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ABSTRACT

Jackfruit (Artocarpus heterophyllus Lam.) and snake fruit [Salacca zalacca (Gaert.) 
Voss] are tropical fruits that are rich in vitamins and minerals. Due to their specific aroma 
and unique taste, jackfruit and snake fruit have great potential to be processed into dried 
fruits and healthy snacks. In this work, jackfruit and snake fruit were freeze-dried using 
a self-designed laboratory-scale freeze dryer. The freeze dryer was constructed with 
a stainless-steel plate (3 mm thickness). The drying rates were determined with three 
different heating temperatures: 50, 60, and 70ºC. This study also investigated the effect 
of the freeze-drying process on the characteristics of dried fruit such as moisture content, 
texture, color, ascorbic acid content, and morphological of dried samples. Results showed 
that the heating temperatures were revealed to affect characteristics such as drying rate, final 
moisture content, texture, and ascorbic acid content. Increased drying rate and decreased 
drying time were observed with an increase in the dryer temperature. The sample resulted 
from 70ºC of heating temperature exhibited the optimum results in terms of hardness and 
ascorbic content preservation. The first-order kinetic model was the best fit for the prediction 
of drying kinetics of all materials.

Keywords: Drying rate, freeze drying, jackfruit, 
physical and chemical characteristics, snake fruit

INTRODUCTION

Jackfruit (Artocarpus heterophyllus Lam.) 
and snake fruit (Salacca zalacca) may not 
yet be considered as well-known tropical 
fruits globally, but they are widely cultivated 
in Asia, including Indonesia (Palupi et al., 
2019; Zumaidar & Miftahuddin, 2018). 
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Jackfruit and snake fruit were proven to be a great source of nutrition for human health 
(Ranasinghe et al., 2019; Suica-Bunghez et al., 2016). Regardless of all benefits offered, 
tropical fruits such as jackfruit and snake fruit are known as highly perishable and susceptive 
to deterioration due to its high respiration rate and water activity (Fundo et al., 2015). 
Extreme conditions such as high pressure and temperature can also affect the quality, like 
the changes in fruit firmness, color, and other physical quality traits (Liu et al., 2019). 
Especially for jackfruit, around 60% portion of this fruit is inedible (Rana et al., 2018), so 
it is less profitable to sell whole fruit to the export market. Therefore, the marketing and 
transportation of these fruits remain a big challenge. They need to be processed to be able 
to have a long shelf life as well as easy to handle.

A fruit processing that can be done is drying (Fernandes et al., 2011; Soebiantoro et 
al., 2018). Among all drying methods, freeze-drying seems to be the superior method to 
remove the water as well as retain the nutrients and physicochemical characteristics of 
fruits (Kang et al., 2014; Turkiewicz et al., 2019). Freeze-drying is a process in which 
the moisture content inside the fruit is crystallized at a low temperature and subsequently 
sublimated from the solid-state directly into the vapor phase (Ciurzyńska & Lenart, 2011). 
In general, The temperature and drying time can improve the reaction rates and affect the 
water activity of the product. Because of the water evaporation process, ascorbic acid 
content can be increased. The good quality of ascorbic acid can be retained by the freeze-
drying process (Prabhakar & Mallika, 2014).

Several studies have focused on the evaluation of the freeze-drying process to the 
widely known tropical fruits such as soursop (Ceballos et al., 2012) and mango (Rahman 
et al., 2015). However, there are still very few studies focused on the freeze-drying of 
jackfruit and snake fruit. The processing of jackfruit and snake fruit using a freeze-drying 
method can open up opportunities for these fruits to be produced into healthy snacks that 
are easy to handle and transported to the export market. Therefore, this study was aimed 
to evaluate the performance of mini freeze-dryer for jackfruit and snake fruit. The effect 
of the heating temperatures on the characteristics of the freeze-dried fruits like moisture 
content, colour, texture, and ascorbic acid contents was also investigated.

MATERIALS AND METHODS

Materials

Ripen jackfruit and snake fruit (cultivar name: Salak Pondoh) were purchased from a local 
market of Sleman Regency, Yogyakarta, Indonesia. One distributor was picked to maintain 
the same variety and quality of fruits used. Ripen jackfruit was shown by its bright yellow 
colour of the flesh and its distinctive aroma. Selected jackfruit had an average weight 
of 10 – 15 kg. Meanwhile, ripen snake fruit had a yellowish-brown skin colour, with an 
average weight of 60 – 80 g. Fruits were processed on the same day they were bought, 
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to avoid any undesired changes in fruit quality. The average total soluble solid (TSS) of 
fresh jackfruit and snake fruit ranged from 18 to 30 and 16 to 19°Brix, respectively. The 
approximate moisture content of fresh jackfruit and snake fruit were 77.38 ± 4.97 % wb 
and 81.61 ± 1.01 % wb, respectively. All the fruits were washed and peeled. Fruits were 
cut into uniform shapes of 2 x 5 cm2 with an average thickness of 5 mm, then put on a tray 
to be dried using freeze-drying.

Experimental Freeze Dryer

Figure 1 shows the laboratory freeze-drying system used in this work. The freeze dryer 
had 0.7 x 0.5 x 1 m3 of the total dimension as well as 0.4 m diameter x 0.6 m length of the 
drying chamber. There were three main systems in the freeze dryer, namely: the vacuum 
chamber system, the cooling system, and the heating system. The vacuum chambers, doors, 
and steam traps were made using stainless steel with 3 mm thickness. The vacuum pump 
used in this study was a two-stage vacuum pump with 1 HP (horsepower) power (VALUE 
VE2100N, Zhejiang, China). The cooling system was constructed using ¼ HP compressor 
refrigerant compressor (Fuji - Kobe SR91, Fuji Electric, Tokyo, Japan), to cool the vacuum 
chambers and water traps. Whereas the heating system used four rectangular heater mats 
(40 x 20 cm2) with the power of 2000 watt for each, arranged in series to 500 watts. The 
heater mats were installed above and below the material rack.  

Experiments were performed with a total pressure of 75.5 cmHg vacuum, as well as the 
freezing time and the total drying time of 6 hours and 36 hours, respectively. The freeze-
drying process was run with the heating temperature set for 50, 60, and 70ºC. The heating 

Figure 1. Laboratory freeze-drying system
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temperature was set to improve the secondary drying, therefore the evaporation process 
of bound water can be done as quickly as possible. Based on the results of the preliminary 
test, the use of heating temperatures above 70ºC caused non-enzymatic browning, while 
temperatures below 50ºC were time-consuming and were not optimal to dry samples.

A pressure gauge (Wiebrock EN 837-1, Wiebrock, Herford, Nort Rhine-Westphalia) 
and thermometer (Lutron TM-946, Lutron Electronic Enterprise Co., LTD, Taipei, Taiwan, 
with the standard error of 2.2 ºC) were used to measure and monitor the pressure and the 
temperatures during the drying, respectively. The products obtained from the freeze-drying 
process were weighed, and their physical properties were determined. The freeze-dried 
fruits were stored in an aluminum bag until they were used for the next analyses.

Moisture Content

The moisture content of the samples was measured using the methods explained by Park 
(2008), based on the Official Methods of Analysis of AOAC International with slight 
modification. The initial samples were weighed for 2 g and were dried in an oven (Memmert 
UM-400, Memmert GmbH + Co.KG, Schwabach, Germany) at 105°C for 24 hours to get 
a bone dry sample. The weight reduction from the initial to the bone dry was considered 
as the water amount contained in the sample. The calculation to determine the moisture 
content was presented by Equation 1.

𝑀 = 𝑊0− 𝑊1
𝑊1

     [1]

where M was the moisture content (g/g dry solid), W0 was the initial mass sample at the 
pre-determined time during drying (g), and W1 was a dry matter of sample after 24 hours 
oven drying (g). 

To collect the drying kinetic data, the moisture ratio of the samples measured for 12, 
18, 24, and finally 36 hours of drying. Since the equilibrium moisture content Me was 
very low and imperceptible, the moisture ratio MR was simplified (Liu et al., 2016), as 
presented by Equation 2.

𝑀𝑅 =
𝑀−  𝑀𝑒
𝑀0− 𝑀𝑒

≈
𝑀
𝑀0

    [2]

where M and M0 were the moisture content at pre-determined time and the initial moisture 
content, respectively (g / g dry solid).

The moisture ratio during drying was then described by a first-order kinetic model. 
The first-order model is the most common and well-understood model used for exponential 
modelling in engineering investigations (Singh et al., 2018). The model was presented by 
Equation 3 (Orikasa et al., 2018).
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𝑀𝑅 = 𝑒−𝑘𝑡      [3]

where MR was the moisture ratio (-), k was the drying rate constant (h-1) and t was drying 
time (h). 

The drying constant, k, was estimated by fitting the obtained moisture content data to 
Equation 3 using the least-squares method. To evaluate the goodness of fit, the determination 
coefficient (R2) was calculated using Equation 4 (Saberian et al., 2014).

𝑅2 = 1−
∑ 𝑀𝑅𝑝𝑟𝑒,𝑖 −𝑀𝑅𝑒𝑥𝑝,𝑖

2𝑁
𝑖=1

∑ 𝑀𝑅𝑝𝑟𝑒 −𝑀𝑅𝑒𝑥𝑝,𝑖
2𝑁

𝑖=1

  [4]

where N was the number of observations, m was the number of constants, MRpre,i and MRexp,i
 

were the i-th predicted and experimental moisture ratio, respectively.

Shrinkage 

Shrinkage (%) was calculated using the formula presented by Equation 5

𝑆ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒 =  
𝐷0− 𝐷1
𝐷0

× 100%    [5]

where D0 was dimension (length, width, or thickness) before drying, and D1 was dimension 
after drying.

Color Analysis

The color analysis was performed using Color Meter (Color Meter TES-135A, TES 
Electrical Electronic Corp., Taipei, Taiwan). The lightness (L*), redness/greenness (a*), 
and yellowness/blueness (b*) were evaluated. These parameters were used to calculate the 
color changes (∆E) (Ceballos et al., 2012), which was presented by Equation 6.

∆𝐸 =  𝐿 ∗−𝐿0 2 + 𝑎 ∗ −𝑎0 2 + 𝑏 ∗ −𝑏0 2  [6]

where L0, a0, and b0 were the lightness, redness/greenness, and yellowness/blueness of the 
fresh sample, respectively.

Texture Analysis

Texture analysis was carried out by measuring the deformation force with a Texture 
Analyser (Brookfield CT3 Texture Analyser, Middleboro, MA, USA), using a cylindrical 
probe TA39 (diameter = 2 mm). Freeze-dried fruit was placed on the texture analyser 
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plate and compressed at a rate of 1 mm/s until 20 mm penetration was achieved using one 
compression cycle. The force (N) required to deform the sample was defined as hardness.

Ascorbic Acid Content

The ascorbic acid content was determined using a 2.6D method from AOAC (Nielsen, 
2017). Especially for freeze-dried samples, 200 – 300 g samples were crushed using a 
Waring blender to get slurry. About 10 g of the slurry was dissolved in 100 ml of distilled 
water. After that, the dilution was put into a centrifuge to separate the filtrate. 100 ml filtrate 
of fresh and freeze-dried samples were homogenized with 100 ml of HPO3-HOAc and then 
filtered through filter paper. About 10 ml of filtrate was titrated with 2,6-dichloroindophenol 
(DCPIP) indicator. The ascorbic acid contents measured were presented in mg/100 g in 
dry matter (DM) of the samples.

Scanning Electron Microscopy (SEM)

The magnified image of the cross-sectional morphology of freeze-dried fruits was observed 
using Scanning electron microscopy (SEM; JSM 6510LA JEOL Ltd., Tokyo, Japan). The 
sample was coated with Platinum/Palladium metal using an Auto Fine Coater before placed 
over the SEM sample holder using double-sided tape.

Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics 23 software (SPSS Inc., 
Chicago, IL). The characteristics of freeze-dried fruits were introduced to variance analysis 
(ANOVA) with a 95 % significance level. When the conditions were achieved, the Duncan 
test was used to test the homogeneity of variances among samples. 

RESULTS AND DISCUSSION

Drying Temperature and Pressure

Figure 2 shows the temperature and pressure during the freeze-drying process. In general, 
it can be seen from all graphs that for all heating temperatures, the product temperature 
reached -5°C during the freezing stage. The freezing rates should be kept low to allow 
simultaneous dehydration and inhibit the increase of vapor flux during the next stage 
(Marques & Freire, 2005). According to Shukla (2011), during the primary stage of drying, 
the increased temperature warms the sample, yet the low pressure below 0.06 atm (71.44 
cmHg vacuum) prevents the liquid forming. As a consequence, the ice crystal became vapor, 
and the sublimation started to occur. Several other studies used even lower pressure and 
temperature during their freeze-drying process. Valentina et al. (2016) freeze-dried several 
types of food with the pressure and freezing temperature were set at 60 millitorrs (75.94 
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cm Hg vacuum) and -40°C, respectively. According to Figure 2, during the second stage of 
drying, the final product temperatures were varied, depending on the heating temperature 
applied. The product temperature after the drying process ranged from 35 – 55°C. This 
result was similar to the study of tropical fruits freeze-drying done by Marques et al. (2006) 
which reached the product final temperature of 38°C.

Moisture Content

The moisture content ratio of the jackfruit of 0.1 was fitted to the first-order kinetic model 
(Equation 3), shown in Figure 3, to evaluate the drying process in this study. The calculated 
results (shown by the solid lines) seem to agree with the measured results (R2 = 0.99), 
indicating the suitability of the model to explain the degradation of moisture ratio during 
freeze-drying. From the graph, it can be seen that the drying rate decreased linearly after 
the first few hours of drying. The drying rate constants calculated for temperatures of 50, 
60, and 70°C were 0.1296, 0.1623, and 0.1957 %/h, respectively. The results show that 
different increasing heating temperatures increased the drying rate of jackfruit in the first 
falling rate period. These results confirm that higher drying temperature would produce 
greater heat transfer, therefore induced moisture evaporation (Sanwiriya & Suleiman, 2019).

The final moisture content of dried jackfruit by the heating temperature of 70°C was 
4.29 % db. This result was similar to that obtained by Yi et al. (2016), who applied the 
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Figure 2. Temperature and pressure during freeze drying of jackfruit for different heating temperatures 
setting of (a) 50, (b) 60, and (c) 70°C
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freeze-drying to dry jackfruit, with the pressure of 0.1 kPa (75.93 cmHg vacuum) and the 
secondary drying temperature of 25°C, and got the final moisture content of 4.9 % db. 
Meanwhile, the final moisture contents of dried jackfruit by the heating temperature of 50 
and 60°C were 14.04 and 11.33 % db, respectively. Meanwhile, the final moisture content 
of dried snake fruit was 10.52, 4.59, and 2.18 % db for the heating temperature of 50, 60, 
and 70°C, respectively.

The higher the heating temperature, the lower the final moisture contents obtained for 
each fruit sample (p < 0.05). Lower moisture content may provide to the crispness of freeze-
dried chips. The moisture content should be lowered to below 4% to have a good shelf 
life and quality. Moreover, the conventional freeze-drying permits reduction of moisture 
to less than 2% (Prabhakar & Mallika, 2014). Therefore, from the results obtained, 70°C 
was chosen as the best temperature applied to get the optimum final moisture content.

Characteristics of Freeze-dried Jackfruit and Snake Fruit

Table 1 shows the characteristics of freeze-dried jackfruit and snake fruit. Ratti (2001) 
who reviewed the comparison of hot air and freeze-drying of high-value foods, stated 
that shrinkage during freeze-drying was ranged from 5 to 15%, while during air-drying 
shrinkage was around 80%. However, from this study, the shrinkages obtained during 
freeze-drying were quite excessive (20 – 40%), with the effect of heating temperature 
not giving any tendency of significant difference to the results (p > 0.05). The shrinkage 
could be happen due to the short freezing time in the process, which was 6 hours. One 
study reported that a longer freezing time could decrease drying shrinkage (Ciurzyńska 
& Lenart, 2011).

Figure 3. Plot of Moisture Ratio (MR) at three different heating temperatures for freeze-drying process of 
jackfruit
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According to Table 1, the higher temperature would result in a more rigid texture, 
marked by the higher hardness results (p < 0.05). The lower final moisture obtained at low 
temperature could reduce the glass transition point, leading to a stronger matrix of the fruits 
(Mounir et al., 2012). The hardness results of the 70°C heating temperature for snake fruit 
and jackfruit were 54.03 ± 13.98 and 43.38 ± 15.15 N, respectively. The results obtained 
were higher than those done by previous studies of jackfruit freeze-drying (Yi et al., 2016).

Both snake fruit and jackfruit showed a significant increase of L*  value, showed rising 
brightness after drying (p < 0.05). These results confirmed one of the merits of freeze-drying 
to preserve the color of products. Similar results were also obtained by previous studies 
done for soursop (Ceballos et al., 2012), apple, banana, potato, and carrot (Krokida et al., 
2001). There was no difference in ∆E data among different heat temperatures (p > 0.05). 

For the analysis of ascorbic acid content, the freeze-dried fruits from 50°C of heating 
temperature were significantly lower in ascorbic acid content than other variations (p < 
0.05). Besides oxygen and temperature, moisture content also affects the degradation of 
ascorbic acid. Final moisture content that was still high in products would generate high 
water activity, leading to a decrease of ascorbic acid content (Lee & Kader, 2000). A 
previous study had proven that freeze-drying was more effective in preserving ascorbic 
content in products since its degradation was approximately 40% lower than that in air 
drying (Orak et al., 2012).

Scanning Electron Microscopy

Good appearance, adequate rehydration, and crisp texture are the characteristic of freeze-
drying products. Figure 4 shows the cross-sectional of SEM micrographs of the freeze-
dried fruits operated at 100× magnification. Figure 4a, c, and e   correspond to the heating 
temperatures of 50, 60, and 70°C for jackfruit, respectively. Figure 4b, d, and f   correspond 
to the heating temperatures of 50, 60, and 70°C for snake fruit, respectively. 

In general, there was a qualitative difference in pore size among different heat 
temperatures. Commonly in freeze-drying, the material is in the glassy state, and the ice 
sublimation creates pores (Ismail et al., 2016; Rahman, 2001). Therefore, the final product 
of freeze-drying is very porous (as can be seen in 70°C). On the other hand, the SEM 
results for the temperature of 50 and 60°C seemed dense and withered. The minimum 
appearances of the pores suggest the products still in the rubbery state, which confirms the 
low hardness results discussed above. High porosity helps to maintain the structure without 
the deformations, allowing a fast rehydration process due to that water easily reoccupies 
the empty spaces (Pieniazek & Messina, 2017). 
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CONCLUSIONS

This study investigated the effect of temperature on the characteristic changes for snake 
fruit and jackfruit during freeze-drying. A mathematical model based on first-order kinetic 
function was developed to simulate the moisture ratio of fruits undergoing freeze-drying. 
The simulation results showed that first-order kinetic could predict freeze-drying kinetics 
of jackfruit with adequate accuracy. The highest drying rate was reported from the heating 
temperature of 70°C, which was 0.1957 %/h. The lowest moisture content of freeze-
dried jackfruit and snake fruit were4.11 ± 0.07 and 2.18 ± 0.28 %, respectively. From the 
experiment carried out, it can be adequately stated that freeze-drying may be a suitable 
method for processing jackfruits and snake fruit, based on its ability to retain the color, 
aroma, and nutritional value after the drying.
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Figure 4. 100× SEM micrographs of freeze-dried fruits for (a) jackfruit and (b) snake fruit
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