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Effect of pre-treatments on drying characteristics

of Chinese jujube (Zizyphus jujuba Miller)

Zhu Baomeng', Wen Xuesen!’, Wei Guodong®

(1. Institute of Pharmacognosy, School of Pharmaceutical Sciences, Shandong University, Jinan 250012, China;
2. Shandong College of Traditional Chinese Medicine, Yantai 265200, Shandong, China)
Abstract: Chinese jujube is delicious and nourishing fruit. However, fresh Chinese jujube is liable to rot and drying is a

necessary process. Traditional drying is a time-consuming task due to the thick cuticle of Chinese jujube. To improve its
drying efficiency, fresh Chinese jujube was pretreated with nine different methods prior to hot-air drying. Among these
methods, dipping in 2% ethyl oleate plus 5% K,CO; for 10 min (alkaline emulsion of ethyl oleate, AEEO) was recommended
for its time-saving effect, which was found more significant at lower drying temperatures. The beneficial effect was
considered based on its cuticle destruction by AEEO pre-treatment. In the meantime, the drying process was divided into
three stages; each of them obeyed the first order reaction kinetics.
control over jujube drying were 41.45 kJ/mol, 35.24 kJ/mol and 49.52 kJ/mol, and reduced by 20.9%, 22.1% and 29.0%,

respectively, after AEEO pre-treatment, and the drying process was well predicted by Midilli et al. model.

Activation energies for the first, second and third stages of

In view of
browning during drying at higher temperatures, AEEO pretreated jujube was suggested to be dried at 60°C. This finding was
considered to be helpful to the industrial drying of Chinese jujube.
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. abundant nutrition, can be ecaten fresh, dried and
1 Introduction

preserved, or added as a base in meals or in the
Miller is a

(Rhamnaceae) and indigenous in China, where it has been

Zizyphus  jujuba deciduous  tree manufacture of candy, tea, juice, vinegar, wine and

powder. In traditional Chinese medicine, it is also used

cultivated for more than 4 000 years. As the largest

to treat anorexia, asthenia, loose stool and climacteric

]

jujube producer, China has approximately 98% share of syndrome'?.

the total production of the world. Its harvested area was
about 10 000 hectares and production quantity was
147 600 tons in 2010,

Chinese date, is consumed for its excellent taste and

Its fruit, Chinese jujube or
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Fruit rot after harvesting has always been a serious
problem for Chinese jujube, leading to short shelf life,
inferior quality, and poor economic benefit. Drying is
the best choice to solve this problem for most cultivars
except those particularly well suited for fresh eating, such

29 3
as “Dongzao 3],

Traditionally, sun drying is applied to
jujube drying, which has the advantage of no professional
equipment and easy operation. However, sun drying is
also easily influenced by weather condition, long drying
time and danger of contamination. Zhang et al.”*) found
that hot-air drying could improve the quality of the dried

jujube fruit. Due to the more significant benefits of
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hot-air drying, such as the controllability of drying
process, high productivity, and uniform and hygiene
product™, it has been increasingly applied to the
industrial production of Chinese jujube in practice. In

recent years, researchers have conducted several studies

[6-10]

on the drying characteristics of jujube Microwave

drying and vacuum drying were also applied to jujube

drying!" "', The researches are helpful for our
understanding, predicting and guiding jujube drying.

Jujube is covered with a thick layer of cuticle!"™),
usually serving as barrier against fungal pathogens,
avoiding leakage of nutrition and mechanical damage,

and maintaining water"'®),

However, this cuticle also
hinders the moisture loss during drying, leading to low
moisture diffusivity and drying rate, and time-consuming

drying process[]7']9].

To overcome this obstacle, many
methods have been developed, such as heat shock and/or
chemical pre-treatments in aqueous solutions of sodium
hydroxide (NaOH), (KOH),

potassium carbonate (K,CO;) and ethyl oleate (EO)
[17-24]
C. .

potassium  hydroxide
et However, no information is available about
pre-treatment effect on jujube drying in literature. In
this study, therefore, fresh jujube was subjected to several
pre-treatments prior to hot-air drying, and the drying
characteristics and mathematical modelling of the jujube
pretreated with the suggested method were investigated in
comparison with the untreated control. The mechanism

underlying this pre-treatment was also discussed.
2 Materials and methods

2.1 Experimental material
Fresh jujube (Ziziphus jujuba
collected in the middle of September, 2011 and 2012,

“Yuanling’) was

from the same jujube orchard located in the southern hilly
region of Jinan, Shandong Province, China, and stored in
a refrigerator at 4°C prior to the experiments. Jujube of
uniform size (average diameter was (2.5 + 0.2) cm and
average weight was (10.0+0.5) g) was used for the
experiments. The initial moisture content ((2.93+£0.03) g
water/g dry matter) was determined by drying the
samples at 105°C for 24 h.

2.2 Experimental dryer

The dryer consists of an axial fan, a heating chamber,

a drying chamber and a weighing system (Figure 1).
The chamber is made of galvanized sheet insulated by
silicate material. ~Air supplied by the fan was heated to
the required temperature in the heating chamber by using
four far infrared lamps (total output power, 4 kW). The
hot air enters into the drying chamber, and then exhausts
at its top. Drying temperature was automatically
controlled by a proportional-integral-derivative (PID)
controller.  Air velocity was measured using an
anemometer and adjusted by changing the revolving
speed of the axial fan by an electron speed regulator. A
sample basket (25 cm x 25 cm), made out of stainless
steel mesh, was suspended from an electronic balance
(0.01 g).
a computer through communication with the balance at an

interval of 0.5 hor 1.0 h.

Sample weight was automatically recorded by

]
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1. Axial fan; 2. Far infrared lamp; 3. Reflecting shade; 4. Perforated floor;
5. Temperature senor; 6. Sample basket; 7. Electronic balance; 8. PID

controller; 9. Computer

Figure 1 Schematic diagram of the experimental dryer

2.3 Experimental procedure

The fresh jujube was taken out of refrigerator and
acclimated to room temperature for 2 h, and then
pretreated by dipping in tap water (25°C, 10 min) as
control, cutting into halves, partly peeling, or dipping in
hot water (80°C, 1 min), 5% K,CO; or 2% EO (ethyl
oleate) (25°C, 10 min), 2% EO plus 5% K,COj; (alkaline
emulsion of ethyl oleate, AEEO) or its 8-fold dilution
(25°C, 10 min), 1% NaOH or KOH (60°C, 10 min). At
the beginning of each experiment, the dryer was adjusted
to the indicated air velocity and temperature (1.0 m/s and
60°C).
sample basket in a thin layer and dried until the weight

The pretreated jujube was distributed into the

loss was about 50%. Relative humidity and temperature
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of the environment during the experiments were set at
(40+5)% and (25+2)°C, respectively.

To obtain the drying characteristics of jujube, the
control or AEEO pretreated jujubes were dried at air
temperatures of 60, 70, 80 and 90°C and air velocity of
1.0 my/s.

and the average of drying data was used for data analysis.

Each drying experiment was repeated twice

2.4 Scanning electron microscopy

The control and pretreated jujubes were dried at 60°C
for 2 h, and the skin was cut (about 1 mm thick) and
freeze-dried in liquid nitrogen. After sputtered with
gold, the coated samples were subsequently examined
under a scanning electron microscope (SEM, JEOL
JSM-6700F).
2.5 Data analysis

The moisture change of the jujube sample during the
drying process was expressed by moisture ratio (MR), and

calculated as follows!>>>%!

M, -M,

MR=—"-—"==
MO_Me

(D

where, M, M, and M, are moisture content (kg water/kg
dry matter) at a given time, initial and equilibrium
moisture content, respectively. The value of M, is
relatively small compared to M, or M, for a long time

drying; hence, the MR is simplified to:
MR=—~ 2)
Drying behaviour of biomaterials can be described by

Fick’s

diffusion-controlled and constant moisture migration, and

second law with the assumptions of

negligible shrinkage. At a given temperature, the

solutions of Fick’s second law for spherical samples can

be obtained according to the following equation***:
2_2
6 &1 n'r'D,t
MR=—=Y —exp(-———2) A3)
Toan r

where, Dy is the effective diffusivity (m’/s); r is sample
radius (m); ¢ is the drying time (s) and n is a positive

integer. For long drying periods, Equation (3) can be

further simplified to a straight line equation in the

following form**>°l;
n’D,t

In(MR) = Ln(iz) -—7 (4)
T r

Plotting In(MR) versus drying time according to
Equation (4) will give a straight line with a slope of &:

©’D,,
k=—=" (5)

7

The effect of temperature on effective diffusivity is

usually described by Arrhenius equation® >

—Ea
D,y =Dyexp(—) ©)

where, Dy is the pre-exponential factor (mz/s); E, is the
activation energy (J/mol); T is the temperature (K) and R
is the gas constant (J/(mol-K)).

Mathematical model is an effective means to
understand moisture distribution and predict food
processing and production. In this study, twelve drying
models (Table 1), commonly used in literature to describe
the drying characteristics of biological materials, were
selected to fit jujube drying data at 60°C using non-linear
regression solved by a Levenberg-Marquardt numerical
algorithm. The goodness of the fit was evaluated by
means of coefficient of determination (R°), the reduced
chi-square (x°), the root mean square error (RMSE) and
the mean relative error modulus (P). The model with
high R* and low P, RMSE and x> was chosen as the best
model for describing the thin-layer drying characteristics
These

of jujube. were calculated as

[32,35]

parameters

follows

1 N ) 1/2
RMSE = {ﬁ;(MRW ~MR,,,) } (7)

Table 1 Mathematical models applied to fit jujube drying
data
Model Mathematical expression *
Lewis MR = exp(-kr)

Henderson and Pabis MR = a exp(-kt)

Logarithmic MR = a exp(-kt) + ¢
Page MR = exp(-kt")
Wang and Singh MR=1+at+bf
Midilli et al. MR = a exp(-kt") + bt
Two term MR = a exp(-kot) + b exp(-kit)
Two term exponential MR = a exp(-kt) + (1-a) exp(-kat)
Modified Henderson and Pabis MR=a exp(-kt)+b exp(-gt)+c exp(-ht)
MR = a exp(-kt) +(1-a) exp(-kbt)

MR = a exp(-kt) +(1-a) exp(-gt)

MR = a -b exp[-(gt")]

Approximation of diffusion
Verma

Weibull distribution

Note: “a, b, ¢, g, h and n are drying constants in models and  is the drying rate

constant.
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i (MRexp,i - MRpre,i )
7= ®)
0 _ m il |MRexp,i _MRpre,i 9
POe) == ;—MR )

exp,i

where, MR.,; is the moisture ratio derived from the
experimental data; MR,,.; is the moisture ratio predicted
by a given model; N is the number of observations and z

is the number of constants.
3 Results and discussion

3.1 Effects of pre-treatments on jujube drying
The effects of different pre-treatments on drying time

were quite different as shown in Figure 2. It took 18.5 h

to dry the control jujube to the extent of MR = 0.3 at 60°C.

Cutting into halves and partly peeling were found to be
which
respectively saved 70.3% and 64.9% of drying time

two most effective pre-treatment methods,

compared with control. However, cutting or peeling
makes the resulting jujube lose its intrinsic shape, colour
and texture, and the product is hard to be accepted by the
consumers. From another point of view, the result
confirmed that the outer cuticle is the main barrier for

water removal from the fruit.

1.0 —&— Control
—6—Cutting
0.9 —+—Peeling
—©— Hot water
08 —%— 5%K2C03
: —%— 2%E0
g i —A— 1/8 AEEO
5 —l— AEEO
g M8 F —8— 1% NaOH
'r§3 0.5 —A— 1% KOH
04
0.3 F
0'2 1 1 1 1 1 1 1 1 1 1

0 2 4 6 8 10 12 14 16 18 20
Drying time/h

Figure 2  Effects of different pre-treatments on jujube drying
at 60°C

Heat stock, alkaline solutions and surfactants were
reported to be effective to shorten drying time by
destroying and dissolving the waxy cuticle®*****.  In
this study, the results agreed with these reports. The
jujube samples pretreated by dipping in hot water, NaOH

and KOH solution saved 8.11%, 10.81% and 27.03% of

drying time, respectively, compared with control samples.
The better effect of KOH than NaOH should be attributed
to potassium ion uptake by the guard cells, resulting in
the opening of the stomata. Among the chemical
pre-treatments, dipping in AEEO spent the shortest
drying time (saved by 59.5%), and a concentration-
dependent effect was also observed when dipping in its
8-fold dilution (saved by 18.92%).
was a synergistic effect between K,CO3 and EO; because
the effect of AEEO was more obvious than that of 5%
K,COs or 2% EO (drying time saved by 5.4% or 35.1%,
respectively).

with AEEO has also been observed in other fruit drying,
[18 20 21]

In addition, there

The timesaving effect of pre-treatment

for example, sour cherry!"®), plum™®” and sweet cherry

Under SEM, no individual epidermic cell can be
identified, and the stoma is less and sunken (Figure 3a).
At a high resolution (x10 000), some irregular etched
pattern and micropores can be seen on the surface of
jujube pretreated by AEEO (Figures 3¢ and 3d). In
contrast, there were no such structure alterations on the
control sample although some tiny scratches could be
observed (Figure 3b).

pretreated jujube may be mainly responsible for its higher

The impaired skin of the

drying rate in addition to the benefit of potassium ion.

a. Control jujube, showing epidermis b. Control jujube showing no impaired
with a stoma at a low magnification
(x500)

surface except tiny scratches (x10 000)

c. AEEO pretreated jujube showing

d. AEEO pretreated jujube showing
irregular etched pattern and micropores irregular etched pattern and micropores

at higher magnification (x10 000) at higher magnification (x10 000)

Figure 3 Typical surface photographs under SEM of control and
AEEO pretreated jujube
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3.2 Drying characteristics of AEEO pretreated jujube

The effect of air temperature on the drying of control
and AEEO pretreated jujube was examined. As shown
in Figure 4, air temperature had a significant influence on
the drying behaviour of jujube.
drying at 70°C, 80°C and 90°C saved 35.3%, 54.4% and
67.8% of drying time, respectively, compared to drying at
60°C when MR reached 0.3.
pretreated with AEEO, the temperature effect is
comparable with the control (saved 34.6%, 52.2% and
62.7% at 70, 80 and 90°C, respectively).

In the control samples,

As to the samples

1.0

O Control, 90°C M AEEO, 90°C
0.9 A Control, 80°C A AEEO, 80°C
0.8 O Control, 70 °C ® AEEO, 70 C
nn ¢ Control, 60 'C & AEEO, 60 °C
g
i
5 06
Ei
Z 05
>
04
03
0.2

0.1

40

Drying time/h

Figure 4 Drying curves of control and AEEO pretreated jujube

at different temperatures

What is interesting, though, is that the effect of
pre-treatment with AEEO in 2012 (Figure 4) became
diluted comparing with that of 2011 (Figure 2), saved
20.6% of drying time at 60°C in 2012 while 59.5% in
2011, when MR reached 0.3.
this difference might be that the local weather was dry

The possible reason for

during the fruit maturing in 2012, thus the thicker cuticle
developed and the greater the fresh jujube was resistant to
AEEOQO pre-treating. This assumption was supported by
the longer time spent for drying the control samples at
60°C to MR = 0.3 (20.6 h in 2012 vs. 18.5 h in 2011).
As to the AEEO pretreated samples, the drying time
reduced 19.7%, 16.9% and 8.0% at 70°C, 80°C and 90°C,
respectively, compared to drying at 60°C, which
indicated that the pre-treating effect became weak with
the increase of air temperature. According to this result,
drying at a higher temperatures (exceed 80°C) did not
need pre-treatment with AEEO, which agreed with the

suggestion of Price et al.*”! for plum drying.

Drying rate curves can be applied to interpret the
variation of moisture diffusion in the sample!®. The
nature of falling rate drying has been proved previously
in hot-air and microwave drying of jujube!®'®'*.  In this
study, a similar result was obtained as shown in Figure 5.
It can be seen that no constant drying rate period was
detected, and the drying behaviour at 60 - 90°C belongs
to a falling rate drying, except the first two hours, when
the inside temperature of the sample was at a low level
and then gradually increased, leading to a short increasing

rate drying period.

0.6 - —&— Control, 90 C

—2&A— Control, 80 'C
0.5  —e— Control, 70 C
—&— Control, 60 C
04 | —— AEEO,90C
' —A— AEEO, 80°C
—— AEEO0,70°C

Drying rate kg water/kg dry matter/h

0.3 0.8 1.3 1.8 2.3 2.8

Moisture content, kg water/kg dry matter

Figure 5 Drying rate of control and AEEO pretreated jujube

at different temperatures

As it can be seen in Figure 5, the drying rate generally
increased with air temperature increasing at the same
moisture content, and reduced with the decrease of
moisture content two hours later.
AEEQO pretreated

corresponding controls, indicating that moisture transport

The drying rate of

samples was higher than the

from inside to surface was accelerated by the
pre-treatment, but the increased degree reduced gradually
with moisture content decreasing. This result indicates
that the pre-treatment mainly improves the drying rate in
the early drying period, which agrees with the finding of
1.1 in grape drying.

Although drying at a higher temperature could

Pahlavanzadeh et a

substantially boost the productivity, but led to a product

with brown appearance”®”!

In view of the significant effect of AEEO

, which was unacceptable for
jujube drying.
pre-treatment at a relatively low temperature, we
recommend jujube drying at 60°C after pre-treatment
with AEEO.
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parameters of jujube

Effect of AEEO pre-treatment on drying

No straight line was obtained when plotting LnMR
versus drying time as shown in Figure 6. By regression
analysis, three linear segments were identified with R*>
0.98. The result indicates that the whole drying period
can be divided into three stages, and each of them follows
the first order reaction kinetics. This finding may be
equivalent to the result of Fang et al.''), who also divided
the drying process of jujube into three segments by
examining the shrinkage of the fruit. Motevali et al.!®
has defined two falling rate periods in thin-layer drying of
jujube. The dehydration mechanism may be different in
these three drying stages.
the drying rate is higher, losing about 30% (28.9% -

In the first falling rate stage,

35.4%) moisture in a relatively short time, accounting for
16.7% to 21.4% of total drying time (Table 2), and free
water removal might dominate this process. In the
second stage, the drying rate decreased, about 55%
moisture was removed in 53.8% - 62.5% of drying time,

which may be held by capillary condensation and

multi-molecular adsorption. The third stage lasted for
18.8% - 27.3% of drying time, while only 3.1% - 7.3% of
total moisture was removed (Table 2), which means that
the water may be held in mono- and/or multi-molecular
layers by strong attractive molecular forces'.  This
phenomenon was also found in the study on hot air drying
of steam-blanched chrysanthemum*.

A Control, 80 C
A AEEO, 80°C
O Control, 70 C
® AEEO,70°C
<& Control, 60 C
& AEEO, 60 C
O Control, 90 'C
B AEEO, 90°C

LnMR

Drying time/h

Figure 6 Drying stages of control and AEEO pretreated jujube at
different temperatures. I, II and III denote the first, second and

third stages, respectively

Table 2 Drying parameters of control and AEEO pretreated jujube at different drying stages

10 2

Effective diffusivity (x10" " m’/s)

Activation energy (kJ/mol)

Temperature
Samples J°oC
First stage Second stage Third stage First stage Second stage Third stage
60 2.2209 2.8894 1.2226
70 3.5491 4.3495 1.7460
Control 41.45 35.24 49.52
80 5.5721 5.9899 3.3424
90 7.5292 8.3428 5.0927
60 3.0565 3.8877 2.0230
70 4.8685 5.2159 3.2544
AEEO 32.78 27.45 35.17
80 6.3461 6.9662 4.0680
90 8.2636 8.7606 6.0163

The D,y values were calculated based on Equation (5);
the slopes of the linear segments were shown in Table 3.
The D,y values obtained in this study lie within the
general range of 107? m%s to 10® m?/s for drying of food
materials®*! and were also in the same magnitude of 10"°
m’/s referring to other studies of jujube drying!®®"*'*.
It can be seen that the D,y value increases with drying
temperature regardless of drying stage and pre-treatment.
At a given drying condition, the highest D,y value was
found in the second stage while the lowest in the third
stage. The relatively low Dy value in the first falling

rate stage may be in part due to the low internal

temperature of the fresh jujube as mentioned above. In
the third stage, both binding water inside and surface case
When drying
at 60°C, AEEO pre-treatment led to D,y increased by
37.6%, 34.6% and 65.5% in the three stages, respectively;

however, the effect reduced at a higher temperature.

hardening may result in its low D,z value.

The satisfactory effect of AEEO pre-treatment on the
third stage might be due to the easiness of forming
microfissures on the fruit surface upon shrinkage during
the drying process. The D.; values may be, to some
extent, overestimated for the fruit shrinkage, especially in

the second and third stages.
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By means of plotting InD.; versus 1/T according to
Equation (6), the E, values were calculated as shown in
Table 3, which fell within the range of 12.7 - 110 kJ/mol
for most food materials™"), and were comparable to the
Ea values of jujube drying (ranging from 34.97 kJ/mol to
74.20 kJ/mol) literatures'®®*"*!, The
differences may be due to the drying equipment and

reported in

condition, the data enrolled for Ea calculation, or the
material used of different cultivars, growing conditions
AEEO
pre-treatment resulted in an Ea reduction by 20.9%,
22.1% and 29.0% for the first, second and third stage,

and/or ripeness. In contrast to control,

respectively. The result indicates that lower ener
p y gy

barrier needs to be overcome for water diffusion from the

interior of jujube after pretreated with AEEO. Similar

[17]

effect was also found in the drying of tomato" " and

pomegranate arils®*, while a negative effect was also

observed in the pre-treatment of sweet cherry''.

Table 3 Statistical criteria for models predicting control and
AEEOQ pretreated jujube drying at 60°C

RMSE

Sample Model name xz (><10'4) (><10'3) P/% R
Lewis 3778 19.180  4.0826  0.9951
Henderson and Pabis 1.698 12.680  3.0515 0.9982
Logarithmic 1.714 12.560  3.2737  0.9981
Page 1328 11220 3.8222  0.9983
Wang and Singh 0.819  8.807 23011  0.9990
Midilli et al 0.068 2474  0.8776  0.9983
Control Two term 0.649  7.621 27351  0.9993
Two term exponential 1.668 12.570  3.3450  0.9972
Modified Hendersonand ) 795 15599 05662 0.9982

Pabis
Approximation of 0.633  7.634 23011  0.9990
diffusion

Verma 0.632  7.631 24754  0.9992
Weibull distribution ~ 0.986  9.392  2.6160  0.9993
Lewis 1.107 10350  3.1578  0.9979
Henderson and Pabis 0.854 8.939 3.0901 0.9988
Logarithmic 0734  8.144 22865  0.9989
Page 0970  9.523 33492 0.9991
Wang and Singh 1276 10920 3.8776  0.9983
Midilli et al. 0.117  3.198 07150  0.9999
AEEO Two term 0515 6700 14798  0.9991
pretreated oo term exponential 0445 6453 14967  0.9992
Modified ;':g‘i‘ier““ and 0s57 6700 14719 0.9988
Approximation of 0768 8327  3.0252  0.9989

diffusion
0.769 8.334 3.343
9.709 3.519

0.9991
0.9981

Verma
Weibull distribution 1.080

3.4 Modelling of jujube drying

The resulting values of xz, RMSE, P, and R* for
different models were calculated and summarized in
Table 3. In all cases, the R” values were greater than
0.99 (0.9951-0.9999), indicating the fitness is good"..
The P values, varying from 0.5662% to 4.0826%, were
acceptable because a P value lower than 10% was
recommended for the selection of models®>”*.  The »°
and RMSE values were changed from 6.838x10° to
3.778x10™, 2.474x10° to 1.918x107 respectively.
With overall consideration of four parameters, the model
by Midilli et al. was considered to be the appropriate one
to describe the drying behaviour for both control and
AEEQO pretreated jujube at 60°C. The mathematical
expressions for control and AEEO pretreated samples are
given as follows, Equation (10) and Equation (11),
respectively:

MR = 0.9989 exp (-0.03536¢' ') + 0.0017807 (10)

MR = 0.9981 exp (-0.05867¢'*%) + 0.001895¢ (11)

The results agreed with the previous reports®®'*!'4.
Other models, such as Verma model, Page model and
Weibull distribution model, have also been used to
predict the hot-air drying of Chinese jujube!®”'® but
are not

these models suitable according to the

experimental data.
4 Conclusions

In order to improve the efficiency of hot-air drying of
Chinese jujube, nine pre-treatments were applied in this
study. According to our data, pre-treatment with AEEO
and drying at 60°C was recommended. Its timesaving
effect was considered to be due to stomatal opening and
cuticle destruction. The falling rate drying was divided
into three stages, each of them followed the first order
reaction Kkinetics.
second and third stages reduced by 20.9%, 22.1% and
29.0% by AEEO pre-treatment,

addition, The model by Midilli et al. was preferable for

The activation energy for the first,

respectively. In

the prediction of jujube drying.

Acknowledgements

This work was financially supported by National
Natural Science Foundation of China (No. 81072984).



February, 2014

Zhu B M, et al. Effect of pre-treatments on drying characteristics of Chinese jujube

Vol. 7 No.1 101

(1]

(3]

[7]

(]

[10]

(11]

[12]

[References]
FAO. Available at: http://faostat.fao.org/site/567/Desktop
Default.aspx?PagelD=567, 2012.
The State
Pharmacopoeia of People’s Republic of China, Part L

Commission of Chinese Pharmacopoeia.
Beijing: Chemical Industry Press, 2010; pp 21-22.
Zhu S H, Sun L, Zhou J.

on phenolic metabolism of postharvest Chinese winter jujube

Effects of nitric oxide fumigation

(Zizyphus jujuba Mill. cv. Dongzao) in relation to fruit
quality. LWT - Food Science and Technology, 2009; 42(5):
1009-1014.

Fang S Z, Wang Z F, Hu X S, Datta A K. Hot-air drying of
whole fruit Chinese jujube (Zizyphus jujuba Miller):
physicochemical properties of dried products. International
Journal of Food Science and Technology, 2009; 44(7): 1415-
1421.

Dev S R S, Raghavan V G S. Advancements in drying
techniques for food, fiber, and fuel.
2012; 30(11-12): 1147-1159.

Fang S Z, Wang Z F, Hu X S. Hot air drying of whole fruit
Miller):

International Journal of Food

Drying Technology,

Chinese jujube (Zizyphus jujuba thin-layer
mathematical modelling.
Science and Technology, 2009; 44(9): 1818-1824.

Liu K, Lu Z M, Bao R, Zhao J Q, Jiao W Y. Mathematical
modeling of thin-layer drying of red dates (Ziziphus jujuba
Mill). Food Science, 2011; 32(15): 80-83.

Motevali A, Abbaszadeh A, Minaei S, Khoshtaghaza M H,
Ghobadian B.

energy and energy consumption in thin-layer drying of jujube

Effective moisture diffusivity, activation

(Zizyphus jujuba Mill).
Technology, 2012; 14: 523-532.

Motevali A, Abbaszadeh A, Najafi G H, Minaei S,
Ghobadian B. Drying of jujube (Zizyphus jujuba Mill) fruit:

Journal of Agricultural Science and

comparison of prediction from mathematical models and
artificial neural networks.

Science, 2012; 6(2): 210-218.
Yi XK, Wu WF, Zhang Y Q, LiJ X, Luo H P. Thin-layer
drying characteristics and modeling of Chinese jujubes.
2012;

Australian Journal of Crop

Mathematical Problems in
doi:10.1155/2012/386214.
Fang S Z, Wang Z F, Hu X S, Li H, Long W R, Wang R.

Shrinkage and quality characteristics of whole fruit of

Engineering,

Chinese jujube (Zizyphus jujuba Miller) in microwave drying.

International Journal of Food Science and Technology, 2010;
45(12): 2463-2469.

Fang S Z, Wang Z F, Hu X S, Chen F, Zhao G H, Liao X J, et
al. Energy requirement and quality aspects of Chinese
jujube (Zizyphus jujuba Miller) in hot air drying followed by
microwave drying.
2011; 34(2): 491-510.

Journal of Food Process Engineering,

[13]

[14]

[13]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

(23]

[26]

[27]

(28]

[29]

Lee J H, Zuo L. Mathematical modeling on vacuum drying
Journal of Food Science
and Technology, 2013; 50(1): 115-121.

Wang Z F, Fang S Z, Hu X S. Effective diffusivities and

energy consumption of whole fruit Chinese jujube (Zizyphus

of Zizyphus jujuba Miller slices.

Juwjuba Miller) in microwave drying. Drying Technology,
2009; 27(10): 1097-1104.

Wu P, Tian S P, Xu Y. Effects of controlled atmosphere on
cell wall and cuticle composition and quality of jujube fruit
(cv. Huping). Scientia Agricultura Sinica, 2009; 42(2):
610-625.

Riederer M, Schreiber L. Protecting against water loss:

analysis of the barrier properties of plant cuticles. Journal
of Experimental Botany, 2001; 52(363): 2023-2032.

Doymaz I.  Air-drying characteristics of tomatoes. Journal
of Food Engineering, 2007; 78(4): 1291-1297.

Doymaz I. Influence of pretreatment solution on the drying

of sour cherry.
591-596.
Menges H O, Ertekin C. Thin layer drying model for

Journal of Food Engineering, 2007; 78(2):

treated and untreated Stanley plums. Energy Conversion
and Management, 2006; 47(15-16): 2337-2348.

Doymaz 1.
Journal of Food Engineering, 2004; 64(4): 465-470.
Doymaz I, Ismail O. Drying characteristics of sweet cherry.
Food and Bioproducts Processing, 2011; 89(1): 31-38.

Esmaiili M, Rahmat S G, Cronin K, Mousavi M A E,

Effect of dipping treatment on air drying of

plums.

Rezazadeh G. Grape drying: A review. Food Reviews
International, 2007; 23(3): 257-280.

Pahlavanzadeh H, Basiri A, Zarrabi M. Determination of
parameters and pretreatment solution for grape drying.
Drying Technology, 2001; 19(1): 217 - 226.

Sunjka P S, Raghavan G S V. Assessment of pre-treatment

methods and osmotic dehydration for cranberries. Canadian
Biosystems Engineering, 2004; 46: 335-340.
Crank J. The mathematics of diffusion (2™ ed.). Oxford:

Clarendon Press, 1975.

Pointing J D, Mc Bean D M. Temperature and dipping
treatment effects on drying rates and dipping times of grapes,
orunes and other waxy fruits. Food Technology, 1970; 24:
1403-1406.

Riva M, Peri C, Lovino R. Effects of pre-treatments on
In: Le Maguer M, Jelen P. Eds.
Vol. 1,
Transport Phenomena. London: Elsevier Applied Science,
1986, pp 461-472.

Saravacos G D, Marousis S N.  Effect of ethyl oleate on the

kinetics of grapes drying.

Food Engineering and Process Applications,

rate of air-drying of foods.
1988; 7(4): 263-270.
Price W E, Sabarez H T, Storey R, Back P J.

Journal of Food Engineering,

Role of the



102

February, 2014 Int J Agric & Biol Eng

Open Access at http://www.ijabe.org

Vol. 7 No.1

[30]

[31]

[32]

waxy skin layer in moisture loss during dehydration of
prunes. Journal of Agricultural and Food Chemistry, 2000;
48(9): 4193-4198.

Zhang B S, Chen J P, Li H Y. Effect of hot air drying on
nonenzymatic browning of Chinese jujube.
2006; 27(10): 139-142.

Toledo R T. Fundamentals of Food Process Engineering
(3ed.).
pp 431-462.

Qin S, Wen X S, Shen T, Xiang L. Thin layer drying
characteristics and quality evaluation of steam blanched
chrysanthemum. Transactions of the CSAE, 2011; 27(6):
357-364. (in Chinese with English abstract)

Food Science,

New York: Springer Science+Business Media, 2007;

[33]

[34]

[33]

[36]

Zogzas N P, Maroulis Z B, Marinos-Kouris D. Moisture
diffusivity data in foodstuffs. Drying
Technology, 1996; 14(10): 2225-2253.

Doymaz 1.

compilation

Prediction of drying -characteristics of
pomegranate arils. Food Analytical Methods, 2012; 5(4):
841-848.

Madamba P S, Driscoll R H, Buckle K A. The thin-layer
drying characteristics of garlic slices.
Engineering, 1996; 29(1): 15-97.
Ozdemir M, Devres Y O. The thin layer drying
characteristics of hazelnuts during roasting.

Engineering, 1999; 42(4): 225-233.

Journal of Food

Journal of Food



