DJ:( Bt ]
which is a equation of straight line yz¥ ax, where

Yo =In(4/k*)

a = -De ( /)

.................. (9)
From the graph plotted between In (MR) versus tifoe,
each of the temperatures, value of
D.and Q was calculated.
The diffusivity varies with temperature according t
Arrhenius equation as

D~ D.Sexp ( -E/RT)

Where Q° is the effective diffusivity at infinite
temperature (ffs), E is the activation energy for molecular
diffusion (J/mol), R is the universal gas const@dt 8.314
J/ (mol) K) and T is the drying temperature expees
Kelvin®®.

Eqg. (10) can be written as
IN(De) = IN(D) + (-E/R) 1/T

Which is a straight line , y'= y'+ a’x,

Thus by plotting In(l) versus ( 1/T), y and a were
calculated as

y = In(D¢’)

a = -ER
From eq. 12 & 13, values of.Dand E were calculated.

. RESULTS & DISCUSSION
3.1 Drying kinetics
Temperature of drying is the most important factdr
drying raté’. Hence the drying kinetics a$andgevas
studied at three different air temperatures 45&5865°C.
The drying rate was plotted against time and thgndr
rate curves for the three drying temperatures Haeen
shown in Fig.1.The drying rate in the first hourdsfing
was 0.034, 0.048 and 0.055kg of moisture removedthr
45, 50 and 55°C respectively, which implied that ai
temperature has been a very important factor ahdrsate
for sandge As seen from the graph, although the initial
moisture content of the samples was quite high4®2),
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a constant drying rate period was not observed rutiae
experimental conditions and the drying saeindgetook
place in the falling rate period which showed ttiffusion
phenomenon controlled the drying sfndge. Similar
results were observed during the air-convectivendryf
potato, carrot, green pepper, red pepper, yelloppee
garlic, mushroom, onion, leek, pea, corn, celegmpkin
and tomat®.The graph indicated that the loss of moisture
was at its highest in the first half of drying; hewer it
slowed down in the subsequent drying period. Thgngdr
rate of sandgeuring the first hour was highest at 55°C,
followed by 50°C and 45°C drying temperatures. Rfte
hrs.of drying, the values of drying rate shndgedried at
45, 50 & 55°C were almost similar. After a period4
hrs.,the drying rate slowed down for all the thdeging
temperatures, but the drying was faster at 55°C.

50

50 .‘

an =

R

1 3§ 57 91113151719 2

—— drying rate at 55°C
-drying rate at 50°C

)

—— drying rate at 43°C

drying rate (gm. of moisture removed

Time (hrs.)

Fig.1: Drying rate curves for Sandge at 45, 50 &65

Fig.2 explains the drying curves for moisture cah{&g/kg

db) versus time of drying (hrs.) for the three dgyi
temperatures. The curve was plotted to see theeinfle of
temperature on the time required for drying. Thgirdy
time for sandgewas 13hrs., 17hrs.and 22hrs. at 55, 50 and
45°C.As expected, there was an acceleration ofngryi
process due to the increase in drying temperafuoes 45

to 55°C.
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Fig.2: Drying curve of Sandge at 45,50& 55°C

3.2 Fittings of the experimental data to empirical
models

The drying kinetics data obtained for the thrededént
temperatures, 45, 50 & 55°C, in the form of momstatio
(MR) versus time (hrs.) has been shown in Tablekhe
data was fitted to four different empirical modeNewton,
Page, Logarithmic, Henderson& Pabis. The resulsuoh
fittings, obtained with the software XLSTAT, 2018.€r
the three temperatures and for each model have bee
presented in Table 3-5, which show the values ef th
estimated parameters along with the statisticalrmétion,
coefficient of determination @R root mean square error
(RMSE) and chi-square?).

Table.2: Moisture ratio and time at three drying
temperatures (45, 50 & 55°C) for Sandge

SNo. | Time |MR (|MR | MR

(hrs) | 45°C) | (50 | (55

OC) OC)

1 0 1 1 1
2 1 088 | 086| 0.77
3 2 0.76 | 0.75| 0.62
4 3 065 | 066| 0.49
5 4 056 | 058| 0.39
6 5 048 | 051| 031
7 6 042 | 043| 025
8 7 036 | 038| 02
9 8 032 | 033| 015
10 9 028 | 028| 011
11 10 | 025| 023 008
12 11 | 022 | 019] 007
13 12 02 | 0.16| 007
14 13 | 017 | o014 -
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15 14 0.15 0.11 - 20 19 0.09 - -
16 15 0.14 0.1 - 21 20 0.08 - -
17 16 0.12 0.09 - 22 21 - - -
18 17 0.11 0.08 - The MR values are an average of triplicates
19 18 0.1 0.08 -
Table.3: Results of fitting to empirical models 4&°C drying temperature (n=21)
Pal\r/laon(;eeirs/ Newton Page Logarithmic Heng:lr)si,;)n &
Estimated k=0.154 k=0.138 k=0.138
parameters k=0.139 n=0.951 a=0.996 2=0.992
c= -0.004
R 0.998 0.999 0.998 0.998
RMSE 0.013 0.010 0.013 0.013
N 0.000177 0.000111 0.000197 0.00018
Table.4: Results of fitting to empirical models 5@°C drying temperature (n=19)
Parameters/ Newton Page Logarithmic Henderson &
Models Pabis
Estimated k=0.144 k=0.128 k=0.145 k=0.145
parameters n=1.057 a=1.004 a=1.009
c= 0.005
R® 0.998 0.999 0.998 0.998
RMSE 0.013 0.011 0.014 0.013
x 0.00017 0.00013 0.00023 0.00018
Table.5: Results of fitting to empirical models 5&°C drying temperature (n=13)
Parameters/ Newton Page Logarithmic Henderson &
Models Pabis
Estimated k=0.237 k=0.244 k=0.235 k=0.235
parameters n=0.981 a=0.997 a=0.992
c= -0.005
R? 0.999 0.999 0.999 0.999
RMSE 0.009 0.009 0.009 0.009
x 0.00008 0.00009 0.0001 0.00009

of 0.009 and value gf of 0.00008. The very low values of
y? and RMSE indicated that the values predicted by the
model were very close to the experimental valueyeRet
al. (2008) studied the drying kinetics for carrotiedrusing
different drying methods such as tunnel drying, wao-
freeze drying, with or without assisted infraredliation,
fluidized bed drying assisted by microwave radiatémd a
combination of these methods and found that thgeBa
model fitted adequately to the drying process wijtlecific
parameters for each drying zéheVazquez-Vilaet al
(2009) studied the drying kinetics of carrots imasic and
air-convective drying processes. Experimental dyyin

Table 3-5 revealed that all the fittings were gowith high
values of coefficient of determination¥fbetween 0.998 to
0.999, low values of root mean square error (RMSE)
between 0.009 to 0.014 and chi-squané) (between
0.00008 to 0.0001. For the drying temperatures Hf&4
50°C, although goodness of fit was obtained for thgePa
model, with high values of %of 0.999 each, low values of
RMSE 0.010 and 0.011y*> of 0.0001land 0.00013
respectively, the Newton's model was selected totHme
perfect fit, since the values of n were nearly éqoid. For
55C, the goodness of fit was obtained for the Newgon’
model, with high value of Fof 0.999, low value of RMSE
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kinetics werefitted satisfactorily to a first ord€simple

model) kinetics and to the Page’s model in order to

determine the kinetic constants during drying

3.3 Diffusion coefficient and activation energy

Fig. 3-5 and Table6 show the results of the fiftito
equation y= y+ ax, where y= In(MR), y= In(4/b? and a

= - De (h%r® and x= time. The equation was used to

estimate the values of effective diffusivity, Dethé three
drying temperatures, 45, 50 & 55°C. The high vadbdie
coefficient of determination, R(0.996-0.997) and F value
(3264.34 - 4759.38) indicated that the qualityitifnig was
good. Diffusivity increased from 1.75 x $®%s at 45°C to
17.5 x 1¢° n¥/s at 55°C.

6 8 1012 1416 18 20

0 T T T T T T T T T T T T T T T T T T T 1
c%\
-1

In(MR) at 45C

3

3 \

£ =2

y = -0.126x +kr

——Linear (In(MR) at

45C)
-3 -
Time (hrs.)
Fig. 3: Plot of In (MR) vs. Time (hrs.) at 45°C
1
—_ 0 T T 1T T T T T T T 1T T T T T T 1
o —|n (MR) at 50C
S 1
c .
= 2 ——Linear (In (MR)
3 y = -0.154x + 0.0 at 50C)
Time (hrs.)
Fig.4: Plot of In (MR) vs. Time (hrs.) at 50°C
o 1 - ——In (MR) at 55C
=
= 2 ,
= _ ﬁ —Linear (In (MR)
-3 1 ; ; at 55C)
-4

Time (hrs.)

Fig.5 : Plot of In (MR) Vs. Time (hrs.) at 55°C
Table.6: Estimation of diffusion coefficients ateth drying temperatures (45,50& 55°C) for Sandge

Parameters/ Drying 450C 500C 550C
temperatures
R? 0.996 0.997 0.997
Yo 0.052 0.2077 0.2688
A -0.1266 -0.1543 -0.2447
by 5.33 2.66 2.34
r(m) 0.0198 0.0198 0.0198
De (nf/s) 1.75x 16 8.54 x 10 17.5x 10
RMSE 0.051 0.049 0.051
F value 4704.67 4759.38 3264.34
Pr>F <0.0001 <0.0001 <0.0001
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The values of the diffusion coefficients were usedit Eq.
y=Y', + a'x, where y= In(De), y-InDe®), a=-E/R and x=
1/T. The graph was plotted between In(De) versiisabid
has been shown in Fig.6. The results from the gtegpole
been presented in Table 7. The average radius @f th
samples was found to be 0.0198m. The high valu?f
(0.976) and F-value (40.12) indicated that thenfittwas
good. The molecular diffusivity at infinite temptree,
Defand the activation energy for moisture diffusiBrwere
determined from the graph. De® was estimated to be
0.038n/s and E to be 9.57kJ/mol. Doymaz (2007) reported
the values of effective diffusivity of pumpkin clis to be
3.88 x 10"° to 9.38 x 10'°m?/s for the thin-layer drying
carried out under three air temperatures of 5GriEb60°C,
whereas the activation energy was found to be
78.93 kd/mol. The values of De for onion sliceedrat 30,

50 and 60°C were 3.6540xf8m%s at the lowest
temperature  and 9.5324x™m?%sat the highest
temperature whereas the De°was1.1679%4f/s, and the
activation energy for moisture diffusion,E, wasriduo be
26.4 kJ/mot".

0

0.00305 0.003095 0.00315

-2

-4

-6

3
= —In(De)
= -8 — Linear (In(De))

-10

-12 X

= 11510 TBr=
-14
T

Fig.6: Plot of In (De) vs. 1/T

Table.7: Estimation of parameters to determineudiffity
at infinite temperature,Jeand activation energy, E

Parameter | Value
R® 0.976

Yo -9.6574

a’ -1.1543

De’ (m/s) | 0.038
E (J/mol) 9.57
F value 40.12
P value ~0
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V. CONCLUSION
The drying kinetics oSandgea traditional food adjunct in
India was studied for air convective drying at 4B, and
55°C. The drying rate curve and the drying curveewe
plotted. The drying rate increased with temperaamé the
drying time lowered. From the drying curve, it wesen
that the drying took place in falling rate periocida
diffusion controlled the drying process. The exmemtal
data was fitted to four different empirical modéds thin
layer drying, Newton, Page, Logarithmic, Henders®n
Pabis. From the results, it could be verified tia models
used in this study showed good predicting capaaity
performance for all the three temperatures, overditire
duration of the drying process. With the selectidada of
high values of coefficient of determination’(Rlow values
of root mean square error (RMSE) between andggbare
(x>, Newton’s model was selected as perfect fit. Apmy
the model of Fickian unsteady state diffusion eefifve
moisture diffusion coefficient (De) was calculafBue
diffusivity varied from 17.5 x 10m?%s to 1.75 x 18m?/s
within the temperature range and fitted the Arrbeni
equation. The molecular diffusivity at infinite tperature,
De® was estimated to be 0.03%snand the activation energy
for moisture diffusion, E to be 9.57k J/mol.
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