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Abstract
Drying oilseeds to reduce their moisture content is crucial in order to preserve the seeds and their contents. However, 
due to the nature of conventional storage facilities, it is ideal to dry seeds just before using them for oil extraction and/
or in situ biodiesel production as the seeds dried in advance might recover the equilibrium moisture content due to the 
humidity from the air. Thus, drying the seeds immediately before oil extraction is vital to reduce the moisture content to 
its minimum. In the present study, the effects of five drying temperatures (313, 323, 333, 343 and 353 K) on the degree 
of moisture loss from Jatropha seeds at storage and the suitability of the drying processes to reduce the seed moisture 
to its minimum were investigated. The drying experiments of non-pretreated (whole seeds) and pretreated (crushed 
seeds) seeds were performed in a heating furnace. It was found that increasing in drying temperature promoted the 
rate of moisture loss, and the evaporation of moisture from the crushed seeds was faster than that of the whole seeds. 
However, the largest weight loss (6.47%) and the smallest seed residual moisture content (0.34%) were obtained when the 
whole seeds dried at 353 K. The findings of the present experiments suggested that drying the whole seeds of Jatropha 
at 353 K could provide dried seeds with suitable moisture content for oil extraction and/or in situ biodiesel production.

Keywords Crushed seed · Drying temperature · Jatropha (Jatropha curcas L.) seed · Moisture content · Seed collection · 
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1 Introduction

Biodiesel is an alternative to petroleum-based fuels and 
can be produced from a variety of feedstock, including 
vegetable oils, animal fats, and waste cooking oils [1]. Cur-
rently, more than 95% of the biodiesel is being produced 
from edible vegetable oils such as rapeseed, sunflower, 
palm and soybean [2–4]. The price of edible oils has sig-
nificantly increased [3, 5] as a result of the increasing of 
vegetable oil demands caused by the ever-increasing 
global population [5]. Using expensive edible vegetable 
oils for biodiesel production makes the process costly as 
the feedstock alone account up to 75% of the total price [4, 
6]. Thus, the cost of the biodiesel feedstock becomes the 
main obstacle for the commercialization of the product [7]. 

Moreover, extensive conversion of edible oils to biodiesel 
may lead to food crisis [1] and causes major environmental 
problems such as serious destruction of vital soil resources, 
deforestation and usage of much of the available arable 
land [4]. Therefore, production of biodiesel from low cost 
non-edible oil feedstock such as Jatropha curcas L. seeds 
and waste cooking oils would be a potential solution [1, 8].

The oil content of Jatropha seed is reported to be 
ranged from 30 to 50% by weight of the seed and 45–60% 
by weight of the kernel [9]. Due to the presence of major 
toxic compound (the phorbol esters) in Jatropha seed oil, 
biodiesel production from the seeds does not compete 
with human consumption [10, 11]. Production of biodiesel 
from non-edible feedstock such as Jatropha could be a 
good alternative to overcome the food versus fuel crisis 
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that could occur due to continuous conversion of edible 
oils to biodiesel [3, 4].

Jatropha seeds are storable and its further processing 
can be delayed, and this makes the production of the crop 
suitable to remote areas [12]. However, the moisture of 
contents of the seeds should be reduced just after har-
vest to minimize loss of quality [13]. According to Almeida 
et al. [14], due consideration should be given to the seed 
moisture content during storage as this parameter affects 
seed chemical composition and the speed of seed meta-
bolic activities. Moisture content of oilseeds is also one of 
the important parameters that determine the quantity of 
oil which can be obtained from the seeds [15]. Thus, its 
measurement is an inevitable operation during posthar-
vest processing such as handling, storage, milling and oil 
extraction [16]. Moisture contents of oilseed may depend 
on the conditions of collections, stages of seed maturation 
[17], postharvest processing [16] and storage conditions 
[15].

It has been reported that Jatropha seeds that were har-
vested from green, yellow and brown fruits differed in their 
moisture content, but the moisture contents of the seeds 
reach values between 7.6 and 8.3% after natural drying at 
room conditions, independent of the harvest stages [17]. 
The seeds should be shade dried for sowing but dried in 
the sun for oil production, and its moisture content should 
be reduced to around 6–10% for storage. If kept dry and 
stored at optimum conditions, the seeds may be stored for 
up to 12 months without loss of oil content [12].

The drying of seeds is a required step to achieve the 
desired moisture content. Knowing the drying character-
istics of Jatropha seeds is very essential in its handling and 
as a preventive protection approach to preserve the mate-
rial in its current form [18]. Drying processes are also very 
important for easy extraction of oil from the seeds [19]; 
and dried seeds with low moisture content give higher 
percentage of oil than the wet seeds [18]. For instance, in 
the study of oil extraction from soybean, using hexane as 
solvent, Lawson et al. [20] obtained the oil yield of 15% 
and 11.81% from seeds with moisture content of 10% and 
20%, respectively. According to the authors, non-polar 
solvents such as hexane are immiscible in water and oil 
extraction efficiency of these solvent from seeds with high 
moisture contents would be reduced, and thus, resulted 
in lower oil yield.

Drying oilseeds to a lower moisture content, particularly 
to the moisture content for oil extraction and/or in situ 
biodiesel production, and keeping it up at this moisture 
content in storage is impractical. During seed storage, dry-
ing oilseeds to very low moisture content is not of such 
use as the seeds return back to the equilibrium moisture 
content in relation to the relative humidity of storage envi-
ronment [21]. Thus, drying the seeds at storage prior to 

oil extraction and/or in situ biodiesel production may be 
needed.

There were several research reports on the optimum 
moisture contents of Jatropha seeds for various oil extrac-
tion methods. It was found that the rate of Jatropha oil 
extraction by screw press increased with increase in tem-
perature and decreased with increasing of seed moisture 
content [22]. Oil extraction by this method also demon-
strated that Jatropha seeds with low moisture content pro-
vide higher oil yield than seeds with high moisture content 
[23]. In the extraction of oil by mechanical press, drying of 
fresh Jatropha seeds to moisture content of about 5.9% 
and deshelling the seeds to kernels with moisture content 
of 3.8% and pressing the kernels gave a maximum oil yield 
of 87.4% (at applied pressure of 19 MPa, 90 °C pressing 
temperature and 10 min of pressing) [24]. This moisture 
content was also reported as the optimum moisture level 
for the extraction method used. Moreover, in the mechani-
cal extraction of oil from Nyamplung (Calophyllum inophyl-
lum L.) by screw press, the larger oil yield (33.39%) was 
obtained from seeds with moisture content of 1.2% (dry 
based, d.b) compared to 15.56% oil yield from seeds with 
moisture contents of 20% [25].

Higher moisture content of the oilseeds is also one of 
the important factors that could cause oil hydrolysis and 
the formation free fatty acids (FFA) in the seeds, which 
reduces the oil quality. The post extraction pre-treatment 
of the oil to reduce its FFA gives lower oil yield; and this 
does also make the oil production process more costly 
[26]. Oil with lower FFA content is often preferred for direct 
utilization in alkaline catalyzed transesterification of bio-
diesel production [27], and the above limit of FFA in the oil 
should be 1% for satisfactory base catalyzed transesterifi-
cation [28]. Higher moisture and FFA contents (15% FFA) of 
Jatropha oil have resulted in the current commercial alka-
line catalyst based transesterification not being suitable to 
be employed [29]. The acid-catalyzed transesterification 
of Jatropha oil is an alternative, but it is much slower than 
the base catalyzed one, and thus, not efficient [30]. The 
complicity of multistage processing involved (extraction, 
drying, degumming and deacidification) would also add 
to the production cost and thus contribute negatively to 
the biodiesel cost effectiveness [31].

In the extraction of Jatropha oil from ground kernel 
with moisture content of 0.912%, using Soxhlet extractor 
and hexane as solvent, a maximum of 45% oil that con-
tained 0.9% FFA was obtained [32]. It was also reported 
that the oil obtained by this method did not need pretreat-
ment with acid for basic catalyzed biodiesel productions 
[32], as its free fatty acid content is less than 1% [33].

In basic catalyzed in situ biodiesel production, toler-
ance to moisture content of the feedstock depends on 
the in situ technology to be adopted and the amount of 
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alcohol being used [34]. However, reports from several 
investigations showed that seeds with moisture content 
less than 1% is suitable for in situ transesterification of bio-
diesel production. For instance, in an integrated extraction 
and transesterification process from Jatropha seeds using 
hexane and methanol via base catalyzed transesterifica-
tion, seeds with moisture content less than 1% was used, 
and the highest yield obtained was of 90.8% at optimum 
conditions [35]. Kartika et al. [36] reported that in a solvent 
extraction and in situ transesterification by alkaline cata-
lyst, seeds with moisture content less than 1% was used as 
increase in water content of the oilseeds can cause ester 
saponification [36, 37].

In the study on direct in situ alkaline-catalyzed trans-
esterification of cottonseeds, Qian et al. [37] found that 
decreasing in seed moisture content had increased the 
amount of oil dissolved in methanol. Moreover, in reac-
tive extraction technologies using hexane as co-solvent, 
it was found that seeds with moisture content of 1% gave 
the maximum biodiesel yield (68.3%) compared to seeds 
with 3 and 5% moisture contents [38]. It was also reported 
that reducing moisture content of the seeds did lower the 
amount of chemicals requirements during in situ trans-
esterification process. Accordingly, a reduction of 60% 
methanol and 56% sodium hydroxide was found when 
soybean flakes with moisture contents of 7.4% were dried 
in a convection oven until the water content reached 0% 
prior to in situ transesterification [39].

Research papers that deal with drying process of oil-
seeds in general and that of Jatropha in particular, mainly 
deal with drying of freshly collected seeds for storage 
and/or for oil extraction. However, to our knowledge, no 
research investigation has been found on the influence of 
different temperatures on the degree of moisture removal 
from Jatropha seeds at a storage moisture level.

In the present study, we investigated the impact of five 
different drying air temperatures (313, 323, 333, 343, and 
353 K) on the moisture removal process of Jatropha seeds 
under different pretreatment conditions in order to pro-
duce the dried seeds with minimum moisture content. In 
addition, the physical appearance of the seeds during dry-
ing was investigated.

2  Materials and method

2.1  Materials

Seven Jatropha seed collections at storage: Kurkura, Bira, 
 Salmene1,  Salmene2,  Salmene3, Shekla and Gerbi were 
used for the experiments. For the crushing pretreatment 
process of Jatropha seeds, a bowl-shaped mortar and pes-
tle made from stone were used. After crushing, the particle 

sizes of the pulverized seeds were estimated by three 
different stainless steel sieves with openings of 500 µm, 
1 mm and 2 mm woven cloth (Control Group, 15-D2245/J, 
15-D2215/J and 15-D2185/J). All the seed samples were 
weighed on a digital balance machine having 0.01 mg 
accuracy (Mettler-Toledo, PG 5002 Delta Range, Swit-
zerland). The seed samples were placed on Petri dishes 
(100 mm × 15 mm) during drying. The drying experiments 
and determination of initial and residual moisture con-
tents of the seed samples were performed using a heating 
furnace (Narbetherm P300, Germany).

2.2  Experimental procedures

To determine the effects of temperature and pretreat-
ments on the drying of Jatropha seeds at the storage mois-
ture content, the methodology employed previously in the 
group has been followed [40]. From the seven seed collec-
tions,  Salmene3 seed collection was selected and used for 
the drying experiment as base line for comparison. This 
collection was selected based on the information recorded 
during seed collection, and it was chosen as the best one 
since it was obtained from the fruits at the physiological 
maturity stage. It has been reported that maximum physi-
ological quality and lipid content of Jatropha seeds occur 
at physiological seed maturity, which corresponds to seeds 
obtained from yellow fruits [41, 42].

In the drying experiment, the non-pretreated whole 
seeds (WS) and the pretreated crushed seeds (CS) of 
 Salmene3 collection were used. The seeds were cleaned 
manually by removing all foreign matter such as stones, 
dirt and broken seeds before the experiment. For all drying 
experiments, ca. 15 g of Jatropha seeds were used. Four 
15 g seed samples were weighed separately for the dry-
ing at a particular drying temperature (two samples for 
each treatment in order to have duplicate measurements). 
The first two WS samples were dried without any pretreat-
ment with its seed coat. The second two seed samples 
were crushed and grinded mechanically by hands, using 
mortar and pestle. The particle sizes of the crushed seeds 
(PSCS) were estimated using three different sieve sizes as it 
was described in the previous study published elsewhere 
[43]. Thus, the crushed seeds used in this experiment 
was a mixture of four particles sizes. The average propor-
tions (%) of the PSCS: PSCS > 2 mm, 2 mm > PSCS > 1 mm, 
1 mm > PSCS > 500 µm and PSCS < 500 µm were 14.95 ± 8.2, 
29.96 ± 4.38, 35.32 ± 10.5 and 19.77 ± 4.74, respectively.

Two different dimensional properties (geometric and 
arithmetic mean diameters) of the whole seeds of the 
selected seed collection  (Salmene3 collection) were deter-
mined as these properties could affect the drying process 
of the seeds. The geometric and arithmetic mean diam-
eters (mm) of the selected seed collection were calculated 
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by measuring the length, width and thickness of 50 whole 
seeds with measuring calipers, and using Eqs. 1 and 2, 
respectively [44, 45].

where  Dg = geometric mean diameter, Da = arithmetic 
mean diameter, L = length, W = width and T = thickness of 
the whole seeds in millimeter.

Five different air temperatures (313, 323, 333, 343, and 
353 K) that were used to dry Hass avocado seeds were 
adopted for drying the Jatropha seed samples [40]. The 
influence of these five air temperatures was selected for 
the investigation as several studies reported that air tem-
perature is the dominant parameter that affecting the dry-
ing process of the seeds [40, 46, 47]. All the seed samples 
were kept in separate Petri dishes (100 mm × 15 mm), uni-
formly distributed on it and then placed in the heating 
furnace for drying.

The effectiveness of the drying temperatures on the 
moisture evaporation from Jatropha seeds was system-
atically recorded for 5760 min to ensure the achievement 
of the critical moisture level at which no more moisture 
loss occurred. To understand the rate of moisture evapo-
ration, the weight loss data were recorded following the 
methods used in related studies by Perea-Flores et al. [46] 
and Avhad and Marchetti [40]. Accordingly, the seeds sam-
ples were taken out from the heating furnace and weighed 
on a digital balance at a predetermined time intervals by 
taking less than 15 s to weigh the samples. Thus, the sam-
ples were exposed to the room temperature for very short 
instant during weighing, and then, put back in the hearing 
furnace. The samples were weighed until no more weight 
loss occurred in three consecutive weight data. Based on 
the information obtained for  Salmene3 seeds for the dif-
ferent temperatures, the WS samples of all the remaining 
six seed collections were also dried at 353 K following the 
aforementioned procedures. This was done to compare 
the methodology for different seed collections.

All experiments were replicated twice to obtain repro-
ducibility in the experimental findings. Although the 
result obtained from the replicated experiments did not 
significantly vary, the average values were used in data 
analysis and reporting. The weight losses (wt%) of the seed 
samples (both the WS and CS) were determined relative 
to the initial weight of the seeds just before drying (wet 
based). The residual moisture remained in the dried seeds 
(wt%), which could also be referred as the experimental 
equilibrium moisture content (EMC) of the dried seeds was 
calculated using Eq. 3 below. The initial moisture contents 

(1)Dg = (L ×W × T )
1

3

(2)Da =
(L ×W × T )

3

 (M0) of the seeds were determined by drying 15 g of the 
seed samples at 105 °C for 24 h [48, 49].

where  M0 = the initial moisture contents of the seeds and 
 Mf = the final moisture loss from the seeds at the time 
when no more moisture (weight) loss occurred.

As it was also very important to investigate the impact 
of drying air temperatures on the physical properties of 
seeds as it impacts the seed drying process [40], the physi-
cal appearance of the samples were also investigated. For 
this purpose, the drying seeds were carefully observed, 
and photographed using a digital photo camera (Canon, 
DS126061, Japan) every 24 h (1440 min) during the drying 
experiment for all drying temperatures.

3  Results and discussion

3.1  Moisture loss of crushed and whole seeds

Table 1 presents the dimensional properties of the whole 
seeds of  Salmene3 collection. As it could be observed from 
Table 1, the mean value for the seed length, width, thick-
ness, geometric mean diameter, and arithmetic mean 
diameter were found to be 15.46 ± 0.74, 10.24 ± 0.54, 
7.28 ± 0.57, 10.47 ± 0.501 and 10.99 ± 0.48 mm, respec-
tively. All the seed mean dimensions found in the cur-
rent study were in the range of the values determined by 
Mousa et al. [50] for Jatropha seeds collected from Egypt. 
The initial moisture content of the selected seed was also 
found to be 6.81%. This result demonstrated that the 
moisture content of the selected seed was in the range of 
the safe seed storage moisture content (6–10%) recom-
mended for Jatropha seeds [12].

From the result of the drying experiment, it was found 
that weight loss by the CS was faster than that of the WS at 
the beginning of seed drying and slowed down after some 
hours depending on the drying temperatures. Accordingly, 
the weight losses (wt%) by the CS were larger than that of 
the WS before the drying times of around 1440, 480, 330, 

(3)EMC = M
0
−Mf

Table 1  Dimensional properties of Jatropha seeds  (Salmene3 col-
lection)

Type of dimension Seed dimensions (mm)

Range Mean

Length 13.5–17.0 15.46 ± 0.74
Width 9.0–11.50 10.24 ± 0.54
Thickness 6.5–9.0 7.28 ± 0.57
Geometric mean diameter 9.3–11.83 10.47 ± 0.501
Arithmetic mean diameter 9.83–12.16 10.99 ± 0.48
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270 and 240 min for the drying temperatures of 313, 323, 
333, 343 and 353 K, respectively. After the indicated drying 
times, the weight losses (wt%) by the CS was found to be 
lower than that of the WS for all respective temperatures. 
The time at which the weight losses of WS and CS became 
about equal for the same drying temperature, and the 
respective weight loss recorded are presented in Table 2.

As it is evident from Table 2, the time taken for the 
weight losses (wt%) by CS and WS to be about equal was 
the longest for the lowest temperature of drying (around 
1440 min for 313 K,) and the shortest for the highest tem-
perature (around 240 min for 353 K). This shows that the 
time needed for the weight losses (wt%) of CS and WS 
dried at 353 K to be about equal was 6 times shorter com-
pared to that of the same samples dried at 313 K. The rea-
son for this is that due to faster seed moisture evaporation 
rate at higher temperature [48], and the process rapidly 
reached at the falling drying rate period compared to the 
drying process at lower temperature.

3.2  Effects of temperatures on the physical 
appearances of seed samples

The experiment on the effects of drying temperatures on 
the physical appearance of Jatropha seed samples was 
conducted to observe if charring of the seeds surface 
would occur and prevent the moisture loss during dry-
ing the samples at higher temperature as reported for the 
non-pretreated whole Hass avocado seeds [40]. In the pre-
sent study, after a close examination of the seeds before 
and after drying, and evaluating the photos taken at the 
same times, only a blackening of the seed coat on the WS 
and a similar transformation over the upper surfaces of 
the CS were observed. After drying, the crushed seeds 
seemed to be stickier than at the beginning of the study. 
Except those previously mentioned changes, no other 

major modification of physical appearances was seen as 
presented in Fig. 1.

The results obtained in the present study was in con-
trast with the physical appearance of Hass avocado seeds 
dried at 313, 323, 333 K, 343 and 353 K, where rupturing 
of the seeds into two pieces, and hardening and charring 
of the outer surface of the seeds occurred at 333 K and 
higher temperatures [40]. The authors also reported that 
rupturing of the seeds at higher temperatures promoted 
moisture evaporation; however, the higher temperatures 
damaged the seeds due to charring and resulted in incom-
plete evaporation of water from the seeds at the end of 
drying.

3.3  Effects of temperatures and seed pretreatment 
on seed drying

The effect of five different drying air temperatures on the 
extent of moisture evaporation from the WS and CS are 
graphically represented in Figs. 2 and 3, respectively. As it 
is evident from Figs. 2 and 3, the rise in operative air tem-
perature accelerated the drying process of the seeds. After 
360 min of drying, air temperature of 353 K resulted in 
6.15% reduction in the weight of the WS, which was about 
twice the weight reduced using 313 K at the same drying 
time. Weight loss of CS at drying temperature of 353 K was 
also much higher than that of 313 K. This behavior was in 
agreement with the findings in which fresh Jatropha seeds 
were dried at 313 and 333 K, and found that evaporation of 
water from the seeds at 333 K was 2 times faster than those 
dried at 313 K [24]. In another drying experiments using 
freshly collected Jatropha seeds with initial moisture con-
tent of 61% (d.b), the evaporation of water from the seeds 
was found to be 8 times faster when temperature was 
increased from 309 to 378 K [48]. In drying of fresh Hass 
avocado seeds (with initial moisture content of 51.2%), air 
temperature of 353 K resulted in 4.3 times weight reduc-
tion compared to that of 313 K after 720 min of drying 
time [40]. Thus, the rise in operating temperature mini-
mizes the time required for the drying process. The larger 
weight reduction at higher temperature in the latter two 
investigations compared to the present study might be 
due to larger initial moisture contents of the fresh seeds.

As it could be seen from Figs. 2 and 3, for all tempera-
tures, the weight losses of the CS and WS were found to 
increase with time until it reached a critical value above 
which there was no further increase of the weight loss. 
With increasing of time of drying, the rate of weight loss 
decreased gradually, and finally, no more weight loss was 
observed. This happened when moisture content of a seed 
would equilibrate with the relative humidity of the air sur-
rounding it [51]; and the residual moisture remained in the 
seed at this time is the equilibrium moisture content (EMC) 

Table 2  Weight loss (wt%) and the approximate time for the weight 
losses of whole seeds (WS) and crushed seeds (CS) to be about 
equal

Tempera-
ture (K)

Treatments Weight loss 
(wt%)

Time (min) for weight 
loss to be about equal

313 WS 4.28 1440
CS 4.21

323 WS 4.42 480
CS 4.47

333 WS 4.88 330
CS 4.80

343 WS 5.23 270
CS 5.23

353 WS 6.01 240
CS 5.99
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At start At final

WS CS WS CS

313K

323K

333K

343K

353K

Fig. 1  Physical appearances of WS and CS at the start and final time of drying for all tested temperatures

Fig. 2  Weight loss profile of 
the whole Jatropha seeds at 
drying temperatures of ( ) 
313 K, ( ) 323 K, ( ) 333 K, ( ) 
343 K and ( ) 353 K
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of the dried seed. Table 3 shows the final weight loss (at 
EMC) by WS and CS, their EMC for different temperatures 
and the time taken to reach the EMC.

As it is evident from Figs. 2, 3 and Table 3, the weight 
losses (wt%) by CS were faster than that of WS for higher 
temperatures, particularly for 333, 343 and 353 K as the 
total time required to reach at EMC for WS is 2 times 
longer than that of CS. The results obtained in this study 
was in agreement with the findings reported for the dry-
ing experiment using crushed kernels (paste), kernel 
with particles size of 4 and 8 mm, and the whole kernels 
of Buccholzia coriacea and Butyrospermum parkii using 
drying temperatures of 318 and 333 K [52]. From this 
investigation, it was found that the decline in weight 
of the paste was very rapid compared to those of other 
treatments. According to the authors, the paste gave the 

highest drying rate, at each drying temperature com-
pared to samples with larger particle sizes. The findings 
of the present study was also in line with the results 
reported from the drying experiments of Hass avocado 
seeds [40], where the weight loss of crushed avocado 
seeds was faster than that of the whole seeds. The faster 
moisture loss of crushed seeds could be due to the fact 
that grinding of the seeds provoked rupture of the cell 
membranes, thus, providing a larger surface area for 
rapid moisture loss to occur [52].

In the current study, although weight loss (wt%) of the 
CS was faster than that of the WS, the final weight losses 
(wt%) of the WS were larger than that of the CS, for all 
respective temperatures (Table 3). The maximum final 
weight loss of 6.47% for WS, which was obtained at 353 K, 
was also greater than that of the CS (6.21%). Moreover, the 
lowest residual moisture content (0.34%) was found in the 
WS dried at 353 K.

The smaller final weight loss (wt%) of the CS compared 
to the WS might be due to the hardening of pulverized 
particles of Jatropha seeds due to larger surface area 
that could be exposed to the drying temperatures. Some 
amount of moisture might also be lost by adhering to the 
surface of mortar and pestle during crushing the seeds 
[40], and to the surface of sieves during the estimation of 
CS particle size. These two activities were not applied to 
the WS prior to drying. Although the same amount of the 
whole and crushed seeds (15 g) and similar Petri dishes 
(100 mm × 15 mm) were used during the drying experi-
ments, the thicknesses of the bed of CS and WS on the 
Petri dishes were different. There was also larger spaces for 
drying air circulation between individual whole seeds than 
that of the particles of crushed seeds. These might also be 
resulted in smaller final weight loss of the crushed seeds.

Fig. 3  Weight loss profile of 
crushed Jatropha seeds at dry-
ing temperatures of ( ) 313 K, 
( ) 323 K, ( ) 333 K, ( ) 343 K 
and ( ) 353 K

Table 3  Final weight loss of the whole seeds (WS) and crushed 
seeds (CS), their EMC for different temperatures and the approxi-
mate time to reach at EMC

Temp. (K) Treatments Final weight 
loss (wt%)

EMC (wt%) Time to 
reach EMC 
(min)

313 WS 4.61 2.19 4320
CS 4.51 2.29 4320

323 WS 5.01 1.79 2880
CS 4.85 1.95 2880

333 WS 5.60 1.21 2880
CS 5.09 1.71 1440

343 WS 5.76 1.04 2880
CS 5.44 1.36 1440

353 WS 6.47 0.34 2880
CS 6.21 0.60 1440
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As it could be observed from Table 3, drying tempera-
ture of 353 K could reduce the moisture content of both 
WS and CS to below 1% while other drying temperatures 
could not do so. As it has been previously mentioned, 
reducing the moisture content of seeds to 0.912% 
allows the production of quality oil with FFA content of 
0.9% [32] which could be directly used in alkaline cata-
lyzed transesterification for biodiesel production [32, 
33]. Dried seeds with moisture content less than 1% 
could also be used in alkaline catalyzed in situ transes-
terification for biodiesel production [35, 36]. Moreover, 
although the drying temperature of 353 K could reduce 
the moisture content of WS and CS to less than 1%, the 
moisture loss by WS (6.47%) was larger than that of CS 
(6.21%). Drying of the seed samples at a temperature 
higher than 353 K has not been tested based on the work 
done by Subroto et al. [24], where it has been shown 
that temperatures higher than 333 K could increase oil 
peroxidation in shell unprotected Jatropha seeds. Oil 
peroxidation reduces the quality of oil as Jatropha seed 
has high unsaturated oil content [24]. Therefore, drying 
the whole Jaatropha seeds at 353 K for 2880 min drying 
time was considered as optimal for satisfactory drying 
of Jatropha seeds for oil extraction and in situ biodiesel 
production.

From the above results and the information from lit-
erature, it is possible to say that reducing the moisture 
contents of the whole Jatropha seeds at storage to its 
minimum using the aforementioned methods prior to oil 
extraction has several benefits. For instance, reducing the 
moisture content of the seed to below 1% could ease oil 
extraction using non-polar solvents [19, 20]. It could also 
avoid the post extraction boiling of the oil to remove the 
oil moisture, and thus, it reduces the possibility of oil per-
oxidation. According to Subroto [24], Jatropha oil is highly 
unsaturated and susceptible to lipid peroxidation. Lower-
ing the seed moisture to its minimum could also lower 
the amount of chemicals required during in situ transes-
terification process using alkaline catalysts [39]. Moreover, 
drying Jatropha seeds using the standard heating furnace 

does not require very specialized expert, and it could be 
easily performed.

3.4  Drying different collections of the whole seeds

Table 4 shows the initial moisture content (wt%), final 
moisture loss (wt%) and residual moisture contents/equi-
librium moisture contents (EMC) of different whole Jat-
ropha seeds at 353 K. As it could be seen from Table 4, all 
the seven seed collections had different initial moisture 
contents. The initial moisture contents of the seed collec-
tions named Gerbi,  Salmene1, Shekla,  Salmene3, Kurkura, 
Bira and  Salmene2 were found to be 8.72, 7.44, 7.12, 6.81, 
6.80, 6.71 and 6.51% (wt%), respectively. The differences 
in moisture contents of the seed collections might be due 
to differences of the climatic conditions of the area from 
where the seeds were collected, stage of seed maturity 
[17] and differences of postharvest processing of the seeds 
[16]. Moreover, the moisture contents of all the seven seed 
collections were in the range of safe storage moisture con-
tent (6–10%) recommended for Jatropha seed [12].

Figure 4 also presents the weight loss (wt%) of different 
collections of the whole Jatropha seeds during drying at 
353 K as the function of drying time. As it is evident from 
Fig. 4, the trends of weight loss in the seven seed collec-
tions was almost similar. However, the amount of moisture 
loss by different seed collections differed. As it could be 
observed from Table 4 and Fig. 4, the final moisture loss 
by Gerbi collection was the largest (8.58%) and that of 
 Salmene2 (5.36%) was the lowest. The differences in the 
amount of moisture loss (%) for different collection of Jat-
ropha seeds might be due to the differences of the initial 
moisture contents, seed sizes and other physical traits for 
various seed collections. It was reported that seed grain 
size [53], porosity, shape and surface area [54] are some 
of the important seed physical properties that affect the 
drying profile of the seeds. Factors such as the climatic 
conditions of the seed collection sites, stage of seed matu-
rity and the differences in postharvest processing of the 
seeds could also influence the moisture loss (%) of the 

Table 4  Different seed 
collections and their initial, 
final and equilibrium moisture 
contents, and time to reach 
EMC

Seed collection Initial moisture con-
tent (wt%)

Final moisture loss 
(wt%)

Residual moisture 
(EMC)

Time to 
reach EMC 
(min)

Gerbi 8.72 8.58 0.14 2880
Salmene1 7.44 6.80 0.64 1440
Shekla 7.12 6.77 0.35 2880
Salmene3 6.81 6.47 0.34 2880
Kurkura 6.80 6.17 0.63 1440
Bira 6.71 5.97 0.74 2880
Salmene2 6.51 5.36 1.15 1440
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seed collections as these factors could affect the moisture 
contents of the seeds [16, 17].

As it could be seen from Table 4, drying temperature 
of 353 K reduced the residual moisture contents of the six 
seed collections to below 1%, however the residual mois-
ture content of  Salmene2 (1.15%) was above the recom-
mended value for oil extraction and in situ transesterifica-
tion for biodiesel production.

4  Conclusions

Moisture content of Jatropha seeds is one of the impor-
tant parameters that determine the quantity and qual-
ity of oil produced from the seeds. As it is impractical to 
dry oilseeds such as Jatropha to lower moisture content 
and keep it up at storage, drying of the stored seed for oil 
extraction and/or in situ biodiesel production is foremost 
important. From the investigation of the effects of drying 
air temperature ranged from 313 to 353 K on the drying 
process of the whole and crushed Jatropha seeds at stor-
age condition, it was found that the rise in operating tem-
perature accelerated the drying process of the seeds. The 
weight loss (wt%) of crushed seeds due to moisture evapo-
ration was faster than that of the whole seeds, however, 
the drying process of the whole seed at 353 K resulted 
in the maximum weight loss of 6.47%, which was larger 
than that of the crushed seeds (6.21%). The lowest residual 
moisture content (0.34%) was also found in case of the 
whole seeds of Jatropha dried at 353 K. Thus, it could be 
concluded that drying the whole seeds of Jatropha at 
353 K for 288 min was considered as the optimal for the 

satisfactory drying of the seeds for oil extraction and/or 
for in situ biodiesel production.
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