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ds as a renewable energy source:
direct biodiesel production using a controlled
crushing device†

Juliati Br. Tarigan, a Raini Anggraini,a Ryan Pratama Sembiring,a Minto Supeno,a

Kerista Tarigan,b Junedi Ginting,b Justaman A. Karo-karoc and Eko K. Sitepu *a

A multistep and high-cost biodiesel production could be simplified using the direct transesterification (DT)

method. A controllable device has been developed and applied to study the effects of the ratio of rubber

seeds to methanol, catalyst concentration, reaction time and rotational speed on biodiesel conversion

and fatty acid (FA) yield extraction. The controllable crushing device (CCD) assisted the DT of rubber

seeds and operated at ambient temperature and pressure achieved a maximum biodiesel conversion of

97.5 � 0.6% in a reaction time of 7 minutes. The biodiesel quality estimated based on the FA extraction

profile is comparable with the biodiesel standard. In terms of energy efficiency and reaction time, the

CCD saved 71–98% energy consumption and reduced the reaction time up to 99%.
1. Introduction

The DT method offers a simple procedure for biodiesel
production as the oil seed-bearing material is directly in contact
with methanol.1,2 The DT process has been predicted to reduce
75–85% of current biodiesel production cost3–5 which therefore
could increase the biodiesel competitiveness in the fuel market
against petro derived fuels.6 Furthermore this methodology
improves the biodiesel yield as lipid loss during the extraction
step is avoided.7 The DT processes could be conducted using
a catalyst or in a non-catalytic system.3 The supercritical solvent
method produces a high yield and purity of biodiesel as no
catalyst is involved in the reaction avoiding the neutralization
process.8 However intensive energy is required to proceed the
DT reaction at high temperature and pressure.9 Among catalytic
DT processes, homogeneous catalysts are currently being
extensively studied with promising results.3 Despite the disad-
vantages such as the expensive separation phase particularly for
neutralization and washing products, homogeneous substances
are cheap, easily accessible and have high catalytic activity.9 For
example, a biodiesel conversion of 96% was achieved using
NaOH as a catalyst in microwave intensied the DT of micro-
algal Chlorella biomass in 6 minutes reaction time.10 In contrast
70 minutes reaction time is required when using a heteroge-
neous substance as the catalyst.11 However a high energy input
atera Utara, Medan 20155, Indonesia

a Utara, Medan 20155, Indonesia. E-mail:
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tion (ESI) available. See DOI:
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to maintain the DT reaction in reux condition is indispens-
able. Martinez-Guerra et al. (2014) have predicted energy
consumption of 26 MJ kg�1 biomass for microwave-intensied
the DT of Chlorella sp.10

Some previous studies have shown that the DTmethod could
be accomplished at room temperature. Application of micro-
uidic thin lm devices in the DT of various oleaginous
biomass could produce biodiesel at ambient temperature and
pressure with the conversion occurring at >90% and interest-
ingly water did not affect the transesterication reaction.12–14

Even though those processes run in a continuous system, up-
scaling is a major challenge due to infrastructure constraints.
In contrast, a batch-DT production system showed a promising
result to apply as the current biodiesel production industry use
mechanical agitation.15 A yield of 100% biodiesel conversion
from the DT of soy akes was achieved in 10 hours reaction time
using NaOH as a catalyst.16 Furthermore the addition of co-
solvent to the DT system increase the homogeneity of meth-
anol and oil rendering a shorter reaction time. The diethoxy-
methane could intensify the DT of sunower seeds achieving
98% biodiesel conversion in 13 minutes reaction time.17 In DT,
reduction seeds particle size is the prerequisite to increase the
contact reaction area and to break the cell walls18 which
however decreasing biodiesel yield as some oil detected sticks to
the grinder. Therefore, developing a rapid batch-DT process
that combines grinding and reaction in situ is necessary to
reduce biodiesel production costs.

Furthermore utilization non-edible oil for biodiesel
production has gain more interest recently as the production
cost is lowered than food-crops sources3,19 and to avoids fuel vs.
food debate.20 Rubber seeds, a waste biomass from rubber
plantation, have potency for biodiesel sources as contains 40–
© 2022 The Author(s). Published by the Royal Society of Chemistry
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60% of oils.3,21 Previous published results have conrmed that
biodiesel from rubber seeds oil meet the biodiesel standard and
could be used as a diesel fuel.21,22

Here, the new device that could simultaneously grind and
transesterify the oil is developed. The CCD (Fig. 1) is adopted
from the home appliance capsule blender which is equipped
with a controllable motor and a blade to crush the seeds. The
inuence of ratio rubber seeds to methanol (wt/v), catalyst
concentration (wt/v%), reaction time (min) and rotational speed
(rpm) to biodiesel conversion were systematically investigated
in single-factor experiments. The CCD energy requirement was
calculated and compared to other DT method and two-steps
biodiesel production.
2. Experimental
2.1. Materials

The rubber seeds were collected from a local plantation nearby
Universitas Sumatera Utara – Medan, Indonesia and used
directly aer being separated from the shell. Methanol
(gradient grade of $99.9%), sodium hydroxide anhydrous
pellets (reagent grade of $98%) and methyl heptadecanoate
(C17:0) (analytical standard grade) were purchased from Sigma-
Aldrich through local dealer and are used as received.
2.2. Determination of rubber seeds oil content

The Soxhlet extraction method was used to quantify oil content
in the rubber seeds. Briey, 10 grams of crushed rubber seeds
were placed in a thimble and extracted using 150 mL of hexane.
The extraction was conducted for 30 minutes following previous
procedures.23,24 The oil was collected and separated from the
solvent using the evaporation method, weighted and stored in
a desiccator for lipid content analysis.
2.3. The CCD-assisted DT of waste rubber seeds to biodiesel

The direct biodiesel production from waste rubber seeds was
conducted using the CCD equipped with 2 blades to disrupt the
seeds and a controllable motor that has a maximum speed of
16 000 rpm. A maximum biodiesel conversion was determined
Fig. 1 (A) An illustration diagram and (B) the photographic image of
the CCD.

© 2022 The Author(s). Published by the Royal Society of Chemistry
by exploring parameters of ratio rubber seeds tomethanol (1 : 1;
1 : 2; 1 : 3; 1 : 4 and 1 : 5, wt/v), catalyst concentration (0.5; 1; 3;
5; and 7 wt/v%), reaction time of 3, 5, 7, 10 and 15 minutes and
rotational speed of 3000 to 8000 rpm with increments of
1000 rpm. For each experiment, 20 gram of rubber seeds and
a prescribed amount of methanol–NaOH solution was placed in
a glass reactor which connected to the CCD. Upon completion
of the reaction time, the mixture was poured into a vacuum-
lter to separate residual seeds from the liquid mixture fol-
lowed by evaporating the methanol. A separating funnel was
used to separate biodiesel from glycerol. The product was then
washed with warm water to remove impurities, dried and stored
in a desiccator for gas chromatography analysis.
2.4. Biodiesel conrmation and conversion determination

Conrmation and conversion determination of biodiesel
products were established using spectroscopy FT-IR and GC.
The PerkinElmer FT-IR 100 was set to observe biodiesel spectra
in the range of 4000–400 cm�1 while the GC Shimadzu type 2010
equipped with a capillary column (length 30 m, lm thickness
0.25 mm and ID 0.25 mm) and ame ionization detector
(temperature of 370 �C) was used to determine biodiesel
conversion. A 1 mL of biodiesel sample was injected to injection
port with the injection port temperature was set to 260 �C and
using helium as the gas carrier with the constant delivered ow
of 30 mL min�1. The methyl heptadecanoate is used as an
internal standard.
2.5. Estimation biodiesel quality

The quality of biodiesel produced from the CCD-assisted the DT
of rubber seeds was determined based on the individual char-
acteristic of FA contained. Using some reliable equations
established and reported elsewhere,25–30 the values of some
physicochemical properties of biodiesel such as saponication
(SV) and iodine value (IV), cetane number (CN), cold (CP) and
pour point (PP), density (r), kinematic viscosity (n) and oxidative
stability (OS) were predicted. The saponication and iodine
values are calculated based on the following equations:

SV ¼
X
i

�
560 � Ni

MWi

�
(1)

IV ¼
X
i

�
254�Di �Ni

MWi

�
(2)

where MW is the molecular weight of each fatty acid ester, N is
the percentage of a particular fatty acid ester and D is the
number of the double bond of the fatty acid ester. The cetane
number can be calculated based on the SV and IV as follow:

CN ¼ 46:3þ
�
5:458

SV

�
� ð0:225� IVÞ (3)

The parameters related to cold ow properties were pre-
dicted using eqn (4) and (5) as follows:

CP ¼ (0.526 � NC16:0) � 4.992 (4)
RSC Adv., 2022, 12, 2094–2101 | 2095
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PP ¼ (0.571 � NC16:0) � 12.24 (5)

The density (g mL�1) and kinematic viscosity (mm2 s�1) of
biodiesel are determined using eqn (6) and (7) as follows:

ri ¼ 0:8463þ 4:9

MWi

þ 0:0118�Ni (6)

ln(ni) ¼ �12.503 + 2.496 ln(MWi) � 0.178Ni (7)

The oxidative stability of biodiesel was calculated based on
the weight percentage of C18:2 and C18:3 using eqn (8).

OS ¼ 117:9295

NC18:2 þNC18:3

þ 2:5905 (8)
2.6. Statistical analysis

The signicant effect of ratio seeds to methanol, catalyst
concentration, reaction time and rotational speed on biodiesel
conversion and fatty acid (FA) extraction yields (mol%) was
determined using Statistica v13.6 soware. The one-way ANOVA
with the signicant level set at a ¼ 0.05 followed by Tukey post
hoc analysis was used to assign the reaction condition which
drove the signicance.
3. Results and discussion
3.1. Oil characterization and catalyst choice

The water content of the rubber seeds assigned by Karl Fischer
titration method was 10.2% which is quite high than other
study that occurred 1.5%.31 The oil content determined using
the Soxhlet method was 42.7% of which 58.6% were poly-
unsaturated fatty acid, 26% were monounsaturated fatty acid
and 15.4% were saturated fatty acid. The fatty acid prole was
dominated by linolenic acid with 41%, followed by oleic acid
(26%) and linolenic acid (17.5%). These results are similar to
other researchers' ndings which obtains rubber seeds oil in
the range of 40–60%.3,32 The acid value and free fatty acid (FFA)
content of the rubber oil were 24.6 mg KOH per g oil and 11.5%,
respectively. Due to the high amount of FFA in the rubber seeds,
the CCD-assisted DT processes was conducted using sulphuric
acid as catalyst in reaction condition of ratio seeds to methanol
of 1 : 2 (wt/v), catalyst concentration 3 wt/v%, reaction time 7
minutes and rotational speed of 5000 rpm. Unfortunately, no
biodiesel conversion was detected aer the reaction was
completed. This is due to the low catalytic activity of an acid
catalyst which requires prolonged reaction time to complete the
reaction.33 In contrast, microwave-intensied the DT of micro-
algal and fungi biomass using sulphuric acid as a catalyst were
resulted a high biodiesel conversion in reaction times of 10
minutes.34–36 However, those results achieved in a high reaction
temperature which would like to avoid due to high production
cost.4,37 Therefore a homogeneous base substance was tested as
a catalyst in the CCD-assisted DT of rubber seeds with the same
reaction condition. The biodiesel conversion of 97.5� 0.6%was
2096 | RSC Adv., 2022, 12, 2094–2101
achieved in a short reaction time. Based on that, sodium
hydroxide in methanol was used as a catalyst in this study.

3.2. The effect of ratio seeds : methanol (wt/v)

Due to different polarity, methanol is a poor solvent for lipids
extraction.38 Soxhlet extraction of rubber seeds using methanol
as solvent only yielding 7% of oils. This result in agreement with
previous study which showed the extraction rate of 9%
sunower oil using methanol compared to 93% using hexane.17

However the rate was increased signicantly when a catalyst was
introduced to the system achieving biodiesel conversion of
98%.39 In the DT process, methanol acts as extracting and
reacting agent which therefore is consumed higher than
transesterication reaction.38 Moreover, a high volume of
methanol is required to ensure effective agitation and cell walls
destruction.3 Therefore in the present study the ratio of seeds to
methanol in the range of 1 : 1 to 1 : 5 (wt/v) was investigated for
biodiesel production using catalyst concentration of 3 wt/v%,
a reaction time of 7 minutes and rotational speed of 5000 rpm.

As stated above, an excess volume of methanol is required to
drive the penetration of the methanolic solution into the seeds.
In response to that ratio of 1 : 1 (wt/v) showed the lowest bio-
diesel conversion of 22.9 � 1.9% (Fig. 2A). The biodiesel
conversion of $97 occurred for other ratios with the highest
(98.5 � 0.2%) achieved using a ratio of 1 : 3 (wt/v). This
achievement is similar to the previous result of in situ trans-
esterication microalgae Nannochloropsis gaditana biomass
which observed increasing biomass yield in the increasing
methanol to dry algae ratio.40 A one-way ANOVA determined
a signicant effect of the ratio seeds : methanol on biodiesel
conversion. Further, Tukey post hoc analysis specify that the
signicance was driven by low biodiesel conversion at a ratio of
1 : 1 (wt/v).

Rubber seeds to methanol ratio had a signicant effect on FA
extraction yields (Fig. 3A) for all major FA (C16:0; C18:0; C18:1;
C18:2 and C18:3) contained, showing average yields of 8.9� 0.2;
7.5 � 0.6; 28.1 � 1.6; 39.1 � 1.6 and 15.9 � 0.9 mol%, respec-
tively. The highest FA extraction yields for C16:0, C18:0 and
C18:1 occurred from the ratio of 1 : 4 while for C18:2 and C18:1
obtained from ratios 1 : 2 and 1 : 1, respectively. In addition,
except for C18:3, the FA extraction yields derived by the CCD-
assisted DT of rubber seeds were exceeded the FA yields from
the Soxhlet method.

3.3. The effect of catalyst concentration

Even though the rubber oil contains FFA that exceeds the
minimal amount to conduct base-catalyst transesterication,
the CCD-assisted DT rubber seeds could run without any
saponication detected using low catalyst concentration12,14 and
with high biodiesel conversion. As recorded above, the acid
catalyst could not catalyse the DT in a short reaction time. The
ability of homogeneous base substance to catalyse the reaction
in high FFA condition presumably due to synergistic effect
generated from the combination of a high shear mixing, rapid
disruption seeds cell walls by fast rotation blades and meth-
anolic solution.41 This phenomenon is also recorded in the DT
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The effect of (A) ratio seeds : methanol; (B) catalyst concentration; (C) reaction time; and (D) rotational speed on biodiesel conversion of
the CCD-assisted DT of rubber seeds.
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of Chloroparva pannonica and Mucor plumbeus fungal which
contains a high FFA. The saponication was detected in high
sodium hydroxide concentration for both biomass proved by
Fig. 3 The effect of (A) ratio seeds : methanol; (B) catalyst concentrati
(mol%) of the CCD-assisted DT of rubber seeds.

© 2022 The Author(s). Published by the Royal Society of Chemistry
low biodiesel conversion obtained while no soap was observed
when using low concentration.12,14,42,43 It is worth noting that
water contained in rubber seeds did not affect the biodiesel
on; (C) reaction time; and (D) rotational speed on FA extraction yield

RSC Adv., 2022, 12, 2094–2101 | 2097
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conversion even when using a homogeneous base catalyst.12,14,44

Therefore, the effect of sodium hydroxide in methanol in the
CCD-assisted DT of rubber seeds was determined at a concen-
tration ranging from 0.5 to 7 wt/v% in reaction condition of
ratio seeds : methanol of 1 : 2 (wt/v), reaction time of 7 minutes
and rotational speed of 5000 rpm.

Biodiesel conversion increased drastically from 16.1 � 0.1%
at catalyst concentration of 0.5 wt/v% to 97.5 � 0.6% at 3 wt/v%
of catalyst (Fig. 2B). Aer reaching the peak, the biodiesel
conversion decreased up to 12% at catalyst concentration 7 wt/
v%. The decreasing possibly due to saponication occurring in
excess of homogeneous base concentration.14 This result is
similar to the published result in the DT of oleaginous yeast
biomass which concluded that the high catalyst concentration
induce soap formation.43 Other study in vortex uidic device
intensied the DT of Chloroparva pannonica observed the same
phenomena.12 Further analysis of variance and Tukey test are
used to examine the major contributing factors to the biodiesel
conversion. The ANOVA results indicate that catalyst conversion
has a signicant effect on biodiesel conversion driven by low
conversion obtained using a concentration of 0.5 and 1 wt/v%.

Catalyst concentrations have a signicant effect on C16:0,
C18:0 and C18:1 extraction with the average extraction yields
exceeding the FA extraction using the Soxhlet method. Simi-
larly, a signicant effect was also observed on C18:2 and C18:3
extraction but the average extraction yields lower than the
Soxhlet method. As shown in Fig. 3B, the highest FA extraction
yield for C16:0 (9.3 � 1 mol%) obtained using catalyst concen-
tration of 0.5 wt/v% while for C18:0 and C18:1 extraction were
7.7 � 0.6 mol% and 31.5 � 2.5 mol% extracted using concen-
tration of 7 wt/v%. The highest C18:2 and C18:3 extractions of
40.2 � 0.7 mol% and 17.9 � 1.1 mol%, respectively, were ach-
ieved at sodium hydroxide concentrations of 5 and 1 wt/v%.
3.4. Reaction time

Reaction time is a key criterion in biodiesel production as it
directly affects the conversion and the upscale reneries.3,45

Initially, a small amount of conversion yield is achieved due to
the penetration of the alcohol into the cell walls of the seeds
followed by the dissolution of lipids.39,46 The biodiesel conver-
sion of 50� 0.2% occurred at a reaction time of 3minutes and it
increase to reach the peak of 97.5 � 0.6% at a reaction time of 7
minutes (Fig. 2C). However, aer the peak, an extended time
reaction does not affect the biodiesel conversion as the equi-
librium reaction is reached. In this study, the biodiesel
conversion of 62.9 � 0.5% was achieved aer 15 minutes reac-
tion time. This nding is consistent with those of Laskar et al.
who showed that the biodiesel yields from waste Mangifera
indica were decreased aer 4 hours reaction time due to ester
hydrolysis rendering soap formation.47 Furthermore, another
researcher found that the biodiesel yield decreases aer a reac-
tion time longer than 20 min and at 290 �C reaction tempera-
ture due to the thermal degradation of the fatty acids,
particularly unsaturated fatty acids.40 The results of the reaction
time study were analysed by one-way ANOVA. A statistically
signicant difference was indicated which further Tukey test
2098 | RSC Adv., 2022, 12, 2094–2101
post hoc revealed that the signicance was driven by all the
reaction time used.

The average extraction yields of C16:0, C18:0 and C18:1 were
8.8 � 0.2, 8.6 � 0.7 and 28.5 � 1.4 mol%, respectively, which is
preeminent than Soxhlet method as shown in Fig. 3C. In
contrast, the average yields of C18:2 and C18:3 were lower than
the Soxhlet method resulting in FA extraction yield of 37.8 � 0.9
and 15.4� 0.9 mol%, respectively. The statistical analysis of the
variance test reveals that there was a signicant difference for
all the FA. However, the comparison of means by the Tukey post
hoc test could not conrm the difference.

3.5. Rotational speed

Mixing intensity plays a key role in the chemical reaction. The
vigorous mixing could provide larger surface contact areas
between reagents which could increase the reaction rates.48

Previous published results showed no biodiesel conversion was
detected in the DT of Spirulina platensis biomass without stir-
ring but the conversion increased signicantly as an intense
mixing was applied.49 Therefore the rotational speed of the CCD
was varied from 3000 to 8000 rpm in increment of 1000 rpm
under reaction condition of ratio seeds: methanol of 1 : 2 (wt/v),
catalyst concentration of 3 wt/v% and reaction time of 7
minutes. The graph presented in Fig. 2D showed the biodiesel
conversion was increased gradually over the rotational speed
from 3000 rpm to 5000 rpm. At the rotational speed of
5000 rpm, the biodiesel conversion was achieved the highest
conversion of 97.5 � 0.6% and further, the conversion begins to
plateau in the increasing rotational speed. This result is
consistent with that for lipid extraction from black soldier y
larvae.2 Similar graph patterns also observed in the homoge-
nizer intensied the biodiesel production from soybean oil.50

The ANOVA results indicated that rotational speed had
a signicant effect on biodiesel conversion. The Tukey mean
comparison test further revealed that biodiesel conversions
were signicantly different when the CCD was conducted using
a rotational speed of 3000 rpm and 4000 rpm.

The highest C18:0 and C18:1 extraction yields of 8.5 �
0.9 mol% and 29.8 � 0.3 mol%, respectively, were obtained
from the rotational speed of 7000 rpm while C16:0 (9.2 �
0.2 mol%), C18:2 (40.8 � 1 mol%) and C18:3 (18.4 � 0.7 mol%)
occurred using rotational speed of 8000, 4000 and 3000 rpm,
respectively (Fig. 3D). Furthermore, in comparison, all the
major FA extracted was surpassing the FA extraction yields
using the Soxhlet method except the average extraction yield of
C18:2.

3.6. Predicting biodiesel properties

Some important biodiesel properties such as cetane number,
density, viscosity, oxidative stability, pour point and cloud point
is mainly affected by the fatty acid composition.52 Those prop-
erties that have been internationally regulated such as in ASTM
D6751 and EN 14214 could be determined using equations that
are very accurate and reliable.30,52,53 The biodiesel properties
calculated from fatty acid methyl ester produced from the CCD-
assisted DT of rubber seeds is presented in Table 1. As shown in
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison biodiesel properties

Property Units EN 14214 ASTM D6751 RSOFAME51 Biodiesel (this study)

Ester content % >96.5 — 97.5
Cetane number — >51 >47 54 Fig. 4
Density 25 �C, kg m�3 860–900 — 885 877
Viscosity mm2 s�1, 40 �C 3.5–5.0 1.9–6.0 3.89 3.99
Oxidative stability H 8 >3 8.54 4.6–5.0
Pour point �C Report Report �2 �7.1
Cold point �C Report Report 3.2 0.3
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Table 1, most calculated parameters meet the biodiesel inter-
national standard except for the oxidation stability which is due
to the high concentration of mono and polyunsaturated fatty
acid contained in the rubber seeds. This result is supported by
the high value of degree unsaturation calculated from the FA
prole. In contrast, the cold ow property which is critical for 4
season countries showed a good low-temperature performance.
A low saturated FA contained in the sample produces biodiesel
with good low-temperature properties.54 Comparison with bio-
diesel produced from transesterication rubber seeds oil51

showed that the calculated properties are in conformity.
Therefore it can be pointed out that biodiesel produced from
the CCD-assisted DT of rubber seeds meet the standard and is
comparable with the properties resulting from the experiment.

The combustion behaviour of the fuel is determined by the
ignition delay time. Diesel fuel which has a short time gap
between injection and ignition is preferable.55 A higher cetane
number reect the shorter ignition delay time. As stated by EN
Fig. 4 The effect of (A) ratio seeds : methanol; (B) catalyst concentrat
number of the CCD-assisted DT of rubber seeds.

© 2022 The Author(s). Published by the Royal Society of Chemistry
14214 and ASTM D6751, the minimum cetane number required
to meet the standard was 51 and 47, respectively. In the present
study the cetane numbers calculated based on the FA extracted
yield from the CCD-assisted DT of rubber seeds were presented
in Fig. 4. From these gures, it is observed that the average
cetane number from all parameters was 58.8 which exceeds the
minimum biodiesel standard. Furthermore, the minimum
cetane number of 53.5 was achieved from reaction condition of
1 : 2 (wt/v) ratio seed to methanol, catalyst concentration of 7
wt/v%, a reaction time of 7 minutes and rotational speed of
5000 rpm also meet the standard requirement. In addition, in
which the highest biodiesel conversion was achieved, the cetane
number obtained was 59.6. One-way ANOVA indicated a signif-
icant difference between all tested parameters. The signicance
for parameter ratio seeds to methanol was particularly caused
by the difference mean in ratio 1 : 3 (wt/v) and 1 : 4 (wt/v) as
detected by Tukey test post hoc analysis. The difference means at
a reaction time of 3 and 5 minutes has driven the signicance
ion; (C) reaction time; and (D) rotational speed on calculated cetane

RSC Adv., 2022, 12, 2094–2101 | 2099
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Table 2 Comparison energy (kW h kg�1) and time (min) consumption
of biodiesel production from rubber seeds and rubber seeds oil

Method
Energy consumption
(kW h kg�1)

Reaction time
(min) References

Two steps
– Reux 31.5 157.5 51
– Enzymatic 445.5 600 57

One step
– Reux 120 120 58
– CDT 9 7 This study
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for the parameter of reaction time while the Tukey test could
not detect the main effect for the parameter of catalyst
concentration and rotational speed.
3.7. Energy and time consumption

The energy consumption of the reactor to conduct the reaction
is important to consider for commercialization.56 Here the
electricity demand for the CCD to facilitate the DT of rubber
seeds was calculated roughly and compare with two-steps and
other DT method (Table 2). The reux method, which is
a conventional transesterication reaction procedure, was used
a regular magnetic stirrer hotplate that operates at solvent
boiling point. That device consumes 600 watts per hour. The
equipment used to conduct the enzymatic reaction was a shaker
incubator which requires 900 watts to operate. The total energy
required for processing 1 kg of rubber seeds to produce bio-
diesel at room temperature using the CCD was 9 kW h kg�1

equivalents to 32.4 MJ kg�1. Therefore the energy requirement
to produce 1 kg biodiesel is 21.6 kW kg�1. As shown in Table 2
the energy requirement for the CCD-assisted DT of rubber seeds
was lower than either two or one-step methods. Compared to
the reux method which requires 120 kW h kg�1, the CCD saves
93% of energy. Moreover, in comparison with two steps
methods such as reux and enzymatic, the energy saved by the
CCD was 71% and 98%, respectively. In addition, the CCD is
also time-wise as it could save reaction time by 94% compared
to other published DT method and it time-save of 95.5% and
99%, respectively, compared to two steps method.
4. Conclusions

The CCD is a new method that simultaneously extracts and
transesterify the oil from rubber seeds to biodiesel. The
maximum biodiesel conversion of 97.5 � 0.6% was obtained
from reaction condition of ratio seeds to methanol of 1 : 2 (wt/
v), catalyst concentration of 3 wt/v%, a reaction time of 7
minutes and rotational speed of 5000 rpm. All the parameters
studied have a signicant effect on biodiesel conversion.
Interestingly, neither water nor FFA content affects the
conversion. The predicted biodiesel quality based on the FA
extracted content meet the international biodiesel standard.
Compared to other published two- and one-step biodiesel
production from rubber seeds, the CCD is both energy- and
2100 | RSC Adv., 2022, 12, 2094–2101
time-efficient. The CCD could save 71–98% energy consumption
and reduces the reaction time of 94–99%.
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Mart́ınez, A. P. de los Ŕıos, F. J. Hernández-Fernández and
J. Quesada-Medina, Appl. Energy, 2020, 264, 114753.

9 K. Y. Wong, J.-H. Ng, C. T. Chong, S. S. Lam andW. T. Chong,
Renewable Sustainable Energy Rev., 2019, 116, 109399.

10 E. Martinez-Guerra, V. G. Gude, A. Mondala, W. Holmes and
R. Hernandez, Appl. Energy, 2014, 129, 354–363.

11 T. Dong, J. Wang, C. Miao, Y. Zheng and S. Chen, Bioresour.
Technol., 2013, 136, 8–15.

12 E. K. Sitepu, K. Corbin, X. Luo, S. J. Pye, Y. Tang,
S. C. Leterme, K. Heimann, C. L. Raston and W. Zhang,
Bioresour. Technol., 2018, 266, 488–497.

13 E. K. Sitepu, D. B. Jones, Y. Tang, S. C. Leterme, K. Heimann,
W. Zhang and C. L. Raston, Chem. Commun., 2018, 54,
12085–12088.

14 E. K. Sitepu, D. B. Jones, Z. Zhang, Y. Tang, S. C. Leterme,
K. Heimann, C. L. Raston and W. Zhang, Bioresour.
Technol., 2019, 273, 431–438.

15 F. Visscher, J. van der Schaaf, T. A. Nijhuis and
J. C. Schouten, Chem. Eng. Res. Des., 2013, 91, 1923–1940.

16 M. Haas and K. Scott, J. Am. Oil Chem. Soc., 2007, 84, 197–
204.

17 J. Zeng, X. Wang, B. Zhao, J. Sun and Y. Wang, Ind. Eng.
Chem. Res., 2009, 48, 850–856.
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra08298a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 6
/1

0/
20

26
 9

:2
6:

03
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
18 V. Skorupskaite, V. Makareviciene and M. Gumbyte, Fuel
Process. Technol., 2016, 150, 78–87.

19 H. N. T. Le, K. Imamura, N. Watanabe, M. Furuta,
N. Takenaka, L. V. Boi and Y. Maeda, Chem. Eng. Technol.,
2018, 41, 1013–1018.

20 R. Dominguez-Faus, S. E. Powers, J. G. Burken and
P. J. Alvarez, Environ. Sci. Technol., 2009, 43, 3005–3010.

21 W. Roschat, T. Siritanon, B. Yoosuk, T. Sudyoadsuk and
V. Promarak, Renewable Energy, 2017, 101, 937–944.

22 I. Khalil, A. R. A. Aziz, S. Yusup, M. Heikal and M. El-Adawy,
Biomass Convers. Bioren., 2017, 7, 37–49.

23 Z. Al-Hamamre, S. Foerster, F. Hartmann, M. Kröger and
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