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Abstract: This study presents an effect heating from condenser’s heat loss from top and bottom positions of
the extraction process using freeze vacuum drying on drying rate, drying time and microstructure of aloe vera.
Extraction by thermal process involves removing water contained inside the aloe vera and releasing it into the
environment. Freeze Vacuum Drying (FVD) can be used to extract aloe vera without impairing its structure, color
or nutritional value although the process requires a high level of energy consumption. Results of the
experiments showed that capturing and using heat from a condenser’s heat loss increased the drying rate and
reduced drying time. Heater temperatures at the top and bottom positions were 22 and 30°C, respectively for
a combination heater temperature at the top was 26 and 24°C at the bottom changes in microstructure were

examined by Scanning Electron Microscopy (SEM).
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INTRODUCTION

Freeze Vacuum Drying (FVD) is an optunal drying
technology method because it maintains the structure,
nutrients and color of the original substance (George and
Datta, 2002; Chakraborty et al., 2006; Ghio et al., 2000).
Freeze vacuum drying has also been described as a
method of drying that achieves a high drying rate because
the boiling point of water in the product, held under the
vacuum 18 lower than atmospheric pressure and water
vapor is removed by a vacuum pump Holkeboer ef al.
(1993). Consequently, FVD is suitable for the extraction of
basic medical ingredients (Mujumdar, 2008). A weakness
of FVD is its high consumption of energy (Mujumdar,
2008) due to the long drying time required especially in
the process of sublimation below triple point condition
(pressure of 6.1 mbar and temperature of 0°C) as shown in
Fig. 1 (Oetjen and Haseley, 2004) a high level of energy is
also required for the refrigeration system which 1s used as
a cold trap. Figure 1 shows that at imitial condition, the
material was in atmospheric condition (pressure 1000 mbar
and temperature 27°C) from the liquid phase, pressure was
reduced and triple point condition in solid phase was
observed followed by saturation condition, the material
change phase from solid to gas known as sublimation
which was observed until the material reached 27°C. We

noted that consumption of energy during the sublimation
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Fig. 1: Schematic of water properties on P-T diagram

process due to very slow mass and heat transfer rates can
be achieved under vacuum conditions to provide heat
sublimation by either conduction or radiation without
exceeding the triple point (Mujumdar and Law, 2010).

In general, prolonged drying time can be reduced by
techniques such as increasing temperature or decreasing
pressure in the chamber. An experiment with FVD using
a microwave heat source was developed for drying potato
slices (Wang et af., 2010) and the total drying time was
reduced by 37% as a result of microwave freeze drying
and not conventional freeze drying. Results of another
experiment using microwave freeze drying for drying sea
cucumbers indicated that the technique can effectively
replace conventional freeze drying because it greatly
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reduces drying time and energy consumption while
producing the same product quality. In order to avoid
corona discharge during microwave freeze drying, the
cavity pressure should be applied within the range of
50-100 Pa (Duan et al., 2008; Huang et al, 2011). An
experiment using an electrical heat source mn the top
position of a freeze vacuum dryer was conducted for
drying foodstuff; the surface temperature of the sample
initially increased quickly due to the higher initial
temperature difference between the sample surface and
electrical heater, resulting in an increase m the drying rate
and a reduction in drying time (Chakraborty et al., 2006).
Other experiments using electrical heat sources have been
performed to compare attributable to
placement of aloe vera mn either top or bottom positions
resulting in a faster drying rate at the bottom position
(Belyamin ez al., 2007). This phenomenon occurred

differences

because the thermal conductivity of ice or a frozen layer,
1f using a bottom position heater 18 45 times higher than
the thermal conductivity of a dry layer if using a top
position heater (Mellor, 1978). An innovative experiment
using infrared radiation as a heat source when drying
peaches was compared to microwave freeze drying and
results showed that less energy was consumed using
infrared radiation (Wang and Sheng, 2006).

Recently, chili peppers were freeze dried using a heat
pump inside a product contaner and a dehumidifier and
blower to reduce humidity at the drying chamber,
resulting in reduced drying time accomplished from either
reducing drying pressure or from increasing drying
temperature. The moisture content of 20 kg of fresh chilies
was reduced from 34-15% when dried for 7 h
(Artnaseaw ef al., 2010). This experiment, along with the
ones mentioned above show that electrical, microwave
mnfrared and heat pump heating can be used 1 FVD but
each method requires a high level of energy consumption
to operate the apparatus. The other problem when using
heaters to reduce drymg time during FVD i1s that the
heating temperature must be controlled to prohubit
deterioration of certain materials. Each material exhibits a
certain resilience to receiving heat; materials used for
medicinal purposes for example have a maximum heating
value of 60°C (Mujumdar, 2008). The main challenge n
freeze vacuum drying therefore is reducing energy
consumption during heating while maintaining high
product quality especially for basic medical ingredients.

Within FVD equipment, the cold trap traps moist air
from the diying chamber to prevent damage to the
vacuum pump (Oetjen and Haseley, 2004). A cold trap is
made from a refrigeration system which consists of a
compressor, condenser, expansion valve and evaporator.
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The compressor increases pressure of the refrigerant
change phases liqud to gas, thereby
producing a large amount of heat. The expansion valve
only accepts the refrigerant in liquid phase and the
condenser removes heat from the system and releases it
to the Subsequently,
temperature produce potential energy that can be
exploited (Dincer, 2003).

Aloe vera is one of many herbal plants commonly

to from

environment. varlations 1n

grown m Indonesia which can be used for medicinal
purposes. In pharmaceuticals, it 1s used as an anti-
inflammatory agent, anti-oxidant, laxative, antimicrobial
and molusisidal, anti-cancer agent and hepato protector
having a moisture content of 98.7%. Nutrient loss 1s
observed when structural damage of the substance
occuwrs (Lee and Rhee, 2007, Acevedo et al, 2007,
Deng and Zhao, 2008; Njintang et al., 2008). Therefore,
the structure of aloe vera should be observed after the
freeze drymng process. The purpose of using FVD when
drying aloe vera is to preserve its structure.

The objective of this research is to study the effects
of the heating temperatures from the condenser’s heat
loss at the top and bottom positions of the range which
vary from 22-30°C and also the temperature combination
(top 26°C and bottom 24°C) on the drying rate,
microstructure and performance of the refrigeration
system (cold trap) in addition to energy savings based on
shorter drying times.

MATERIALS AND METHODS

Experimental set-up and the operation of equipment: A
prototype of a freeze vacuum dryer with top and bottom
heater positions and a heat source from a condenser’s
heat loss was designed and installed by the Laboratory of
Refrigeration, Department of Mechanical Engineering,
University of Indonesia (Fig. 2). A schematic diagram of
this equipment 18 included m this study (Fig. 3). This
equipment consists of two cylindrical rooms for drymng
and a cold trap chamber. Energy is required to operate the
vacuum pump (2.2 kW) and compressor within the
refrigeration system (0.75 kW). Pressure of the drying
chamber was measured using a pressure transmitter PTX
1400 with a range from 0-4 bars and an accuracy of 0.4%.
The pressure of the discharge from the compressor also
measured by the pressure transmitter PTX 1400 was 0-40
bars with an accuracy of 0.4%. Temperatures of the drying
chamber, cold trap chamber, product/material, top and
bottom heaters, suction and discharge compressor,
suction and discharge condenser and suction evaporator
were measured by a thermocouple type K (TEX/TEX-30-
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Fig. 2: Freeze vacuum drying system with heat source
from heat loss condenser
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Fig. 3: Schematic diagram of the freeze vacuum dryer 1.
Vacuum pump, 2. Substance (Aloe vera), 3. Top
heater, 4. Bottom heater, 5-7. Shut-off valve
(ball valve), 8-11. Check valve, 12. Compressor, 13.
01l separator, 14. Condenser, 15. Sight glass, 16.
Filter dryer, 17. Expansion valve, 18. Evaporator
(cold trap), 19. Accumulator, 20. Sight glass, 21-22.
Pressure transmitter, 23-31. Thermocouple

KK) with an accuracy of 0.4%. Aloe vera weight was
measured on a digital balance range was 0-600 g with an
accuracy of 0.4%. The cold trap (refrigeration system)
operated on refrigerant R22.

To start the process, the refrigeration system was
turned on until the cold trap or evaporator reached a
temperature of -40°C. The vacuum pump was then turned

Fig. 4: Initial condition of aloe vera

on until the substance reached a temperature of -7°C
and appeared stable. Heating temperatures from the
condenser’s heat loss were 30°C as the top heater, 30°C
as the bottom heater and for the combination heater, 26°C
at the top position and 24°C at the bottom position. A
continuous process took place until the substance was in
dried condition.

Sample preparation: Aloe vera is a commonly grown
variety in Indonesia used as a basic medical ingredient.
To obtain a desired weight of sample when dried, aloe
vera 18 first stured and measured (Fig. 4), its
characteristics in initial condition are moisture content of

98.7% granular consistency and green or brown color.

Microstructure: Coated specimens were inspected for
microstructures measuring 20 mm in diameter and 3 mm in
thickness.

Specimen fragments were mounted on aluminum
stubs, coated with gold and photographed using the
Scanning Flectron Microscope (SEM), LEO 4201 with an
accelerating voltage of 12 kV.

Moisture content: The moisture content of aloe vera in
the drying process was calculated by using the following
equation (Menlik ef al., 2010):

MGy, = . (1)
Iy
Where:
Mcy, = Moisture content at specific time t on a dry
basis (g g™, d.b)
m, = The weight of the substance at time t
m; = The dry matter weight of the material
t = The drying time (h)
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Fig. 5: Material scheme for heat and mass flux

Drying rate: Figure 5 shows the heat and mass flux
responsible for moisture transfer from the frozen sample
m FVD. It should be noted that the heaters (top and
bottom) from condenser’s heat loss were maintained at
higher temperatures than the sample so that the heat
transfer process could occur. Therefore, heat flux took
place through the frozen layer (if bottom heater) and the
dried layer (if top heater). Based on heat flux, we assumed
the following calculations (George and Datta, 2002,
Chakraborty et al., 2006).

A
= T, - T,
d L—AL( T (2)
AL =(1-x)L
Substituting:
A
q:E(Th 7Tf) (3)

The equation of mass flux describes the process due
to heat flux (Fig. 5):

q=AhN,_, 4

Due to mass transfer (N_,) 1s based on function time
and thickness of dry layer then equation becomes:

q= NW[—dX}.Ah (3)
dt
Substituting from Eq. 3 we get:
Nw{—d‘x}h—;‘(n -T;) (©)
dt xL

X t

Nwv. L[ —xdx =A(T, - T, ) [dt )
1

0
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Energy consumption: Energy of FVD was consumed for:

Vacuum pump, type DRP-1400 Ogawa Seiki Co., Ltd,
constant at 2.2 kW

Refrigeration (cold trap) system, constant with power
of compressor at 0.75 kW and condenser fan at
53 kW

Tce sublimation or heating ice with energy used for
the phase changes from solid to gas

The equation to describe energy consumption was
previously developed (Sharma and Prasad, 2006).

_h t+h,+h,
W,

€

H (8)

3

RESULTS AND DISCUSSION

Profile of substance temperature from beginning to end
of FVD process: Figure 6 shows the varation of the
substance’s surface temperature during the freeze dryng
process with variations mn heating temperatures such as
no heat, top heating of 30°C, bottom heating of 30°C and
combmation heating (top heating 26°C and bottom
heating 24°C). The process started with the freezing
process whereby the temperatures were reduced by the
vacuum process. This phenomenon occurred due to the
contimuous process of taking latent heat from water
evaporation of the substance n the low pressure chamber
so that the temperature of the material was reduced and
frozen (Carapelle et al., 2001 ; Shishehgarha et af., 2002).
After the freezing process reached the saturation point at
a temperature of -7°C, the next process was sublimation
which provides FVD with an advantage over other
conventional drying techniques that use evaporative
methods (Ghio et al., 2000). Sublimation consists of main
drying and secondary drying. When mam drying
occurred, most of the free water was transferred to the
environment. When secondary drying took place,
evidence of non-frozen free water and bound water
indicated the desorption step (Wang et al, 2010).
Completion of FVD showed that the temperature of the
substance mcreased until 1t reached the ambient
temperature after all moisture in the material m its solid
form had sublimated (Idrus ef ai., 2010).

Moisture content (dry basis) and energy consumption:
Table 1 shows all experiments with variances in top and
bottom heating. The initial moisture content of aloe vera
was 98.7% and the content level decreased along with
drying time 1 all drying processes. Final moisture content
was stable until it reached Equilibrium Moisture Content
(EMC). The final moisture content of aloe vera i the
experiment reach approximately 2.5% with varying drying
times and heating temperatures at the top and bottom
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Fig. 6: Profile of aloe vera temperatur during drying process
Table 1: Initial and final moisture content from Fq. 1
Heating condition Heating temperature (°C) Weight (g) Muoisture content db (@6)
Drying Energy e e e
No. Top Bottom Top Bottom Initial Final time (h) consumption (MJ) Initial Final
1 Off Off 22 22 45 0.60 10.2 241 98.7 2.5
2 On Off 30 22 45 0.67 9.2 217 98.7 12.6
3 On On 26 24 45 0.65 8.8 2.08 98.7 10.0
4 Off On 22 30 45 0.60 8.3 1.96 98.7 2.5

positions (Table 1). Figure 6 shows that the drying time 1s
reduced based on an increase in heating temperature. The
reduced drying time means a reduction m energy use
(Alibas, 2007). From Eq. 8, we observed that energy
consumption could be reduced by as much as 19% when
using the bottom heater at 30°C, 10% when using the top
heater at 30°C and 14% when using the combination
heater (top 26°C and bottom 24°C). The important
objective m this research was reducing energy
consumption without adding energy to operate FVD
using the condenser’s heat loss for heating.

Drying rate: The value of the drying rate of aloe vera was
calculated from Eq. 7 (Fig. 7). All vanants of the
experiment showed that the drying rate reached maximum
value at the beginning of the drying process due to a high
moisture content in the substance during the first
sublimation (Duan et al., 2008). After reaching EMC, its
moisture content remained m bound water condition
therefore, the drying rate decreased. In other words, the
drying rate decreased with drymg time m all drymg
processes. We observed that the processes which affect
the drying rate internally are porosity and bulk density
(Chakraborty et al., 2006). Results of all experiments
indicated that the physical mechanism govermng
the drying rate was diffusion therefore, heat transfer was
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not the limiting phenomenon (Arevalo-Pmedo and Murr,
2006). For top and bottom heaters, the top heater in this
experiment supplied energy through the dry layer and
bottom heating supplied energy through the frozen layer.
The maximum drying rate was achieved by the drying
process using a frozen layer; this phenomenon is due to
the fact that thermal conductivity of a frozen layer is
45 times greater than for a dry layer (Mellor, 1978). In this
process, the drying rate also decreased simultaneously
with the decrease in drying time. Drying rate was faster
when a combination heater was used than when no heater
was used but optimal drying occurred when top and
bottom heaters were used.

The resulting microstructure and shape of aloe vera:
Figure 8 shows the microstructure of aloe vera after
heating from the condenser’s heat loss in the top and
bottom position. Figure 8a shows the result of the drying
process without a heater; the structure of the aloe vera
appears smooth (not fibrous) and amorphous with
interstices. Consequently, there was no change i the
structure of the aloe vera as there were some solid
gramules that did not sublime during the drying process.
Figure 8b and ¢ show the same result of the drying
process with the bottom and upper heaters but the results
differed when no heater was used in that solid granular
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Fig. 7: Drying rate of aloe vera with no heater and with top heater, bottom heater and combination heater

Fig. 8 Microstructure of aloe vera (a): without heater; (b) with bottom heater; (¢) with top heater, (d) with combination

heater

particles congregated in the microstructure indicating the
beginning of the structure’s breakdown. The structure
had higher collapse and tissue disruption rates caused
not only by heating but also by the freezing rate. A high
freezing rate retains structural quality of aloe vera better
than a slow freezing rate (Acevedo et al., 2007). While
using heaters in this research, we observed the formation
of a coarse honeycomb structure, similar to the structure
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observed with the freeze drying of rice at 110°C
(Lee and Rhee, 2007). In Fig. 8d, the structure of aloe vera
15 very smooth (not fibrous) with no interstices; it
appears as a semisolid congregated granule with no
folded layers, meaning there was no change in the
structure of the aloe vera. The best microstructure was
obtained from FVD without either a heater or a combi-
nation heater (top heater 26°C and bottom heater 24°C).
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Fig. 9: The pore diameter of aloe vera resulting from increased heater temperature: (a) Without heater, (b) With bottom
heater, (¢) With upper heater, (d) With combination heater

(©
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"

Fig. 10: Shape and color of aloe vera after freeze drying (a) Without heater, (b) With upper heater at 30°C, (¢) With
bottom heater at 30°C, (d) Process with combination heater

Figure 9 shows the effect of heating temperature on
pore diameter of aloe vera. From experiments using
microwave freeze drying, microwave applications
provided dried products with an expanded porous
struchure (Wang et al., 2010; Huang et al., 2011). A similar
observation was made regarding an increase in the pore
diameter of rice as an effect of heating temperature
(Lee and Rhee, 2007). We also noted that ice sublimation
increased the formation of pores and cavities while cells
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still retained their original shapes, resulting in lgh
porosity and loss of elasticity of the cellular structure
(Deng and Zhao, 2008). We demonstrated that increasing
heater temperature increases pore diameter of aloe vera’s
microstructure. Increasing pore diameter subsequently
increases drying rate and reduces the drying tume.

Figure 10 shows the shape and colour of the final
product from FVD. Figure 10 (a) represents the shape and
color of aloe vera after freeze drying without a heater; it
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Fig. 11: Profile temperature of cold trap/evaporator during drying process

resembles cotton, appears very smooth and 1s fading in
color. Figure 10b use of an upper heater resulted in a
granular-shaped product that is not smooth; no changes
in the green color of aloe vera appear because the
moisture content of material is still high. Figure 10c¢, use of
a bottom heater resulted in a product similar to (b) m its
granular shape but a burning of its color resulted from a
drying time that was too long. Figure 10d, the shape and
colour are the same as Fig. 10a, resembling cotton and
very smooth. Figure 10a and d products from freeze
drying aloe vera are desirable for their shape. The best
condition 18 shown m Fig. 10d because it retained a good
shape and microstructure after freeze drymg with a
technmique that requires less consumption of energy.

Profile of cold trap: Figure 11 shows the profile of a
cold trap at various temperatures. Without a heater, the
temperature of a cold trap increases and fluctuates at the
beginning of the fireezing process because of an
increasing cooling load from latent heat material taken by
the evaporator. The temperature of the cold trap increases
during sublimation because of cooling load from drying
rate of material which moisture from material can be frozen
by evaporator and then the temperature will be stable. By
using a heater, the temperature of the evaporator
(cold trap) increases and remains unstable until the end of
the process because the sources of the cooling load not
only comes from the material but also from heaters
(top, bottom and combination).

CONCLUSION
An increase in the drying rate for FVD can be

achieved by adding top, bottom and combination heaters.
Optimal reduction in the amount of energy used (19%) is
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obtained from use of the bottom heater. FVD 15 effective
i removing 96.2% of moisture content but results
depend on drying time.

Investigation of the microstructure showed that most
microstructure changes were indicated by congregated
granular solidification and folded layers and also by
changes m pore diameter mn response to heating
temperatures and long drying times. Usmg the
condenser’s heat loss for heating affected the temperature
of the cold trap due to the increasing cooling load of the
evaporator.

ACKNOWLEDGEMENT
The researchers aclnowledge the financial support

from DRPM Ul (Research Centre of UI) Contract: DRPM/
RSN-UL/2011/1/10721.

NOMENCLATURE
Notation:
q = Heatflux, T(m™s)
I. = Thickness of sample (m)
T = Temperature (°C)
x = Thickness of dried aloe vera (m)
N = Mass flux (g m’sec)
t = Timne, hh)
h, = Energy required for vacuum pump (kJ sec™)
h, = Energy required for refrigeration system (kT sec™)
h, = Energy required for ice sublimation (kJ sec™)
H. = Energy required for total time process (MT)
W, = Amount of moisture removed during the drying
process (kg)
Greek letters:
Al. = Distance of frozen surface from the top (m)
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A Thermal conductivity, J/{(m.s.K)

Ah = Latent heat of sublimation of ice (T g™")
Subscripts:

WV water vapor

h Heating

f = Frozen
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