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Drying of Papaya (Carica papaya L.) using a
Microwave-vacuum Dryer
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Abstract—In present work, drying characteristics of fresh papaya
(Carica papaya L.) was studied to understand the dehydration
process and its behavior. Drying experiments were carried out by a
laboratory scaled microwave-vacuum oven. The parameters affecting
drying characteristics including operating modes (continuous,
pulsed), microwave power (400 and 800 W), and vacuum pressure
(20, 30, and 40 cmHg) were investigated. For pulsed mode, two
levels of power-off time (60 and 120 s) were used while the power-on
time was fixed a 60 s and the vacuum pressure was fixed at 40
cmHg. For both operating modes, the effects of drying conditions on
drying time, drying rate, and effective diffusivity were investigated.
The results showed high microwave power, high vacuum, and pulsed
mode of 60 s-on/60 s-off favored drying rate as shown by the shorten
drying time and increased effective diffusivity. The drying
characteristics were then described by Page's model, which showed a
good agreement with experimental data.
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|. INTRODUCTION

PAPAYA (Carica papaya L.) is one of the tropical fruits
with a fast-growing market because of its luscious taste.
Papayas are rich sources of antioxidant nutrients,
bioflavonoids, mineras, digestive enzyme, and fibers. The
growing demand for such healthy diets results in increasing
demand for fresh, processed and semi-processed papayas.
Because papayas are seasond fruits with a short shelf-life, it is
challenging to develop a process for prolonging the shelf-life
of the final products. One of value-adding methods to papayas
is drying to produce dried products in forms of cubes, chips,
strips, etc.

Drying is a food-preservation method for water removal to
improve the quality and durability of foodstuffs [1]. Though
conventional dehydration processes including hot-air drying,
sun drying, and freeze drying are widdy used for food
industries, they have disadvantages in terms of low energy
efficiency, therma degradation, and nutrient loss of finished
products [2]. These problems were controlled by an
application of microwave-vacuum drying technique since it
combines advantages of microwave heating, i.e. saving time
and energy [3,4] and vacuum condition, i.e. lower boiling-
point temperature and increased rate of evaporation.
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This technique was successfully applied to numerous food
products such as canberies [4], mint [5], lactose powder [6],
garlic [7], and pumpkin [8].

A good understanding of the drying kinetics and the effect
of drying parameters are necessary for a design and control of
the drying process to achieve the desired quality of products.
Although several researchers studied the drying kinetics of
various products [7-10], no data on the drying kinetics of
papaya using a microwave-vacuum technique were available.

Therefore, the objective of this study was to evaluate the
effects of drying parameters including operating modes,
microwave power levels, vacuum pressure, and power-off
times on the drying kinetics of papaya and the effective
moisture diffusivity. The experimental results were aso
correlated with an empirical drying model.

II.EXPERIMENTAL

A.Materials

Fresh papayas (Carica papaya L.) of similar maturity (7.8-
8.0 °Brix) were purchased from a local fruit market in
Nonthaburi, Thailand. Prior to the test, they were washed,
hand-peeled, and cut into cubic shape (1.5cm x 1.5 cm x 1.5
cm) using a stainless steel cutter. Initial moisture content was
obtained from drying a papaya cube in an oven (Memmert U
40) at 105 °C for 24 hours.

B. Drying equipment and experimental procedure

A programmable domestic microwave oven (Elextrolux
Model KOR-8667 Model KOR-8667, 900 W Maximum
output at 2450 Hz) was set up with an internally sealed drying
chamber. The drying chamber was connected with a vacuum
pump (Edwards High Vacuum Internationd Model RV8) to
create vacuum pressures of 20, 30, and 40 cmHg. In this study,
two levels of microwave powers were 400 and 800 W. The
measurement of the power output was conducted by the
standard procedure described by Cui et al. [11]. For a pulsed
mode, the magnetron was alternately turned on and off
corresponding to two pulsation periods: 60s-on/60s-off, 60s
power-on time and 60 s power-off time, and 60s-on/120s-off,
60 s power-on time and 120s power-off time. Ten papaya
cubes were uniformly spread on a glass turnable inside the
drying chamber for an even absorption of microwave energy.
The drying sample was removed from the drying chamber at
the end of power—off time and weighted by a digital balance
for calculation of moisture loss [4,10]. Each weighting process
was conducted within 20 seconds during the drying process.
The reproducibility of the measurement and experiments was
within the range of +5%.
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C.Drying characteristics and model

To study drying characteristics of fresh papayangighe
microwave-vacuum drying, the moisture ratio (MR)dan
drying rate of papaya were calculated using théoviehg
equations:
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where M is the moisture content (g of water/g of dry bpais
time t,
of dry basis), M is the initial moisture content (g of water/ g
of dry basis), which was assumed to be zero [612], M4

is the moisture content (g of water/g of dry basisiime t+dt,
and t is the time interval.

In this study, Fick’s second law of diffusion wased to
express the drying process during the first falliate period.
Assuming a constant diffusion coefficient, the eliéntial
equation for one-dimensional diffusion [13] is givan

equation (3):
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where M is the moisture content (g of water/g of basis), t
is the time (s), x is length (m), andeDis the effective
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diffusion coefficient (rf¥s), which includes all possible mass

transfer mechanisms during drying process [9, 12].
The initial and boundary conditions for a cubigapaya of
thickness 2L are:
t=0;&x<L;M=Mg
t>0; x=0;M=M

where M is the initial moisture content (g of water/g of

dry basis) at time t=0, Ms the equilibrium moisture content.
For drying of papaya cubic, if external resistancee

assumed to be negligible, the infinite series smuil3] for

moisture transport in a cubic geometry is given as:
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From this equation, the effective diffusivity care b
obtained from the data of moisture ratio versu®tim
For long drying times and unaccomplished moistatéy
less than 0.6, Equation (4) can be reduced to aniriead form
called Page’s equation [14]

MR = M- M. =exp(-kt")

Mo-M. (5)

where k is the drying rate constant
parameter.

and n is thgeR

M is the equilibrium moisture content (g of water/g

The coefficient of determination R reduced chi-square
(x2), and root mean square error (RMSE) were caledl&d
determine the fitting ability of the model as falls:
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where MR, MRy are the ' experimental and predicted
moisture ratios, respectively, whikandn are the number
of observation and constant in the drying model,
respectively.

Ill.  RESULTS AND DISCUSSION

A. Drying characteristics of fresh papaya

The papayas were dried at different conditions in a
microwave-vacuum dryer. The papaya cubes of initial
moisture content of approximately 8.0 g water pdrygmatter
were dried to final moisture content of about OMiager per g
dry matter. Fig. 1 shows the change of moisturgesdnin a
sample versus time under continuous drying at 400890 W
and 40 cmHg. As seen from this figure, the moistoetent
decreases continuously with time. Table 1 shows tieguired
to drying papaya to the final moisture ratio of 04 various
conditions. The times required to dry the papayldesuwith
the continuous mode at 400 and 800 W were 78.84&rkd
minutes, respectively.
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Fig. 1 The change of moisture content in a sametsus time under
continuous drying at 400 and 800 W

TABLE |
DRYING TIME REQUIRED TO REDUCE THE MOISTURE RATIO T0.01

Drying conditions

Drying time (min)

Power Vacuum Pressure  Heating Mode
2400 W 20 cmHg Continuous 134.74 +5.39
30 cmHg Continuous 104.47 +4.34
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Continuous 78.72 +0.34

40 cmHg 60s-0n/60s-of f 72.63+1.82
60s-0n/120s-of f 11547 +4.17

20 cmHg Continuous 90.26 +3.53

30 cmHg Continuous 69.88 +4.19

800W Continuous 47.79£3.24
40 cmHg 60s-0n/60s-of f 38.21+1.20
60s-0n/120s-of f 83.97 +5.09
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B. Effect of microwave power output

Fig. 2 shows the change in moisture ratio versus time for
continuous drying at 400 and 800 W. Compared at the same
vacuum pressure, the drying rate of papaya cubes apparently
depended on the microwave power. At the vacuum pressure of
20 cm Hg, microwave vacuum drying at 400 and 800 W
required 134.74 and 90.26 minutes, respectively, for reducing
moisture ratio to less than 0.01. The drying rate increased as
microwave power increased as a result of higher energy
absorption in the drying sample. However, the microwave
power absorptivity of the food materia depended on mass,
geometry, dielectric properties, and position within the drying
chamber, it must be cautioned that the microwave power
output was not the power absorbed by the papaya cubes [4].
Some of microwave energy absorbed by the food penetrated
and converted to heat which increased the product
temperature. Heating continued until the temperature reached
the boiling point of water, vaporization of moisture within the
drying sample occurred as major mass transfer. Since the
energy absorbtivity also depended on the moisture content of
the sample, the effect of microwave power on drying rate was
more pronounced at the early period of drying when the initia
moisture was high. At the later period of drying when the
moisture was low, less energy would penetrate and heat the
product, which resulted in lower rate of drying. The effect of
microwave power on drying rate agreed with thethe previous
study by Y ongsawasdigul and Gunasekaran [4].

C. Effect of vacuum pressure

The effect of vacuum pressure on moisture ratio and drying
time were conducted at 20, 30, and 40 cm Hg for each power
output. Fig. 2 aso shows that the vacuum pressure level had a
significant effect on moisture ratio of papaya cubes. An
increase in vacuum pressure resulted in a decrease in drying
time. At 800W and continuous heating mode, the drying times
required for decreasing the moisture ratio to 0.01 were 90.26,
69.88, and 47.79 minutes at the vacuum pressure of 20, 30,
and 40 cmHg, respectively. The same trend was also observed
for the power output of 400W. As higher vacuum pressure
resulted in lower boiling point of water, operating at higher
vacuum pressure alowed higher evaporation rate than that of
low pressure. This was because water remova from the
sample during drying process was accelerated by a pressure
gradient between partia vapor pressure within the sample and
the ambient pressure [4]. The results were in agreement with a
study by Y ongsawasdigul and Gunasekaran [4] that drying at
lower pressure (absolute) caused less reflection of microwave,
and hence, higher drying efficiency.
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Fig. 2 Effect of microwave power output and vacuum pressure on
continuous drying at 400 and 800 W

D.Effect of power-off time

Since supplying microwave energy continuously leads to
damage of the product due to excessive heating, pulsed-mode
heating was developed to overcome such problem by setting
the microwave power cycle of given on- and off-times [4].
The effect of power-off time on the drying of papaya cubes
using the microwave vacuum dryer was shown in Fig. 3. In
this experiment, the drying was performed in the pulsed mode
with afixed power-on time (60s) and two power-off times (60
and 120 s). Compared to a continuous mode, microwave
vacuum drying experiment performing in the pulsed mode of
60s-0n/60s-off showed higher drying rate while that of 60s-
on/120s-off showed an adverse effect on drying performance.
At the microwave power of 800 W, the time required to
reduce the moisture ratio of papaya cubes to less than 0.01 for
continuous mode, pulsed mode of 60s-on/60s-off, and pulsed
mode of 60s-on/120s-off were 47.79, 38.21, and 83.97
minutes, respectively, The same trend was aso observed for
the microwave power of 400W. The faster decrease in
moisture ratio and drying rate for the pulsed mode drying was
resulted from two mechanisms of water removal during drying
process. evaporation and diffusion. The former occurred
during the power-on time while the latter occurred within the
sample during the power-off time. The power-off time of 60 s
dlowed the interna moisture to redistribute, which
accelerated the drying rate [4]. Compared to the continuous
drying mode, the pulsed mode drying of 60s-on/120s-off
showed an adverse effect because along power-off timeled to
energy loss and required additional energy to increase the
product temperature to reach the boiling point for the next
cycle. The long power-off time also resulted in lower energy
efficiency as reported by a previous study [4]
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Fig. 3 Effect of power-off time on drying proceddresh papaya at
various drying conditions

E. Effective diffusivity

Table Il shows the values of effective diffusivifper) at
various drying conditions. The values of effecttifusivity
of papaya cubes at microwave power of 400 and 80aked
in the range of 0.508.0° -0.767%10® m%s and 0.70810° -

1.356<10° m?/s, respectively. For the same vacuum pressureAlso from Page’s model, n represented an orderhef t

To support the results from the investigation @& #ifect of
vacuum pressure on the drying rate, as expectedk thalues

was directly proportional to vacuum pressure.

TABLE Il

THE EFFECTIVE DIFFUSIVITY(Dgrr) AT VARIOUS DRYING CONDITIONS

Drying conditions

Dt x10° (r’r12 /S)

Power \Ffra;susuur?e Heating Mode
20 cmHg Continuous 0.506 + 0.008
30 cmHg Continuous 0.787 £ 0.027
400 W Continuous 0.884 + 0.042
40 cmHg 60s-on/60s-off 0.911 £ 0.014
60s-on/120s-off 0.520 +£ 0.016
20 cmHg Continuous 0.737 £0.016
30 cmHg Continuous 0.997 £ 0.013
800 W Continuou 1.442 +0.06
40 cmHg 60s-on/60s-off 2.070 + 0.058
60s-on/120s-off 0.741 £ 0.024

level and mode of operation, theqD values of 800W were relationship between moisture ratio and drying tinide
higher than those of 400 W. TheD values increased values of n for 800 W and 400 W were in the ranf@.477-

progressively as the vacuum pressure increasesneftioned 0.633 and 0.560-0.796, respectively. The resulfdyirthat the

earlier, both microwave power and vacuum pressaveréd

sections that higher power resulted in higher dyyiate. At
drying condition of 800 W and 40cmHg, pulsed mo&ié@s-
on/60s-off showed the highest value afsDfollowed by the

continuous mode, and pulsed mode of 60s-on/120s-off

respectively. This result was in agreement with pirevious
section that higher I3 resulted in increased rate of drying.
Compared to the [y values reported by El-Aouar et al. [1],
microwave vacuum drying showed an improved dryiate r
than hot-air drying.

F. Drying model

Based on Page’s model, the change of moisture vatto
drying time can be predicted from Equation (5). ureg 4
shows the relationship of moisture ratio from tlkpeximental
and statistically simulated data versus drying timhevarious
conditions. Table 1l listed the statistical anadyvalues of
[12, MBE, and RMSE of various drying conditions. # i
apparent that Page’s model provided a good repagseam of
the experimental results with high correlation ¢icefnt, low
RMSE andy? for all drying conditions.

The drying constant (k) in Page’s model represdnying
behavior [6]. The higher k-value showed an incrdadsing

relationship of moisture ratio and drying time we likely a

the mass transfer of moisture, the results from thgst order, which was in agreement with the dryofgnint by
determination of the [ values support the results in the priofrperdthai and Zhou [5].

-
o

Moisture ratio (MR)
© o o o © o o o
N @ & B o W ®» o

1=}
e

o
o

¢ MR(experiment)
—— MR (predicted)

0 10 20 30 40 50 60 70

Drying time (min)

80

920

Fig. 4 The relationship of moisture ratio from theerimental and

statistically simulated data versus drying timd@@ W, 40 cmHg,

continuous heating

rate. The results of the drying coefficient k frétage’s model
were in agreement with prior sections that highérowave
power resulted in increased drying rate. The rangethe
drying coefficient k values from the experiment doated at

400 and 800 W were 0.136-0.597 min-1 and 0.30370r8-
1, respectively. To compare the effect of powertioffe at the
same microwave power and vacuum pressure, the dewal
appeared in the descending order as follows: puisede of
60s-0n/60s-off, the continuous mode, and pulsedenoddb0s-
on/120s-off.

TABLE Il
THE STATISTICAL ANALYSIS VALUES OFPAGE’' SMODEL AT VARIOUS DRYING
CONDITIONS
Power YoM peating  k . X MBE RMSE
P 2
(cmHa) Mode (min™) x10¢  x10°  x10
20 Cont. 0136 079 502 -928 2.5
30 Cont 0466 077 12: 30t 1Ot
Cont  0.31f 06 271 230 0.4¢
400
60s-on
40 20O% 0507 056 121 664 102
G0son 0296 057 346 166 _ 0.5
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T120%off
20 Cont. 0329 056 167 368 038
30 Cont 0375 063 283 139 049
Cont. 0597 056 684 498 023
800 60s-0n 1451 047 160 465 035
40  feosoff O : : : '
60s-on
e Or. 0303 062 133 208 023

Fresh papaya cubes were dried using the microwave
vacuum dryer. The effects of microwave output power

IV. CONCLUSION

vacuum pressure, and power-off time on drying atterastics
were determined. The drying rate of papaya cubesdivactly

proportional to microwave power and vacuum pressure

Pulsed mode drying showed a beneficial effect gindrrate
compared to the continuous mode. However, too-jomger-
off showed adverse effect on the drying rate. Tfiecéve
diffusivity was in agreement with parameter affegtithe
drying of papaya cubes. Based on Page’s modekt#tistical
analysis of the relationship between moisture ratid drying
time was satisfied. Parameters obtained from Pagedel
showed a good agreement with experimental results.

(1]

[2]
[3]
[4]

(3]

(6]

[71

(8]

[9]

[10]

[11]

[12]

[13]

[14]

REFERENCES

El-Aouar, A.A., Azoubel, P.M., & Murr, F.E.X. (200®rying kinetics
of fresh and osmotically pre-treated papaya (Capimaaya L.). Journal
of Food Engineering. 59, 85-91.

Mousa, M. & Farid, M. (2002). Microwave vacuum dnyiof banana
slices. Drying Technology, 20, 1503-1513.

Gunnasekaran, S. (1990). Grain drying using contisuand pulsed
microwave energy. Drying Technology, 8, 1039-1047.
Yonsawatdigul, J. & Gunasekaran, S. (1996). Micneveacuum
drying of cranberries: Part I. Energy use and igfficy. Journal of Food
Processing and Preservation, 20, 121-143.

Therdthai, N. & Zhou, W. (2009). Characterizatiofi microwave
vacuum drying and hot air drying of mint leaves (& cordifolia
Opiz ex Fresen). Journal of Food Engineering, 82;489.

McMinn, W.A.M. (2006). Thin-layer modeling of theowvective,
microwave, microwave-convective and microwave-vaudrying of
lactose powder, Journal of Food Engineering, 73;143.

Figiel, A. (2009). Drying kinetics and quality ofasuum-microwave
dehydrated garlic cloves and slices. Journal ofdFBagineering, 50,
175-185.

Nawirska, A., Figiel, A. Kucharska A.Z., Sokol-Letska, A., &
Biesiada, A. (2009). Drying kinetics and qualityrgx@eters of pumpkin
slices dehydrated using different methods, Jowh&bod Engineering,
D0i:10.1016/j.jfoodeng2009.02.025.

Hawlader, M.N.A., Uddin, M.S., Ho, J.C. & Teng, AWB. (1991).
Drying characteristics of tomatoes, Journal of Fdihineering, 14,
259-268.

Soysal, Y., Oztekin, S. & Eren, O. (2006). Microwadrying of parsley:
modeling, kinetics, and energy aspects. Biosyst&mgineering, 93,
403-413.

Cui, ZW., Zu, S.Y., & Sun, D.W. (2004). Microwavecuum drying
kinetics of carrots slices. Journal of Food Engiimeg 65, 157-164.
Ozbek, B. & Dadali, G. (2007). Thin-layer dryingarhcteristics and
modeling of mint leaves undergoing microwave treatm Journal of
Food Engineering, 83, 541-549.

Crank, J. (1975). The Mathematics of Diffusion (st ed).Oxford:
Claredon Press.

Page, G.E. (1949). Factors influencing the maxinmates of air drying
shelled corn in thin layers. M.Sc. Thesis. Purdugvérsity, Indiana.
USA.

655



