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Abstract: In this study, effects of osmotic dehydration (OD) on drying Kinetics of carrot slices are investigated.
Carrot slices are osmotically dehydrated with three type sucrose plus salt mixture solutions at 35°C, 45°C and 55°C.
After that non-treated and pre-treated samples are dried in a convective dryer at the same temperatures, a constant air
velocity (0.3 m/s) and a constant relative humidity (15%) until the equilibrium moisture content is achieved. A
simplified model based on the solution of Fick’s Law is used to estimate effective diffusion coefficients for the non-
treated and pretreated carrot slices. The experimental moisture data are then fitted to some models available in the
literature, mainly the Henderson and Pabis model, the Lewis model and the two-term exponential model and, a good
agreement is observed.
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HAVUCUN KURUMA KINETIGI UZERINE OZMOTIK DEHIDRASYONUN ETKISi

Ozet: Bu galismada, havug dilimlerinin kuruma kinetigine iizerine ozmotik dehidrasyonun (OD) etkisi incelenmistir.
Havug dilimleri, 35°C, 45°C ve 55°C’de ii¢ tip seker-tuz karisimi ¢ozeltilerde ozmotik dehidrasyona tabii tutulmustur.
Daha sonra, isleme tabii tutulan ve tutulmayan Grnekler, aymi sicakliklarda sabit hiz (0.3 m/s) ve sabit bagil nemde
(%15) iiriin denge nem igerigine ulasincaya kadar bir konvektif kurutucuda kurutulmuslardir. Isleme tabi tutulan ve
tutulmayan havug dilimlerinin efektif difiizyon katsayilarini belirlemede igin Fick difiizyon denkleminin ¢6ziimiine
dayal1 basitlestirilmis model kullanilmistir. Deneysel nem verileri daha sonra literatiirde mevcut bulunan Henderson
ve Pabis, Lewis ve iki-terimli eksponansiyel gibi bazi modellere yerlestirilmis iyi bir uyum saglanmistir.

Anahtar kelimeler: konvektif kurutma, ozmotik dehidrasyon, havug, difiizyon katsayisi

Nomenclature
INTRODUCTION

A Drying coefficient

b Drying coefficient

Deff  Effective diffusion coefficient, (m?/s)

DR Drying rate, (kg H,0)/ (kg d.m. h)

Carrot (Daucus carota L.) is known for its nutrient
contents viz. carotene and carotenoids besides

appreciable amounts of vitamins B1, B2, B6 and B12

e.r.h Equilibrium relative humidity (%) ; . .

K Drying constants, 1/s and minerals. Out of various methods of extending the

Ko Drying constants, 1/s shelf life of perishable crops, osmotic dehydration is

Ky Drying constants, 1/s one of the simple and inexpensive processes (Singh and

L Thickness of the carrot slices, m Gupta, 2007).

M Moisture content at t, (kg H,O/ kg d.m.)

M. Equilibrium moisture content, (kg H,0/ kg d.m) Due to physical, chemical and biochemical changes

M Initial moisture content, (kg H.O/kg d.m.) during drying, quality degradation is a major concern in
. : _ M= Wg the selection, design and operation of a food drier

MR Moisture ratio, (MR = —Mi - Me ) (Mujumdar, 1997).

Coefficient of determination
Temperature, °C

Time, h

Velocity, m/s

Relative humidity

Dehydration of foodstuffs by immersion in osmotic
solutions previous to convective air-drying seems to
improve the quality of the final product since it prevents
oxidative browning and loss of volatile flavoring



constituents, decreases the fruit acidity (Del Vale at.,
1973). It also decreases structural collapse during air-
drying (Del Vale at, 1973; Lenart, 1996; Simal at, 1997)
minimizes drying color losses (Nsonzi and
Ramaswamy, 1998) and reduces nutrient losses, e.g.
lycopene in vacuum-dried tomatoes (Shi at, 1999;
Garcia at, 2007)

Osmotic dehydration (OD) of fruits and vegetables is
based on their immersion in an aqueous concentrated
solution containing one or more solutes. This process
involves the simultaneous flow of water and solutes.
Water and food solutes diffuse from the food to the
concentrated solution and solution solutes from the
osmotic solution into the food. Solute transfer is usually
limited due to differential permeability of cellular
membranes (Bildweel, 1979). Consequently, more water
transfer than solute transfer characterizes this process.

The effects of osmotic pre-treatment on drying kinetics
have been investigated by several authors. Singh and
Gupta (Singh and Gupta, 2007) established the
convective dehydration kinetics of un-osmosed and pre-
osmosed carrot cubes at different air temperature and
estimated effective moisture diffusivity using the
analytical solution of Fick’s Law. Sankat et al. (Sankat
at, 1996) investigated the drying Kinetics of banana
slices which were previously osmosed in sucrose
solutions and fresh slices and determined moisture
diffusivities for fresh and osmosed samples. Park et al.
(Park at, 2002) studied the drying behavior of fresh and
osmosed pears and determined moisture diffusivities of
them.

Doymaz (Doymaz, 2006) examined the drying behavior
of fresh and pretreatment black grapes and evaluated
moisture diffusivities for different osmotic solutions.

Tsamo et al. (Tsamo vd, 2005) determined the drying
kinetics, drying constant and moisture diffusivity for
fresh and osmotically dehydrated onion slices and
tomato. Garcia et al.”! investigated kinetics of osmotic
dehydration and effects of sucrose impregnation on
thermal air-drying of pumpkin slices and estimated
effective diffusion coefficients during OD and air-
drying using the Fick’s Law. Moreiar et al. (Moreira at,
2007) established experimentally the low-temperature
air-drying kinetics of chestnuts previously treated
osmotically with sucrose and glucose solutions and
determined moisture  diffusivities for  different
temperature and osmotic solutions.

Tsamon et al. (Tsamo at, 2006) determined the drying
constants of onion slices and tomato fruits, fresh and
osmotically dehydrated in sugar, salt or mixed salt and
sugar solutions.

The purpose of this work is to estimate drying behavior
of non-treated and osmosed carrot slices and to
determine effective diffusion coefficients.
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MATERIALS AND METHODS
Experimental Equipment

Experiments were conducted in a lab-scale convective
air-dryer as shown in Fig. 1. The experimental setup
consists of fan, heater, air conditioner, humidifier, fresh
air damper, air exit damper, mixing damper, drying tray,
load cell, data acquisition and computer. The convective
dryer is equipped with controllers for controlling the
temperature, airflow velocity and relative humidity. The
rectangular-sectioned channel dimensions are 50 cm x
25 cm with 4000 cm length. In order to prevent the heat
loss to the environment, the channels are insulated. The
mass flow rate of the drying air is regulated by a fan
driven by a variable speed motor to obtain air velocities
in the range from 0.3 to 0.9 m/s at the entrance of the
channels. Drying basket with a holding area of 40 cm x
20 cm is included in the channels. The test samples of
the carrot slices (thickness L=7 mm), weighing about
500 g are placed in the drying basket.

The initial and equilibrium moisture content of
treatment and non-treatment carrot are determined using
the OHAUS MB45, Switzerland infrared moisture
analyzer. During the experiments, the temperature
changes and sample weight were measured using
microprocessor thermometers (model HH21, Omega,
USA and accuracy 0-400 + 0.1°C) and load cells
(model Lama, Esit, Turkey and accuracy 10,000 £ 0.01
0), respectively. All data collected were recorded in
every 2.5 min for temperature and 30 min for moisture
using a data logger interfaced to a personal computer.
Furthermore, the velocity in the drying channel was
continuously measured with anemometers (hot-wire and
vine type) (model 4204AM (hot-wire), 4202AM (vine),
Lutron HT, Taiwan with an accuracy of 0.2-20.0 + 0.05
m/s, while the relative humidity in the test section was
measured using a humidity/temperature meter (4204AM
model, Lutron HT, Taiwan with accuracy of 10-95 +
1%).

Osmotic Dehydration

Carrot slices were weighed, placed in four mesh baskets
and immersed in three type sucrose plus salt solutions;
i) 5%NaCl+50°Brix sucrose and dipping time 2 h (OD-
), ii) 5%NaCl+50°Brix sucrose and dipping time 4 h
(OD-I1) and iii) 15%NaCl+50°Brix sucrose and dipping
time 2 h (OD-Ill). The OD system consisted of a
jacketed stainless steel wvessel containing 15 kg of
aqueous sucrose solution continuously stirred and
maintained at 35°C, 45°C and 55°C by circulation of
thermostatically controlled water in the jacket.

Two baskets were prepared for each process time.
Syrupto-fruit ratio was approximately 15:1. After the
pre-established contacting period, the samples were
removed, their surfaces were cleaned with wet tissue,
blotted with absorbing paper, and weighed.



Figure 1. The schematic of the experimental setup.

1- Computer, 2- Humidifier, 3-Control panel, 4- Air out damper, 5- Mixing damper, 6- Fresh air damper, 7- Fan, 8- Heater,
9- Condenser, 10- Heater, 11- Loadcell, 12- Test section, 13-Condenser unit (compressor, fan), 14-Data acquisition system

Theoretical Analyses

The diffusion coefficient can be determined from the
widely used equation given as follows (Crank, 1975):

M-M
MR =M Me:
| e (1)
2
§ X 1 2n+1
:—2 > 2exp—( 2) Des t
7°n=0(2n+1) L

where M, is the equilibrium moisture content (kg
H,O/(kg d.m.)) determined from Table 1, M; is the
initial moisture content (kg H,O/(kg d.m.)), L is the

thickness of the slice (m), D¢ is the moisture diffusivity
(m?/s), tis the drying time (h).

There are many statistical-based expressions correlating
experimentally obtained MR values in terms of t in the
existing literature. Generally, these correlations remain
case-dependent, each suggesting coefficients varying
from product to product. Therefore, they cannot be
generalized. Moreover, many of these expressions just
fitting curves for MR versus t have a form not consistent
with the analytical solution of the problem (Kaya vd,
2007-a; Kaya vd., 2007-b; Kaya vd, 2007-c).Therefore,
only the models consistent with the analytical solution
of the problem were considered in this study, which
were shown in Table 2.

Table 1. Initial and equilibrium moisture content (kg H,O/kg d.m.) for different temperatures for the non-treated and treated carrot

slices.
Parameter T=35°C T=45°C T=55°C
1 | Non-treatment M=6.77 M;=6.77 M=6.77
M,=0.095 M,=0.052 M,=0.028
Lo M;=4.61 M;=3.97 M;=3.02
- 0, 0 I I I
2 | OD-I (%5 NaCl + sucrose 50Brx’, dipping time 2 h) M.=0.063 M,=0.015 M.=0.0095
S M=2.56 M;=2.026 Mi=1.55
_ 0, 0 I I I
3 | OD-II (%5 NaCl + sucrose 50Brx°, dipping time 4 h) M=0.027 M,=0.0097 M,=0.0086
Lo M;=3.23 M;=2.99 M;=2.071
_ 0, I I I
4 | OD-1ll (%15 NaCl + sucrose, dipping time 2 h) M.=0.069 M,=0.023 M.=0.016

Table 2. Thin-layer drying models considered.

Model name Equation

Reference

Lewis MR=exp(-kt)

Mujumdar (Mujumdar, 1987)

Henderson and Pabis | MR=a exp(-kt)

Henderson and Pabis (Henderson at, 1961)

Two term exponential

MR=a exp(-kot)+b exp(-kit)

Henderson (Henderson, 1974)
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The drying rate, DR, of the non-treated and pretreated
carrot slices during drying process can be determined
using the following equations:

M, -M

t+At

At

DR O]

RESULTS AND DISCUSSION

Effect of Osmotic Pre-Treatment on Convective
Dehydration Kinetics

Products to be dried were immersed into solution at
35°C, 45°C and 55°C. Then, their drying behaviors were
investigated in a convective dryer at the same
temperatures, respectively.

The measured values of the initial moisture content (M;)
and the equilibrium moisture content (M,) at the end of
the drying process have been given in Table 2. The
difference in initial moisture content of osmotic
pretreatment products reflects the varying degrees of
water loss during the osmotic pretreatment and it
indicates reduction of residual water content with
increasing the osmotic treatment time and the rate of the
salt in the mixture. Also, it is shown that in Table 2, the
equilibrium moisture content (M.) decreases with an
increase in the pre-osmotic time and the rate of the salt
in the solution.

The total convective dehydration times of samples at 35,
45 and 55°C, when dried to final moisture content, are
as given in Table 3. At 35°C, the total convective
dehydration time was 1260 min for non-treated samples
while it was 1290, 1230 and 1320 min for the samples
of the pre-treatment with OD-I, OD-Il and OD-III,
respectively.

Therefore, the osmotic  pre-treatment  added
approximately 30 min and 60 min in OD-I and OD-III,
respectively, while it shortened approximately 30 min in
OD-II with respect to the convective dehydration time
when compared to the non-treated carrot slices at 35°C
of the drying air temperature.

Table 3. Total drying time for treatment and non-treatment
carrots slices.

Temperature Drying time (min)
(°C) Non- OD-I OD-Il | OD-llI
treatment
35 1260 1290 1230 1320
45 1050 1050 960 1050
55 900 900 810 900

The reduction in the convective dehydration time may
only be possible if the osmo-convective drying has to be
performed to prepare intermediate moisture foods
having high final moisture content. Among the pre-
treated samples, lower convective dehydration time was
observed for the samples osmosed in OD-III than those
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osmosed in OD-lI and OD-II. This might be due to
different modes and extents of sample impregnation
with osmotic solutes of different molecular size during
the osmotic dehydration process.

The resistances imparted by infused sucrose and NacCl
salt to moisture out flow during convective dehydration
were different, because the sucrose (having high
molecular weight) accumulates in a thin subsurface
layer resulting in surface tissue compaction (an extra
mass transfer barrier), while NaCl salt (having low
molecular weight) penetrates the osmosed tissue to a
much greater depth (Singh and Gupta, 2007; Lenart and
Flink, 1984).

Effect of Drying Air Temperature on Drying
Kinetics

Drying process started when outside air is brought to the
set conditions. Experiments were conducted for a
constant velocity (0.3 m/s) and a constant relative
humidity (15%) at 35, 45 and 55°C. Drying was
continued until the equilibrium moisture content is
reached. Experiments were repeated at least three times
for any studying range in order to validate the results
obtained.

Variations of the moisture content with the drying time t
for varying values of the drying air temperature have
been studied for the pretreated (OD-1, OD-Il and OD-
I11) and non-treated carrot samples. Figures 2 and 3
show effect of the air temperature on the moisture
content variation with time at p=15% and U=0.3 m/s for
the non-treated and the pretreated carrot samples (OD-I,
OD-Il and OD-I11). As seen from the figures, increasing
the air temperature decreases the total drying time since
heat transfer was increased. Increasing T from 35°C to
55°C for non-treated, OD-I, OD-II and OD-III have lead
to a decrease of 28.6%, 31.8%, 34.14% and 31.8% in
the total drying time, respectively.

The variation of the drying rate, DR, with the drying
time, t obtained from Eq. (2) is shown in Figs. 4 and 5
for varying temperature of the drying air for the non-
treated and the pretreated products. Due to the moisture
diffusion process, the drying rate decreased with time.

Carrot slices did not exhibit a constant rate period of
drying (Figs. 4 and 5). The entire drying process
occurred in the falling rate period, during which internal
molecular diffusion is the predominant mechanism of
mass transfer. From Fig.5a, it can be seen that the
drying rate is also higher for higher air temperatures.
For higher values of the moisture content, increase in
the drying temperature resulted in higher drying rate.
This can be explained by the increasing temperature
difference between the drying air and the product and in
follows water migration (Kaya at, 2008).
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Figure 2. The variation of the moisture content with t for the non-treated samples (OD-1, OD-II and OD-IlI) at U=0.3 m/s and
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Figure 3. The variation of the moisture content with t for various T at U=0.3 m/s and ¢=15% for the non-treated sample (a) and

the OD-1 sample (b).

Thin-layer drying models presented in Table 2 were
used to describe the drying behavior of non-treated and
pre-treated carrot slices. The results of the statistical
computations carried out to evaluate three drying
models when applied to the experiment are presented in
Table 4. The values of R?, is also included in Table 4. In
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all cases, the values of R? for the models were greater
than an acceptable threshold of 0.90, giving a credit to
the validity of the models used. As shown, for all the
cases studied, the two-term exponential model has
shown a better fit to the experimental drying data as
compared to the other models considered as shown
Fig.6.
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Diffusion Coefficient

For long drying times, only the first term (n=1) of the
series (Eq. 1) is considered as solution and the moisture
diffusivity, D¢y, can be easily predicted using the linear
regression analyses (see Table 5). Increasing the air
temperature increases the value for Deg for all the cases
tested. The effective diffusivity values of the dried
samples were varied between 4.485-12.071x10™° m?/s.
These values are in fact consistent with those existing in

the literature, e.g. 7.81-10.6x10*° m%s for air drying of
osmosed and fresh carrot cubes [1]; 1.59-8.12 x10™°

m?/s for
3.82-12.

hot air drying of osmosed pear (Park at, 2002);
81x10™® m%s for hot-air drying of osmosed

black grapes (Doymaz, 2006) and 1.28-3.3x107° m%s

for hot air drying of osmosed chestnuts (Moreira at,
2007).
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Table 4. Drying coefficient for the treated and non-treated carrot slices

Air condition Air condition Air condition
Two- , Henders.on . |Lewis ,
Parameters|term exp.|T=35°C|{T=45°C|T=55°C| R? |and Pabis |T=35°C|T=45°C|T=55°C| R model T=35°C|{T=45°C|T=55°C| R
model Model
a 0.5432 | 0.5414 | 0.5406 a 1.0510 | 1.0493 | 1.0474 k(1/min)| 0.0047 | 0.0062 | 0.0090 |0.9957
Non- Ko(1/min)| 0.0050 | 0.0065 | 0.0094 k (1/min) | 0.0050 | 0.0065 | 0.0094 09977
treated b 0.5078 | 0.5079 | 0.5068 09976
ky(1/min)| 0.0050 | 0.0065 | 0.0094
a 0.5575 | 0.5448 | 0.5366 a 1.0698 | 1.0533 | 1.0452 k(1/min)| 0.0056 | 0.0068 | 0.0082 |0.9930
ko(1/min)| 0.0059 | 0.0071 | 0.0085 k (1/min) |0.0059 |0.0071 | 0.0085 0-9964
oDl b 0.5123 | 0.5085 | 0.5087 09964
ki(1/min)| 0.0059 | 0.0071 | 0.0085
a 0.5579 | 0.5560 | 0.5548 a 1.0720 | 1.0707 | 1.0682 k(1/min)| 0.0061 | 0.0083 | 0.0118 |0.9923
ko(1/min)| 0.0066 | 0.0089 | 0.0125 k (L/min) | 0.0066 | 0.0089 | 0.0125 0-99%8
ob-l g 05128 | 05160 | 0.5134 | 298
ki(1/min)| 0.0066 | 0.0089 | 0.0125
a 0.5575 | 0.5574 | 0.5560 a 1.0719 | 1.0712 | 1.0699 k(1/min)| 0.0056 | 0.0083 | 0.0096 |0.9930
ko(1/min)| 0.0059 | 0.0089 | 0.0102 K(/min) | 6 5059 | 0.0089 | 0.0102 09964
OD-lll 0.9964
b 0.5123 | 0.5138 | 0.5160
ki(1/min)| 0.0059 | 0.0089 | 0.0102
Table 5. Diffusion coefficients for various temperatures.
Derx10™° m?/s
T=35°C R T=45°C R T=55°C R
Nontreated 4.485 0.9987 5.954 0.9988 8.469 0.9992
OD-l 5.367 0.9991 6.461 0.9990 7.898 0.9988
OD-lI 5.636 0.9993 8.230 0.9992 12.071 0.9989
OD-llI 5.065 0.9990 8.088 0.9989 9.374 0.9993

CONCLUSIONS

The following conclusions can be summarized from the
study:The effects of the drying conditions and the
osmotic dehydration on the total drying time were
studied. Increasing the temperature decreases the total
drying time both for the treated and non-treated
samples. Increasing T from 35°C to 55°C for the non-
treated and treated samples have lead to a decrease of
28.6%, 31.8%, 34.14% and 31.8% in the total drying
time for non-treated, OD-I, OD-Il and OD-III,
respectively.The two-term exponential and the
Henderson and Pabis models provided the best fit for
the drying curves of both the treated and non-treated
carrot slices. Effective moisture diffusivity of carrot was
found to be range between 4.485x10™° m%s and
12.071x10™° m?s.
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