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h i g h l i g h t s

! We investigate the biodiesel production directly from jatropha seeds.
! We investigate the binderless particleboard production from cakes as by-product.
! Increasing n-hexane and methanol to seed ratios will increase yield and quality.
! Increasing cakes moisture content will increase binderless particleboard quality.
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a b s t r a c t

This study investigated biodiesel production from jatropha seeds in a single step, i.e. by simultaneous
solvent extraction and transesterification of jatropha oil, and possibility to transform the obtained cakes
into binderless particleboards. n-Hexane was used as extracting solvent. The best operating conditions
were identified to obtain optimal biodiesel yield and quality, and optimal physical and mechanical prop-
erties for binderless particleboards. Biodiesel yield was usually influenced by operating conditions, and
the influences of both n-hexane to seed and methanol to oil ratios were most significant. An increase
in n-hexane to seed ratio (from 1:1 to 3:1) combined with the decrease in methanol to oil ratio (from
13.3:1 to 8.0:1) led to an improvement in biodiesel yield. The best biodiesel yield (92% with a fatty acid
methyl ester purity >98%) was obtained from 2:1 n-hexane to seed ratio, 10.6:1 methanol to oil ratio,
200–600 rpm stirring speed, 50 !C temperature and 6 h reaction time. Operating conditions had no
significant effect on the biodiesel quality, except the n-hexane to seed ratio. Moreover, cohesive particle-
boards were produced from the obtained cakes, proteins and fibers acting respectively as binder and rein-
forcing fillers. An increase in the cake moisture content significantly improved the particleboard
properties. The most promising binderless particleboard was manufactured from cake B under 20% cake
moisture content and 160 !C pressing temperature. Its properties were 0.87 g/cm3 density, 8.4% moisture
content, 7.2 MPa modulus of rupture, 10.4 GPa modulus of elasticity, 0.14 MPa internal bonding strength,
52% water absorption and 20% thickness swelling after 24 h immersion in water.

1. Introduction

The cultivation of Jatropha curcas spread widely in Central and
South America, South-East Asia, India and Africa [1]. It is a
drought-resistant plant with many utilizations and great prospec-

tive [2–6]. This plant was widely developed to reclaim land,
prevent and/or control erosion, as well as an energy source for
biofuel production [7,8].

The seed is the highest potential of the jatropha plant due to its
high oil (40–60%) and protein (20–30%) contents [1,8]. Further-
more, the biodiesel produced from jatropha oil is regarded as a
potential substitute to diesel fuel with certain advantage, such as
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its high flash point [7]. It is thus not dangerous to stock up and
handle.

The biodiesel synthesis from vegetable oils by conventional
industrial technology consists of many separate steps including
oil extraction from the seed by mechanical pressing and solvent
extraction using n-hexane as extracting solvent [9–11], oil refining
by degumming, neutralization, bleaching and deodorization
[12,13], and then alkaline transesterification of oil withmonohydric
alcohol [14,15]. A large part of the industrial biodiesel production
has applied this technology. However, as the cost for vegetable oil
production is very high (approximately 70% of the biodiesel produc-
tion costs) [7,8,16–19], a new biodiesel production process, simple,
compact, efficient, low cost and less energy consumer, is necessary
to be developed.

The in situ transesterification has been applied with success for
biodiesel production from various oilseeds [6,8,16–30]. The conver-
sion of jatropha seeds into fatty acid methyl esters (FAME) by acid-
catalyzed in situ transesterification has been reported by Shuit et al.
[26]. A 99.8% FAME yield was obtained under reaction conditions of
60 !C temperature, 24 h duration, 7.5 mL/g methanol to seed ratio,
15 wt.% H2SO4, seed particle size less than 0.355 mm and n-hexane
as co-solvent [26]. In this study, the processing steps and cost for
biodiesel production were successfully reduced by conducting the
solvent extraction and the in situ acidic transesterification of
jatropha seeds in a single step. On the other hand, the simultaneous
solvent extraction with n-hexane as extracting solvent and in situ
transesterification with KOH as catalyst have also been successfully
carried out for the direct conversion of jatropha seeds to FAME [8].
A 87% biodiesel yield with a fatty acid methyl ester purity of 99.7%
was obtained under reaction conditions of 50 !C temperature,
800 rpm stirring speed, 5 h duration, 6 mL/gmethanol to seed ratio,
6.4 wt.% KOH and seed particle size of 35 mesh. The biodiesel pro-
duction from jatropha seeds by simultaneous solvent extraction
and in situ transesterification increased both yield and quality of
biodiesel. The constant ratio of n-hexane added to the seed (i.e.
1:1 for all experiments, expressed in mL/g) was used in this study.
In addition, a single step for solvent extraction and alkaline transes-
terification of oil from jatropha seeds at pilot scale with different
ratios of n-hexane to seed has never been reported. Thus, a compre-
hensive study should be conducted to examine the effect of
n-hexane to seed ratio. Furthermore, the latter should also investi-
gate the possibility of reducing the large reacting methanol volume
(molar ratio of reacting methanol to jatropha oil of 104:1) used in
the previous study [8] while maintaining a high FAME yield.

The residual oil and FAME contained in the cake after biodiesel
production by the in situ transesterification of jatropha seeds is
high (more than 11%) [8]. Even though the direct utilization of the
cake (i.e. for animal feed) is less favorable, the conversion of this
cake into usable energy by combustion, gasification or pyrolysis is
more advantageous [31,32]. In addition, due to its excellent action
as reinforcing filler for a biodegradable polymer (i.e. polycaprolac-
tone/PCL), the cake has considerable potential in biocomposite
applications [33]. As amixture of proteins and lignocellulosic fibers,
the transformation of the cake into biodegradable and value-added
agromaterials by thermo-pressing could also be considered
[34–43]. Thus, the possibility to produce cohesive binderless
particleboards from cakes obtained after in situ transesterification
of jatropha seeds should be also examined.

This study was conducted to investigate biodiesel production
from jatropha seeds in a single step, i.e. by simultaneous solvent
extraction and transesterification of jatropha oil, at pilot scale.
The influences of n-hexane to seed ratio, methanol to oil ratio, stir-
ring speed, temperature and reaction time were examined to iden-
tify the optimal reaction conditions and to define best performance
of biodiesel yield and quality. In addition, the influence of thermo-
pressing conditions, i.e. pressing temperature and moisture

content, on the physical and mechanical properties of binderless
particleboards produced from the obtained cakes was also
evaluated.

2. Materials and methods

2.1. Materials

For all trials conducted in this study, the whole jatropha seeds
used were from IP2 Lampung variety, and they were supplied by
the Indonesian Spices and Industrial Crops Research Institute
(Sukabumi, Indonesia). At storage, the moisture content of jatropha
seeds was 7.8 ± 0.5% (French standard NF V 03-903). n-Hexane
(>98% purity) and methanol (>98% purity) were obtained from
Brataco Chemical Ltd (Indonesia). All analysis solvents and chemi-
cals were pure analytical grades, and they were obtained from
Sigma–Aldrich, Fluka and J.T. Baker (Indonesia and France).

2.2. Experimental procedure for biodiesel production

For biodiesel production, the moisture content of jatropha seeds
was less than 2% (French standard NF V 03-903). To obtain jatropha
seeds with less than 2% moisture content, they were dried in a
ventilated oven at 60–70 !C for 24–48 h. Then, the dried seeds
were milled using an electric grinder fitted with a 20 mesh size.

Milled jatropha seeds (1000 g) and methanol in which KOH had
been dissolved (concentration fixed at 0.075 mol/L) were mixed.
The methanol to oil ratio (v/w, expressed in mL/g) was 8:1–13:1.
To increase oil miscibility in the mixture, to accelerate the reaction
and to complete it in a single phase, n-hexane was then added
(1000–3000 mL), corresponding to a 1:1–1:3 seed to n-hexane
ratio (w/v). The total solvent to seed ratio (v/w, expressed in mL/
g) was thus 6:1 for all the experiments conducted. Both KOH
amount and total solvent to seed ratio were based on optimal
values from the previous study [8]. The biodiesel production was
conducted using a reactor with 10 L capacity. The latter was
equipped with a reflux system, an agitator and a heater. The other
operating conditions tested were the stirring speed (200–600 rpm),
the temperature (40–50 !C) and the reaction time (4–6 h).

When the reaction has been completed, the mixture was cooled
to ambient temperature. Then, it was filtered vacuum, allowing the
separation between the filtrate and the cake. Methanol and
n-hexane were recovered from the filtrate by evaporation using a
rotary evaporator, and this made possible to separate the filtrate
into two layers. Dark brown in color, the lower layer contained
glycerol. The upper one constituted the crude biodiesel, and it
was yellow in color. It contained not only the fatty acid methyl
esters produced but also the unreacted glycerides (triglycerides,
diglycerides and monoglycerides) like other impurities. Methanol
and n-hexane may extract other materials than glycerides, such
as fatty acids and phospholipids. After washing with water until
neutrality, the crude biodiesel was then dried (105 !C, 1 h). Its fatty
acid methyl ester, triglyceride, diglyceride, monoglyceride and
fatty acid contents were then determined using gas chromatogra-
phy. The washed and dried crude biodiesel was weighed, and the
biodiesel yield was calculated using the same equation as that used
in the previous study [8]. Each experiment was conducted twice,
thus leading to an average value and a standard deviation for the
biodiesel yield. The isolated cake still contained part of the fatty
acid methyl esters produced during the in situ transesterification
because it was not washed with methanol to take out the esters.
It was dried overnight at room temperature. The influence of all
operating conditions (i.e. methanol to oil ratio, n-hexane to seed
ratio, stirring speed, temperature and reaction time) on biodiesel
yield and biodiesel quality was studied through a randomized



factorial experimental design with analysis of variance (ANOVA,
F-test at p = 0.05) using SAS software.

2.3. Experimental procedure for binderless particleboard manufacture

For binderless particleboard production, the boards were
manufactured by thermo-pressing using two different cakes
originating from the biodiesel production: cake A with no screening
treatment, and cake B with screening treatment using a 40 mesh
sieve. Their moisture contents at storage were 6.6 ± 0.1% and
5.6 ± 0.3%, respectively (French standard NF V 03-903).

The cakes were thermo-pressed inside a forming box, using a 20
ton capacity heated hydraulic press. The forming box was needed
in this case to ensure a good repeatability of the obtained particle-
board dimension and a good homogeneity of the board thickness
over its entire surface. However, for particleboard production on
an industrial scale this procedure is uncommon.
100 mm " 100 mm square prototypes with a 5 mm particleboard
thickness and a 0.8 g/cm3 targeted density were produced. The
starting materials had moisture contents of 10% or 20%. The cakes
were hand-formed into homogeneous single-layered mats, and
they were pre-pressed manually. The top and bottom surfaces of
mats were then covered with aluminum plates. The cake quantity,
the applied pressure and the pressing time were 40 g, 20 MPa and
10 min, respectively, for all the experiments conducted. At the
same time, three different pressing temperatures were tested for
each cake, i.e. 140 !C, 160 !C and 180 !C, respectively. Each
experiment was conducted twice, thus leading to an average value
and a standard deviation for each physical and mechanical
property determined for particleboard. Subsequently, the particle-
boards were equilibrated for two weeks in a climatic chamber
(30 !C and 70% RH) before being tested.

2.4. Analytical methods

The French standards NF V 03-903 and NF V 03-322 were used
to determine moisture and ash contents, respectively. The French
standard NF V 18-100 was used to determine protein content.
The Indonesian standard SNI 01-2891-1992 was used to determine
crude fiber content. The French standard NF V 03-908 was used to
determine oil and n-hexane extracted matter content. The glyc-
eride fraction content in oil extracted from jatropha seed and its
composition were analyzed by gas chromatography. For that, the
same method as those described in the previous study [8] was
used.

The quality of biodiesel was analyzed after its production. It
includes acid value, saponification value, iodine value and viscos-
ity. Standards used to conduct such measurements were French
standard NF T 60-204, Indonesian standard SNI 01-3555-1998,
American standard AOCS-Cd 1d-92 and American standard AOAC
974:07, respectively. In addition, gas chromatography was used
to determine the biodiesel fatty acid methyl ester content. For that,
the same method as those described in the previous study [8] was
used. A complete characterization of the optimal biodiesel pro-
duced was conducted using the Indonesian Biodiesel Standard
(SNI 04-7182-2006). All determinations were carried out in
duplicate.

2.5. Binderless particleboard characterizations

The physical (i.e. density, water absorption and thickness
swelling after 24 h immersion in water) and mechanical properties
(i.e. internal bonding strength and flexural properties) of binderless
particleboards produced from the cakes were evaluated in
accordance with the Japanese standard JIS A 5908-2003. A
50 mm " 50 mm " 5 mm specimen was prepared to measure

moisture content and density of particleboard. Subsequently, two
75 mm " 25 mm " 5 mm specimens were prepared from each
particleboard to measure its flexural properties, i.e. modulus of
rupture (MOR) and modulus of elasticity (MOE). In addition, two
50 mm " 50 mm " 5 mm specimens were prepared from each par-
ticleboard to measure its internal bonding strength. These bending
and internal bonding tests were both conducted using an Instron
3369 (USA) universal testing machine. For water absorption and
thickness swelling measurements after soaking in distilled water
at room temperature for 24 h, two 50 mm " 50 mm " 5 mm speci-
mens were also prepared from each particleboard. All determina-
tions were carried out in duplicate.

3. Results and discussion

3.1. Biodiesel production from jatropha seeds

In this study, less than 2% moisture content and 37.6 ± 1.2% oil
content (expressed in relation to the wet matter content of seed) in
jatropha seeds were used for all experiments. The jatropha oil was
composed of 99.0 ± 0.5% glyceride fraction, i.e. 95.8 ± 0.2%
triglycerides, 2.6 ± 0.1% diglycerides and 0.3 ± 0.0% monoglyc-
erides, and it also contained 1.4 ± 0.1% free fatty acids as reported
in the previous study [8]. In alkali-catalyzed transesterification, the
moisture and free fatty acid contents should be controlled as low
as possible due to their negative effect on biodiesel yield. Indeed,
the presence of water can lead to ester saponification and can
reduce the oil dissolution in methanol due to its high polarity,
the conversion of triglycerides into FAME being consequently
low. On the other hand, the free fatty acid can rapidly react with
alkaline catalyst to form soap. The amount of catalyst available
for transesterification may thus be reduced, decreasing the biodie-
sel production yield.

The biodiesel processing by concurrent solvent extraction and
transesterification of oil from jatropha seeds had a positive influ-
ence on both yield and quality of biodiesel. The combination of
these two processes allows oil extraction to be applied to seed
and then alkaline transesterification of the extracted oil with
methanol as solvent and reactant. Actually the miscibility of
methanol and oil was very low, so for oil extraction it was an inef-
fective solvent. On the other hand, the mass transfer of oil into
alcohol (methanol or ethanol) can be enhanced by adding a co-
solvent such as n-hexane into the reaction mixture [6,25,26,28].
Furthermore, the transesterification reaction between oil and alco-
hol can be intensified by this addition of co-solvent. In the case of
jatropha, n-hexane was an efficient solvent to limit the removal of
the free fatty acids and water from the seeds, as well as an effective
solvent for oil extraction, due to its non-polarity [11,25]. In this
study, the ratio of n-hexane added to seed was varied from 1:1
to 3:1 (volume/weight, expressed in mL/g) for all experiments.
Increasing the ratio of n-hexane added to seed may have a positive
effect on one-step preparation of biodiesel production from
jatropha seeds. Most triglycerides are non-polar long chain hydro-
carbon molecules, the use of n-hexane as non-polar co-solvent can
thus facilitate the triglycerides extracted from seeds. Higher ratio
of n-hexane added to seed, higher triglycerides extracted from
seeds, the conversion of triglycerides into FAME being conse-
quently high.

The experimental design of randomized factorial was carried
out to comprehensively analyze the effect of n-hexane to seed
ratio, methanol to oil ratio, stirring speed, temperature and
reaction time on biodiesel yield. For this study, the total solvent
(i.e. methanol plus n-hexane) to seed ratio was fixed constant at
6:1 (volume/weight, expressed in mL/g) but the n-hexane to seed
ratio was varied (1:1–3:1), meaning that the methanol to oil or



seed ratios also varied (8.0:1–13.3:1 or 3:1–5:1, respectively). The
results obtained are shown in Table 1, and generally biodiesel yield
was affected by n-hexane to seed ratio, methanol to oil ratio, stir-
ring speed, temperature and reaction time. But, based on the
results of variance analysis (F-test at p = 0.05), the influence of
n-hexane to seed ratio and methanol to oil ratio on biodiesel yield
was more significant than for the three other conditions (Table 2).
For all operating conditions tested, a slight increase in biodiesel
yield was observed when the n-hexane to seed ratio increased
from 1:1 to 3:1, and the methanol to oil ratio simultaneously
decreased from 13.3:1 to 8.0:1. Thus, the use of n-hexane as
co-solvent enhanced the jatropha oil to methyl esters conversion
with reduced volumes of reacting methanol.

The effect of methanol to oil ratio on the biodiesel yield was sig-
nificant, as previously observed by other researchers
[6,8,17,19,22,24,25,28,30]. For all operating conditions tested, a
slight increase in biodiesel yield was observed when the methanol
to oil ratio decreased from 13.3:1 to 8.0:1. However, the fatty acid
methyl ester (FAME) purity of biodiesel largely decreased with this
decrease in methanol to oil ratio from 13.3:1 to 8.0:1 (Table 1). In
addition, the analysis of variance (F-test at p = 0.05) applied to actual
data of FAME purity of biodiesel shows that it was significantly
affected by methanol to oil ratio (Table 2). Thus, a methanol to oil
ratio of only 8.0:1 was not sufficient for complete transesterification
of the triglycerides released from the jatropha seeds. On the other
hand, an increase in biodiesel yield was observed when the
n-hexane to seed ratio increased from 1:1 to 3:1, and the fatty acid
methyl ester purity of biodiesel decreased with this increase in
n-hexane to seed ratio. At higher n-hexane to seed ratio, the
triglycerides released from jatropha seeds were also higher.
However, as the ratio of methanol added to oil was too low in that
case, it was not sufficient for complete transesterification of those
triglycerides. In this study, higher biodiesel yield with higher FAME
purity was obtained when methanol to oil ratio or methanol to
seed ratio were at least 10.6:1 or 4:1, respectively, and when
n-hexane to seed ratio was at most 2:1 (expressed in mL/g). The

best biodiesel processing from jatropha seeds (92% yields with a
fatty acid methyl ester purity of >98%) was then obtained with
200–600 rpm stirring speed, 50 !C temperature and 6 h reaction
time. For comparison, the best biodiesel yield reported in the
previous study [8] was lower (i.e. only 87% with a fatty acid methyl
ester purity of 99.7%), and it was obtained under reaction condi-
tions of 800 rpm stirring speed, 50 !C temperature, 5 h reaction
time, 6 mL/g methanol to seed ratio (i.e. 6:1), and 1 mL/g
n-hexane to seed ratio (i.e. 1:1). Thus, the best biodiesel yield of
the present study was obtained under lower stirring speed
(200 rpm vs 800 rpm) and methanol to seed ratio (4:1 vs 6:1
corresponding to 73:1 vs 104:1 expressed in relation to molar
ratio of methanol to oil) but under higher n-hexane to seed ratio
(2:1 vs 1:1) and reaction time (6 h vs 5 h). On the other hand, com-
pared with the molar ratio of methanol to oil and the amount of
catalyst (KOH) required for conventional transesterification of
different oils [3,14,15], the in situ transesterification of jatropha
oil from seeds used about 12 times more methanol (73:1 M ratio
of methanol to oil) and 4.7 times more KOH (4.7 wt.% KOH
based on oil weight) than the conventional method (6:1 M ratio
of methanol to oil and 1 wt.% KOH). However, the excess reagents
could be recovered for reuse, especially methanol.

Based on light microscope images from seeds during biodiesel
production by in situ transesterification, the oil extraction and
transesterification occur inside the seed, followed by product dif-
fusion into the bulk solvent [30]. The concentration gradient of
biodiesel between the inside of the seed and the bulk solvent
caused the product diffusion into the solvent. The concentration
gradient decreased as the amount of solvent was reduced, and
the product yield was therefore low. In this study, the total sol-
vent (i.e. methanol plus n-hexane) used for all experiments was
constant. Thus, the concentration gradient of biodiesel between
the inside of the seed and the bulk solvent was probably con-
stant. Based on that phenomenon, the decrease in the fatty acid
methyl ester purity of biodiesel produced at low methanol to oil
ratio and low amount of KOH in methanol was probably caused

Table 1

Effect of operating conditions on process performance and crude biodiesel quality (6:1 solvent to seed ratio and 0.075 mol/L KOH in methanol).

Stirring
speed
(rpm)

Temperature
(!C)

Reaction
time (h)

Methanol
to oil ratio
(v/w)

n-Hexane to
seed ratio
(v/w)

Crude
yield
(wt.%)

Acid value
(mg KOH/g)

SV (mg KOH/g) Viscosity at
40 !C
(10#6 m2/s)

Ash
content
(wt.%)

Composition (wt.%)

FAME Impurities
(DAG, MAG,
TAG, FA)

200 40 4 8.0:1 3:1 91 ± 0 0.24 ± 0.01 192 ± 2 4.3 ± 0.8 0.0 97.7 ± 0.1 2.3
200 40 4 10.6:1 2:1 90 ± 0 0.20 ± 0.05 187 ± 3 3.5 ± 0.0 0.0 99.2 ± 0.2 0.8
200 40 4 13.3:1 1:1 87 ± 2 0.26 ± 0.13 185 ± 4 3.4 ± 0.0 0.0 99.2 ± 0.5 0.8
200 40 6 8.0:1 3:1 93 ± 3 0.20 ± 0.05 186 ± 4 5.4 ± 2.5 0.0 96.0 ± 0.1 4.0
200 40 6 10.6:1 2:1 90 ± 1 0.20 ± 0.05 193 ± 6 3.5 ± 0.0 0.0 99.0 ± 0.1 1.0
200 40 6 13.3:1 1:1 90 ± 3 0.20 ± 0.05 191 ± 4 3.5 ± 0.1 0.0 95.1 ± 0.5 4.9
200 50 4 8.0:1 3:1 88 ± 3 0.26 ± 0.13 187 ± 5 3.6 ± 0.0 0.0 98.3 ± 0.6 1.7
200 50 4 10.6:1 2:1 88 ± 1 0.20 ± 0.05 185 ± 6 3.5 ± 0.0 0.0 98.8 ± 0.5 1.2
200 50 4 13.3:1 1:1 87 ± 1 0.20 ± 0.05 191 ± 1 3.5 ± 0.0 0.0 99.0 ± 0.4 1.0
200 50 6 8.0:1 3:1 88 ± 1 0.20 ± 0.05 183 ± 2 4.1 ± 0.5 0.0 84.7 ± 2.5 15.3
200 50 6 10.6:1 2:1 92 ± 0 0.26 ± 0.13 190 ± 4 3.5 ± 0.1 0.0 98.0 ± 2.3 2.0
200 50 6 13.3:1 1:1 89 ± 6 0.20 ± 0.05 189 ± 0 3.6 ± 0.0 0.0 98.9 ± 0.7 1.1
600 40 4 8.0:1 3:1 91 ± 0 0.20 ± 0.05 187 ± 1 3.7 ± 0.3 0.0 96.5 ± 3.1 3.5
600 40 4 10.6:1 2:1 90 ± 1 0.20 ± 0.05 188 ± 3 3.5 ± 0.0 0.01 98.4 ± 0.5 1.6
600 40 4 13.3:1 1:1 87 ± 2 0.20 ± 0.05 184 ± 4 3.5 ± 0.0 0.02 98.6 ± 0.1 1.4
600 40 6 8.0:1 3:1 94 ± 2 0.20 ± 0.05 183 ± 1 4.2 ± 1.0 0.0 86.1 ± 4.5 13.9
600 40 6 10.6:1 2:1 90 ± 1 0.20 ± 0.05 186 ± 1 3.5 ± 0.0 0.0 98.9 ± 0.1 1.1
600 40 6 13.3:1 1:1 89 ± 3 0.26 ± 0.13 186 ± 3 3.5 ± 0.1 0.02 98.4 ± 1.5 1.6
600 50 4 8.0:1 3:1 91 ± 3 0.20 ± 0.05 192 ± 2 4.0 ± 0.1 0.0 96.4 ± 0.8 3.6
600 50 4 10.6:1 2:1 91 ± 2 0.20 ± 0.05 184 ± 0 3.5 ± 0.0 0.0 99.1 ± 0.3 0.9
600 50 4 13.3:1 1:1 88 ± 1 0.20 ± 0.05 187 ± 7 3.5 ± 0.0 0.01 97.5 ± 0.3 2.5
600 50 6 8.0:1 3:1 89 ± 4 0.20 ± 0.05 186 ± 6 4.1 ± 0.1 0.0 91.8 ± 2.5 8.2
600 50 6 10.6:1 2:1 92 ± 1 0.20 ± 0.05 184 ± 1 3.5 ± 0.0 0.0 99.1 ± 0.1 0.9
600 50 6 13.3:1 1:1 88 ± 3 0.20 ± 0.05 183 ± 3 3.5 ± 0.0 0.0 98.4 ± 1.8 1.6

SV, saponification value; FAME, fatty acid methyl esters; MAG, monoglycerides; DAG, diglycerides; TAG, triglycerides; FA, free fatty acids.



by the insufficient conversion of triglycerides into esters inside
the seed.

The reaction rate of jatropha oil conversion into biodiesel was
significantly influenced by the reaction temperature due to the
large dependency of intrinsic rate constants on temperature
[8,25]. An enhancement of reactant solubility and reaction rate,
as well as a reduction of oil viscosity and reaction time, can be
attained at a higher reaction temperature [15,30]. Furthermore,
the latter favors reaction with its higher activation energy pro-
duced [44]. In this study, the results showed that when reaction
temperature increased from 40 !C to 50 !C, biodiesel yield was rel-
atively stable. These results are in agreement with the previous
studies [17,19,28], where the conversion of triglycerides into bio-
diesel can be conducted at both low and high temperature. Here,
the efficient solvent extraction and transesterification for biodiesel
production, performed at low temperature, is thus favorable to
reduce the economic cost of the process.

In alkali-catalyzed in situ transesterification, longer reaction
time generally has a positive effect on triglyceride conversion
[15,17,22,24,25]. Nevertheless, within the 4–6 h reaction time
investigated in this study, increasing this parameter did not sys-
tematically increase the biodiesel yield, as previously reported by
Amalia Kartika et al. [8], Abo El-Enin et al. [19] and Ozgul-Yucel
and Turkay [21]. Instead, biodiesel yield was relatively stable with
an increase of the reaction time from 4 h to 6 h, meaning that the
system had already attained the equilibrium composition after
only 4 h. Biodiesel yield is normally maximum as reaction time is
optimum (e.g. at a value less than 90 min for transesterification
of isolated and refined vegetable oils), and for any further reaction
time increase it is then relatively stable [15]. Moreover, the biodie-
sel yield will reduce due to reverse transesterification reactions if
reaction time is too long. A previous study indicated that the
in situ transesterification reaction from jatropha seeds [28] with
alkali as catalyst was extremely rapid, requiring only 20 min for
complete conversion.

In this study, stirring speed did not influence the biodiesel yield
as previously reported by Amalia Kartika et al. [8]. Indeed, the lat-
ter was relatively stable with an augmentation of the stirring speed
from 200 rpm to 600 rpm, meaning that the lowest stirring speed
of 200 rpm was adequate to efficiently blend the reactants before
the single phase system was established. The latter is formed when
methyl esters are produced as they take action as a co-solvent for
the reactants. Furthermore, the mixing effect is not important as
the establishment of the single phase system is achieved. This phe-
nomenon was also observed by Kasim and Harvey [28] where the

200 rpm stirring speed was sufficient to uniformly distribute the
seeds and the reactant.

The quality of biodiesel obtained in this study was acceptable
for all reaction conditions tested (Table 1). The biodiesel was high
in fatty acid methyl ester content (i.e. more than 95% purity), espe-
cially that produced from 1:1 or 2:1 n-hexane to seed ratio. In addi-
tion, it had low acid value, low viscosity and low ash content, i.e.
less than 0.3 mg of KOH/g of biodiesel, less than 5.4$10#6 m2/s,
and 0–0.02 wt.%, respectively. On the other hand, it had more than
183 mg of KOH/g saponification value.

The results of variance analysis (F-test at p = 0.05) showed that
the influence of reaction conditions on biodiesel quality, in partic-
ular viscosity and FAME purity, was significant, mainly the ones of
n-hexane to seed ratio andmethanol to oil ratio (Table 2). This phe-
nomenon was exactly similar as previously observed on biodiesel
yield. The effect of n-hexane to seed ratio and methanol to oil ratio
was thus significant on both biodiesel yield and biodiesel purity.
Furthermore, the reaction conditions had no effect on ash content,
acid and saponification values of biodiesel. Indeed, they were rela-
tively stable as n-hexane to seed ratio, methanol to oil ratio, stir-
ring speed, temperature and reaction time increased.

In addition, the simultaneous solvent extraction and in situ
transesterification of jatropha seeds tested under optimal reaction
conditions (2:1 n-hexane to seed ratio, 10.6:1 methanol to oil ratio,
200 rpm stirring speed, 50 !C temperature, and 6 h reaction time)
produced a biodiesel with specifications conforming to ASTM D
6751 and EN 14214 standards, just as the SNI 04-7182-2006
Indonesian Biodiesel Standard (Table 3). These specifications were
thus favorable for its use as automotive diesel.

3.2. Binderless particleboard manufacture from the obtained cakes

After biodiesel production, the obtained cakes revealed quite
high residual n-hexane extracted matter contents (i.e. residual oil
plus fatty acid methyl esters). This could be a disadvantage for
their direct utilization. However, these cakes would be trans-
formable into renewable and biodegradable particleboards
[34,36–40,42,43], thus satisfying one of the principles of biorefin-
ery, i.e. the overall valorization of biomass with no waste genera-
tion. Two different cakes have been tested: cake A with no
screening treatment, and cake B with screening treatment using
a 40 mesh sieve. Their n-hexane extracted matter contents were
7.6 ± 0.1% and 4.8 ± 0.2%, respectively. Both cakes were mixtures
of proteins (18.1 ± 1.0% for cake A and 34.7 ± 0.6% for cake B) and
lignocellulosic fibers (41.0 ± 0.9% for cake A and 19.8 ± 0.8% for

Table 2

F value obtained from analysis of variance (ANOVA) for crude biodiesel yield and quality.

Source of variation F value for crude
yield

F value for acid
value

F value
for SV

F value for ash
content

F value for
viscosity

F value for FAME
composition

F value at
p = 0.05

Reaction time (A) 3.07 0.29 0.62 0.20 1.86 41.90 (S) 4.26
Stirring speed (B) 1.21 0.00 0.54 3.36 3.11 0.74 4.26
n-Hexane to seed ratio and methanol
to oil ratio (C)

6.82 (S) 0.29 0.03 0.20 3.65 (S) 58.13 (S) 3.40

Temperature (D) 1.20 0.07 0.02 2.07 0.02 0.31 4.26
Interaction of AB 0.43 0.50 1.44 0.06 1.67 1.48 4.26
Interaction of AC 0.23 0.21 0.44 2.07 1.29 28.49 (S) 3.40
Interaction of AD 0.47 0.07 0.07 0.06 0.16 0.16 4.26
Interaction of BC 0.29 0.00 0.02 1.82 1.59 1.50 3.40
Interaction of BD 0.60 0.29 0.04 0.00 0.31 6.81 (S) 4.26
Interaction of CD 2.79 1.14 0.21 1.82 0.33 1.58 3.40
Interaction of ABC 0.05 0.29 1.23 0.00 1.15 0.61 3.40
Interaction of ABD 1.22 0.21 0.31 0.93 0.11 7.83 (S) 4.26
Interaction of ACD 2.16 0.07 0.21 0.26 0.38 3.33 3.40
Interaction of BCD 0.03 0.07 0.64 0.93 0.08 12.34 (S) 3.40
Interaction of ABCD 0.08 0.50 0.49 0.26 0.29 13.31 (S) 3.40

S, significant.



cake B). They could thus be considered as natural composites. Pro-
teins could act as an internal binder inside boards, improving the
material cohesion. In parallel, the entanglement of fibers could also
contribute to mechanically reinforce the particleboard [36–40].
Both cakes also contained ash (6.1 ± 0.2% for cake A and
11.4 ± 0.1% for cake B), and other components, i.e. mainly carbohy-
drates (20.6% for cake A and 23.6% for cake B). Their moisture
content was 10% or 20%. Moisture can promote the adhesion of
proteins and fibers during the hot press processing [34]. In addi-
tion, due to the plasticizing effect of water on jatropha proteins
[39], the presence of moisture in these cakes may facilitate the
movement of polypeptide chains (i.e. proteins), thus possibly lead-
ing to better interactions with other polymers.

For the particleboard manufacture, the raw materials used in
this study thus contain significant amounts of proteins (18–35%),
lignocellulosic fibers (20–41%) and carbohydrates (21–24%). These
components may serve as internal binders when they are thermo-
pressed using high pressure in the presence of moisture, as previ-
ously observed by Hidayat et al. [42], and their binding capacity
may be based upon several reactions and interactions, such as pro-
tein denaturation and plasticization, hydrogen bonding between
the polar carbohydrate components (cellulose, hemicelluloses
and starch) and proteins or lignins, and lignin auto-crosslinking
reactions.

In particular, using proteins as adhesive to manufacture
particleboards has been already carried out successfully [34,46].
The strength of such adhesive depends on the protein ability to dis-
perse in water and on the interactions of its apolar and polar
groups with fibers [47]. Thus, the presence of proteins, fibers and
moisture in cakes A and B should strongly contribute to the self-
bonding of particleboards, providing a good internal cohesion.

Cake quantity, applied pressure and pressing time were 40 g,
20 MPa and 10 min, respectively, for all the experiments con-
ducted. The pressing temperature used for cake A was 180 !C,
and three different pressing temperatures were tested for cake B,
i.e. 140 !C, 160 !C and 180 !C. The eight particleboards produced
using these operating conditions (Table 4) were all cohesive
boards, proteins and fibers acting respectively as natural binder
and reinforcing fillers. After their conditioning in climatic chamber
(30 !C and 70% RH), density and moisture content of binderless
particleboards increased for each cake with the increase in the cake
moisture content (from 10% to 20%). In addition, this led also to a
decrease in both water absorption and thickness swelling after

24 h immersion in water. This reduction in the water sensitivity
of particleboard could be correlated to its increasing density, a low-
ering in the internal porosity thus restricting the diffusion of water
inside the material during soaking. It may be attributed to better
distribution of the proteins on the fiber surface, the presence of
more moisture in the cake improving the ability of proteins to flow
and so the wetting of the fibers.

On the other hand, the pressing temperature did not signifi-
cantly affect the physical properties of binderless particleboards.
When the pressing temperature increased from 140 !C to 180 !C,
the density of equilibrated particleboards remained stable at
0.8 g/cm3 and 0.9 g/cm3, respectively, for 10% and 20% cake mois-
ture content. Similarly, the equilibrated particleboards revealed
also stable moisture content at 6.4–6.6% and 8.1–8.5%, respec-
tively. Concerning water absorption and thickness swelling, they
remained also relatively stable with the increase in the pressing
temperature. However, a slight increase in these two values was
observed between 160 !C and 180 !C pressing temperatures.

Comparing particleboards thermo-pressed at 180 !C from cakes
A and B, the decrease in the n-hexane extracted matter content in
the cake led to a slight increase in both board density and espe-
cially internal bonding strength. This was probably due to higher
protein content in cake B, the poorest one in lipids. And, this con-
firmed the binding ability of proteins inside binderless particle-
boards. Moreover, for all particleboards produced, their flexural
properties were clearly correlated with their internal bonding
strength. Indeed, the more the internal bonding strength, the
higher the modulus of rupture and the higher the modulus of elas-
ticity (Table 4).

The cake moisture content largely affected the mechanical
properties of equilibrated particleboards. When moisture content
of the cake increased from 10% to 20%, the internal bonding
strength increased significantly for all pressing temperatures
tested: at least +43% (Table 4). Logically, this contributed also to
a significant increase in the modules of rupture and elasticity: at
least +50% and +52%, respectively. Water can induce a wide range
of physical and chemical changes in the presence of heat, in partic-
ular the denaturation and the plasticization of proteins [42]. This
had a positive effect in the binding properties of proteins, thus con-
tributing to the increases in the board’s internal bonding strength
and thus in its bending properties.

Indeed, the polar functions in proteins (amides) are capable of
linking water molecules through hydrogen interactions. Water

Table 3

Quality of jatropha crude biodiesel produced under optimal reaction conditions (6:1 solvent to seed ratio, 200 rpm stirring speed, 50 !C temperature, and 6 h reaction time).

Parameter Unit Jatropha
biodiesel

Biodiesel standard of SNI 04-
7182-2006

Biodiesel standard of ASTM D
6751 [45]

Biodiesel standard of EN 14214
[45]

Density at 40 !C g/cm3 0.878 0.850–0.890 0.875–0.900 (15 !C) 0.860–0.900 (15 !C)
Viscosity at 40 !C 10#6 m2/s 3.5 2.3–6.0 1.9–6.0 3.5–5.0
Flash point !C 182 100 min 130 min 120 min
Pour point !C 0 – (#15)–10 0 max
Cloud point !C 12 18 max – –
Acid value mg KOH/g 0.26 0.8 max 0.5 max 0.5 max
Cetane number – 51.8 51 min 47 min 51 min
Water and sediment

content
%, wt Trace (<0.05) 0.05 max 0.05 max 0.05 max

Sulfated ash content %, wt 0.001 0.02 max 0.02 max 0.02 max (%, mol/mol)
Total glycerine content %, wt 0.17 0.24 max 0.24 max 0.25 max (%, mol/mol)
Free glycerine content %, wt 0.013 0.02 max 0.02 max 0.02 max (%, mol/mol)
Iodine number g iodine/

100 g
94.7 115 max – 120 max

HHV MJ/kg 37.7 – – 35 min
Composition: %, wt
Fatty acid methyl esters 98.0 – – 96.5 min (%, mol/mol)
Monoglycerides (MAG) 0.1 – – 0.8 max (%, mol/mol)
Diglycerides (DAG) 0 – – 0.2 max (%, mol/mol)
Triglycerides (TAG) 0 – – 0.2 max (%, mol/mol)



contributes to separate the proteins, thus facilitating their move-
ment and improving also their thermoplastic properties [39].
Therefore, the thermal and rheological properties of proteins
depend largely on the amount of water, their glass transition tem-
perature depending on their hydration.

For all operating conditions, temperature plus shear (i.e. the
pressure) applied resulted in the glass transition of proteins. Con-
sequently, proteins were always in a rubbery state during
thermo-pressing. This led to the wetting of the fibers and to the
manufacture of cohesive boards. However, at 20% moisture con-
tent, proteins in their rubbery state were less viscous than with
only 10% moisture content, thus leading to an improvement in
the fiber wetting and also in the binding effect of proteins inside
boards. This was illustrated by the increase in the internal bonding
strength (Table 4). This logically resulted in the production of
materials much more resistant to bending than those made at only
10% moisture content, and this phenomenon was observed for all
pressing temperatures tested, as well as for both cakes A and B.
In addition, for the 180 !C pressing temperature, the internal bond-
ing strength and so the modules of rupture and elasticity of parti-
cleboards produced from cake B were higher than those of
particleboards produced from cake A. As previously mentioned,
such difference in the mechanical properties was probably due to
higher protein content in cake B, thus leading to more bound par-
ticleboards. Lastly, comparing particleboards produced from cake
B, the optimal pressing temperature was 160 !C for the internal
bonding strength, and consequently also for the flexural properties.
A pressing temperature of only 140 !C resulted in higher viscosity
of proteins in their rubbery state, thus probably altering their abil-
ity to wet correctly the surface of the fibers during thermo-
pressing and consequently reducing their binding capacity. On
the contrary, a 180 !C pressing temperature was probably too high,
leading perhaps to the partial thermal degradation of some organic
compounds inside the cakes, especially the proteins.

In conclusion, the best physical and mechanical properties of
binderless particleboard were obtained from cake B with 20%
moisture content and under 160 !C pressing temperature. When
it was equilibrated in climatic chamber, this optimal particleboard
revealed subsequently characteristics: 0.87 g/cm3 density, 8.4%
moisture content, 51.9% water absorption, 20.3% thickness
swelling, 7.2 MPa modulus of rupture, 10.4 GPa modulus of elasticity
and 0.14 MPa internal bonding strength. For comparison, a previ-
ous study consisted in producing binderless particleboards by
thermo-pressing using a press cake originating from the mechani-
cal pressing of oil from jatropha seeds using a twin-screw extruder
[39]. And, the best mechanical properties of binderless particle-
board were in that case obtained under pressing temperature of
200 !C, that is 1.28 g/cm3 density, 5.9% moisture content, 7.2 MPa
modulus of rupture and 2.2 GPa modulus of elasticity. In this
present study, a comparable modulus of rupture and a much
higher modulus of elasticity were obtained under lower pressing
temperature (160 !C instead of 200 !C).

The optimal particleboard of this study complied with the Japa-
nese standard JIS A 5908-2003 type 8 (i.e. base particleboards and
decorative particleboards) for density, moisture content and
modulus of elasticity (recommendations of 0.4–0.9 g/cm3, 5–13% and
2 GPa, respectively) but not exactly for modulus of rupture, inter-
nal bonding strength and thickness swelling (recommendations
of 8.0 MPa, 0.15 MPa and 12% after 24 h immersion in water,
respectively). Firstly, it is reasonable to assume that an additional
amount of proteins in the cake would lead to a better board’s cohe-
sion, thus resulting in an improvement in both mechanical charac-
teristics (i.e. internal bonding strength and therefore modulus of
rupture). Secondly, an additional process such as preheating,
chemical, or steam treatment would probably reduce the board’s
sensitivity to water [48–50]. Moreover, if used in humid climates,
the resistance to microbial mold of this particleboard should be
studied in the future. Lastly, this optimal particleboard was envi-
ronmentally friendly due to the absence of formaldehyde emis-
sions during its use. Indeed, unlike most commercial
particleboards, the binder used here to produce a cohesive material
was not an emitting formaldehyde resin (e.g. urea or phenolic
resin) but the protein-based resin naturally contained inside the
cake. Compared to the current commercial particleboards, this
constitutes undoubtedly an interesting novelty for this study.

4. Conclusion

The simultaneous solvent extraction of jatropha oil from seeds
and in situ transesterification of the oil were successfully carried
out in this study. This new technology for biodiesel processing
from jatropha seeds is promising, allowing n-hexane extraction
to be applied to oilseeds and transesterification to the extracted
oil. Under the optimal reaction conditions, biodiesel yield reached
92% and the fatty acid methyl ester purity was more than 98%.
From such conditions, the biodiesel quality conformed to the
Indonesian biodiesel standard. On the other hand, the cake origi-
nating from this process could be transformed into cohesive parti-
cleboards with promising physical and mechanical properties for
the optimal board (0.87 g/cm3 density, 8.4% moisture content,
7.2 MPa modulus of rupture, 10.4 GPa modulus of elasticity,
0.14 MPa internal bonding strength, 52% water absorption and
20% thickness swelling). Such renewable and biodegradable boards
would be usable as base particleboards or decorative particle-
boards. However, initially, it will be necessary to slightly improve
their flexural and internal bonding strengths, and their thickness
swelling to fully meet the recommendations of the Japanese stan-
dard for particleboards, type 8.
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Table 4

Characteristics of binderless particleboards from cakes obtained after in situ transesterification of jatropha seeds (20 MPa applied pressure and 10 min pressing time).

Cake type Cake moisture
content (wt.%)

Pressing
temperature (!C)

Density
(g/cm3)

Moisture
content
(wt.%)

Water
absorption
(%, 24 h)

Thickness
swelling
(%, 24 h)

Modulus of
rupture (MPa)

Modulus of
elasticity (GPa)

Internal
bonding (MPa)

A 10 180 0.80 ± 0.03 6.4 ± 0.65 85.1 ± 0.19 30.9 ± 0.70 2.3 ± 0.02 5.2 ± 0.83 0.045 ± 0.003
A 20 180 0.86 ± 0.01 8.1 ± 0.35 55.6 ± 0.64 26.1 ± 0.66 5.7 ± 0.51 7.9 ± 0.35 0.079 ± 0.003
B 10 180 0.83 ± 0.03 6.4 ± 0.18 83.8 ± 0.26 29.8 ± 0.73 3.7 ± 0.02 5.1 ± 0.03 0.061 ± 0.004
B 20 180 0.88 ± 0.01 8.5 ± 0.18 56.0 ± 0.39 26.7 ± 0.94 6.3 ± 0.04 8.2 ± 0.58 0.087 ± 0.003
B 10 160 0.82 ± 0.01 6.6 ± 0.41 78.6 ± 0.17 22.7 ± 0.38 4.8 ± 0.18 5.9 ± 0.18 0.068 ± 0.002
B 20 160 0.87 ± 0.01 8.4 ± 0.16 51.9 ± 0.42 20.3 ± 0.18 7.2 ± 0.10 10.4 ± 0.36 0.139 ± 0.003
B 10 140 0.81 ± 0.03 6.6 ± 0.30 79.3 ± 1.21 23.4 ± 0.59 4.2 ± 0.11 5.6 ± 0.12 0.066 ± 0.001
B 20 140 0.88 ± 0.01 8.4 ± 0.14 51.1 ± 0.59 20.4 ± 0.74 7.1 ± 0.26 9.7 ± 0.57 0.127 ± 0.005
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