Optimisation and Kinetic Studies of Acid
Esterification of High Free Fatty Acid
Rubber Seed Oil

Lai Fatt Chuah, Awais Bokhari, Suzana
Yusup, Jifi Jaromir Klemes, Bawadi
Abdullah & Majid Majeed Akbar

Arabian Journal for Science and

Engineering
ISSN 1319-8025 Gwaigllgoglelliy o
Arab J Sci Eng ARAB'AN JOURNAL

DOI 10.1007/513369-015-2014-1

for SCIENCE
and ENGINEERING

AJSE-ENGINEERING

ll"‘
N 7
* ’
Y 3 Yo
4 L. e
¥,

@ Springer

@ Springer



Your article is protected by copyright and
all rights are held exclusively by King Fahd
University of Petroleum & Minerals. This e-
offprint is for personal use only and shall not
be self-archived in electronic repositories. If
you wish to self-archive your article, please
use the accepted manuscript version for
posting on your own website. You may
further deposit the accepted manuscript
version in any repository, provided it is only
made publicly available 12 months after
official publication or later and provided
acknowledgement is given to the original
source of publication and a link is inserted
to the published article on Springer's
website. The link must be accompanied by
the following text: "The final publication is
available at link.springer.com”.

@ Springer



Arab J Sci Eng
DOI 10.1007/s13369-015-2014-1

@ CrossMark

RESEARCH ARTICLE - CHEMICAL ENGINEERING

Optimisation and Kinetic Studies of Acid Esterification of High

Free Fatty Acid Rubber Seed Oil

Lai Fatt Chuah! . Awais Bokhari''2 - Suzana Yusup! - Ji¥i Jaromir Klemes

Bawadi Abdullah! - Majid Majeed Akbar*

Received: 11 May 2015 / Accepted: 10 December 2015
© King Fahd University of Petroleum & Minerals 2015

Abstract Pretreatment of the high free fatty acid (FFA)
rubber seed oil from Malaysia (RSOM) and Vietnam (RSOV)
via esterification reaction has been investigated. Response
surface methodology analysis using central composite de-
sign was used to optimise important parameters, including
reaction temperature, catalyst loading, methanol-to-oil molar
ratio and reaction time on FFA reduction. Optimal esterifi-
cation conversion was achieved at 50 °C, 1.38 wt%, 15.98:1
molar ratio and 2h for RSOM with 99.3 % FFA reduction,
whereas 65 °C, 10.74 wt%, 10:1 molar ratio and 1 h for RSOV
with 98.6 % FFA reduction. Catalyst loading had been found
to have the most effect on the FFA reduction followed by
methanol-to-oil molar ratio while increasing temperature and
reaction time had nominal effect. The frequency factor and
activation energy of RSOV were about 1.8- and 1.2-fold
higher than RSOM.
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1 Introduction

Energy demand is accelerated around the world along with
the growth of population and industrialisation. The fluctu-
ating prices and uncertain supply of fuel due to political
disturbances have inspired researchers to look for renewable
and sustainable fuel. One possible solution to this problem
is the prolonged utilisation of biodiesel as an alternative
fuel. Biodiesel is more environmentally friendly compared to
diesel fuel-based petroleum as it emits lower greenhouse gas
emissions, i.e. sulphur oxides (SOx) and carbon monoxide
(CO) into the atmosphere [1]. It can be directly utilised with-
out any engine modifications due to its viscosity and heating
value, which are close to diesel fuel [2].

Malaysia has sixteen registered biodiesel companies cur-
rently operating in Malaysia, and eight more companies have
been approved to increase biodiesel production from 2.12 up
to 3 Mt/y. However, this production value is still lower than
the government’s projected 10 Mt/y [3]. Highest demand of
biodiesel comes from Europe at around 12 Mt/y. This is fol-
lowed by the USA which is around half of that. Biodiesel
can be produced from various sources, e.g. edible oil, non-
edible oil [4], animal fat and algae [S]. About 95 % of world
biodiesel production is derived from edible oil, such as palm,
rapeseed and canola oils [6]. Malaysia is the second largest
producer of palm oil in the world [7]. Consumption of this
edible oil in biodiesel production has caused the edible oil
and biodiesel prices to increase to 1.5-fold to twofold higher
than diesel fuel [8]. In addition, an extensive consumption
of edible oils for biodiesel production could result in food
crisis, which creates disparity between food and fuel market

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13369-015-2014-1&domain=pdf
http://dx.doi.org/10.1007/s13369-015-2014-1

Arab J Sci Eng

[9]. In order to prevent food controversy, the local non-edible
plant oils, e.g. nyamplung, jatropha, castor, rubber, kapok
and karanja, have drawn the attention of the Malaysia govern-
ment and researchers to consider them as biodiesel feedstock,
which can be supplied at a viable quantity based on the large
scale of cropped lands [10].

Rubber tree (Hevea brasiliensis), belonging to the fam-
ily of euphorbiaceous, provides non-edible seed with 40—
50wt% of oil yield [11]. Malaysia’s tropical weather is
favourable for rubber tree plantation, and currently, it is one
of the rubber producers in worldwide [9]. Association of
Natural Rubber estimated that about 1.2 million hectares
of unutilised rubber seed is cultivated in Malaysia. Rub-
ber seed oil (RSO) can successfully contribute as a poten-
tial non-edible feedstock for biodiesel production. Gener-
ally, biodiesel is produced by transesterification reaction in
the presence of alkali catalysts if the FFA content in feed-
stock oil is <2wt% [12]. Since that alkali catalysed does
not tolerate high FFA concentration in the feedstock, the
acid-catalysed reaction is proposed to solve the drawbacks.
Single-step process of homogeneous acid-catalysed transes-
terification is better than alkali-catalysed transesterification
[13], which required an extra step to covert FFA to product.
It could also reduce the consumption of energy, chemical
and processing time. However, acid-catalysed transesteri-
fication is not commonly adopted worldwide at industrial
scale for biodiesel production. It could be due to low re-
action rate, difficulty in separation of catalyst from prod-
uct, high reaction temperature, alcohol and acid quantities,
which could contribute to corrosion and serious environmen-
tal problems.

Higher FFA content in RSO is a major hindrance of direct
conversion of triglycerides to alkyl esters via transesterifica-
tion reaction due to FFA can react with alkali catalyst and
results in saponification. FFA content in RSO could be re-
duced with several pretreatment techniques, e.g. distillation,
acid esterification with methanol and sulphuric acid, esterifi-
cation with ion exchange resins, neutralisation with alkali
followed by soap separation in a decanter and extraction
with polar liquids along with acid esterification [14]. Among
them, acid esterification is the most efficient method in re-
ducing the FFA content in RSO. Esterification is a reversible
reaction adopted for FFA reduction in the presence of acid
catalyst (e.g. sulphuric acid) and alcohol. It occurs in a rel-

atively straightforward way, in which one mole of free fatty
acid reacts with one mole of alcohol to produce one mole of
biodiesel and one mole of water [15].

The current study introduces the acid esterification process
for pretreatment of high FFA content in RSOM and RSOV,
which contain 23.2 and 42.5 %. The paper focuses on the opti-
misation of esterification conversion from RSOM and RSOV
via acid esterification, based on response surface methodol-
ogy (RSM). RSM was used to model the multiple parameter
process and to design the optimum operating conditions for
the esterification process. The relationship between reaction
variables, e.g. methanol-to-oil molar ratio, catalyst amount,
reaction time and temperature, was investigated. Besides, ki-
netics of acid esterification process for RSOM and RSOV
were also investigated.

2 Materials and Methods

RSOM was purchased from the Benua Sains Sdn. Bhd.,
Malaysia, whereas the RSOV was provided by Kinetics
Chemical (M) Sdn. Bhd., Malaysia. The chemicals used for
this work were anhydrous methanol, sulphuric acid, anhy-
drous sodium sulphate, toluene, 2-propanol, phenolphthalein,
acetic acid (glacial), cyclo hexane, Wijs solution, potassium
iodide, sodium thiosulphate pentahydrate, starch, chloroform,
ethanol, hydrochloric acid and acetone. A standard mixture of
37 fatty acid methyl ester is purchased from Sigma- Aldrich,
Malaysia. All other chemicals were purchased from Merck
Germany and are of analytical grade.

The characteristics of RSOM and RSOV were analysed
according to the ASTM, EN, DIN and AOCS standards [16].
The FFA, iodine and saponification values were determined
by using a titration method, which included AOCS-Cd 3d-
63, AOCS-Cd 1d-92 and AOCS-Cd 3b-76. The heating value
of the oil was determined using a C5000 IKA (Werke, Ger-
many), following ASTM D 4568, whereas the kinematic vis-
cosity was measured using Lovis 2000 M of Anton Paar fol-
lowing DIN 12058. The C30 Coulometric KF Titrino (Met-
tler Toledo) was used to determine the moisture content of
the oil and biodiesel following ASTM D 2709. The fatty
acid compositions of the oils were determined by converting
the fatty acid of the glycerides into methyl esters of the cor-
responding fatty acid by using GC-FID [17]. Methyl ester

Table 1 Experimental design
variables with ranges for rubber
seed oil

Process parameters

Rubber seed oil Malaysia Rubber seed oil Vietnam

Low High Low High
Methanol-to-oil molar ratio 10 20 10 20
Catalyst loading (wt%) 0.5 1.5 6 12
Reaction temperature (°C) 45 65 45 65
Reaction time (h) 1 3 1 3
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Table 2 Physicochemical

. . Properties Rubber seed oil Rubber seed oil Rubber Seed Oil
properties of the rubber seed oils Malaysia Vietnam Ahmad et al. [15]
Colour Yellowish brown Dark brown Brown
FFA (wt%) 23.2 42.5 45
Moisture content (wt%) 0.90 1.5 0.93-0.98
Calorific value (MJ/kg) 37.9 37.9 37.5
Iodine value, (g1,/100 g) 134.5 131.8 132.6
Saponification value (mg KOH/g) 194.7 201.5 192
Kinematic viscosity at 40 °C (mm? /s) 41 36 33
Fatty acid composition (Wt%)
Palmitic acid 9.6 8.9 10.3
Stearic acid 8.8 7.5 8.8
Oleic acid 253 27.0 24.7
Linoleic acid 41.0 41.4 39.8
Linolenic acid 15.3 15.2 16.4
peaks were identified by comparison with the retention time (@ | . .
of the reference external standard. All of the experiments 9 ® *
were conducted in three replicates, the reported values were 4
the averages of the individual runs, and the inaccuracy per- w0 ¢
centages were <2 % of the average value. = RSOM
= ¢ RSOV
S 354
2.1 Fatty Acid Composition Analysis é
Fatty acid composition of the feedstock oil was calculated 307
using a gas chromatograph (GC) equipped with FID (flame - " -
ionisation detector), following EN 14103. The GC system 25 - "
was equipped with a variable split flow injector, a temper- " : : : : :
ature programmable oven, a flame ionisation detector and 0 2 4 6 8 10
capillary column coated with methylpolysiloxane (DB-23) Rubber seed oil storage duration (week)
(60m x 0.25mm x 0.25 pm). Temperature program starts at (b)
100 °C holding for 2 min, heating at 10 °C/min until 200 °C, 53.5 - n " =
heating at 5 °C/min until 240 °C and holding for 7 min. He-
lium was used as a carrier gas at a flow rate of 4 mL/min. The 53.4 = =
hydrogen and air were used at flow rate of 50 and 400 mL/min
for flame [18]. 5331 = =
&3
=<
2.2 Acid Esterification Experimental Setup and £ 5321
Procedure
53.1 4
The system used for acid esterification reaction consisted of
250mL of two-necked glass reactor equipped with a con- B30 m =

denser, thermometer and water bath. The assembled equip-
ment was placed on a heating plate with magnetic stirrer.
The RSO, methanol and potassium hydroxide were used in
amounts established for each experiment. For each run, 100 g
of RSO was placed in the reactor and preheated to reach the
desired temperature. The mixture of methanol and catalyst
(sulphuric acid) was added to the oil. The mixture in reactor
was stirred at a constant speed of 400 rpm for all test runs.
After a specific reaction time, the heating and stirring was

L e s E e e e T I s m m s
26:99 29:84 24:100 36:58 32:69 33:54 25:86 27:77 33:61

Temperature:humidity (°C:%)

Fig. 1 aStorage duration effect on free fatty acid. b Comparative effect
of temperature and humidity on free fatty acid in rubber seed oil Vietnam

stopped. The mixture was poured into the separating funnel
and immersed in ice- cold water to arrest the further progress
of the reaction. The mixture was poured into the separat-
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ing funnel and hung out for sufficiently long time (2h) to
separate due to gravity difference. The by-product and cat-
alyst were discharged, and the products were washed with
deionised warm water at 40 °C to remove impurities in the
product. The remaining methanol and water in the product
were evaporated using a rotary evaporator under vacuum.
A 10g of anhydrous sodium sulphate was added to product
sample to ensure complete removal of water and filtered by
using filter paper (541 Whatman). FFA content of the prod-
uct was analysed by following AOCS-Cd 3d-63 method. All
the experiments were performed in three replicates to ensure
data reproducibility.

2.3 Experimental Design

Parametric studies on the optimised orifice plate were done
by employing central composite design (CCD) using Design
Expert 8.0 software. Further optimisation of operating para-
meters was analysed by numerical optimisation technique in
RSM. The experimental arrays were designed by CCD. The
reaction variables and its respective ranges are shown in Ta-
ble 1. The independent input process variables were primarily

Fig. 2 The chromatogram of (@)

fatty acid composition for a 2004

Rubber seed oil Malaysia and b

Rubber seed oil Vietnam 8003
7007
6007

Respons: (pf)
w
2

classified in terms of low and high levels. The factors were
distributed into versatile points called axial, centre and fac-
torial points. The axial points were coded by CCD with —2
and +2. Low- and high-level factor points were designated
as —1 and +1, whereas centre points were coded with 0 and
repeated experimental arrays designed on centre points.

2.4 Kinetics of RSO Esterification Process

The kinetic model for homogenous acid esterification reac-
tion was developed using the data obtained from the opti-
mised reaction conditions by RSM. Under optimised con-
ditions, FFA content was frequently measured at specific
intervals of time. The calculated FFA with respect to time was
transformed into derivative using finite difference method.
The stoichiometry of homogenous acid esterification reac-
tion with excess of methanol is shown in Eq. (1).

Free fatty acid + Methanol «— Methyl ester + Water
ey

Palzitic 2cid C160
Stearic 2cid C180
Olsicacid Cl13:1
Linoleic 2cidC182

Linolenic2cidC18:3

4003
3003
200
1004
o 7 T =
0 3 {o 35 =
(b) 1
9001
200 Paleitic 2cidC160
s30ic 20t 2
00 c132 Steariczcid C180
Otsic 2cid C13:1
z _ Linolsic 2¢idC182
& . c1s:1
5 3004 Linolenic 2cidC13:3
H c18:3
é -
3003 C16:0 i
1 10
2001
1004
oj I L) L) J
0 H 10 15 20 25 =2
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The reaction rate with respect to time (r) was determined
using Eq. (2).

dCEra
y = —

e k(T) f (Crra)” 2

where k is the reaction rate constant, which is dependent on
temperature (7) and can be further manipulated by Arrhenius

Eq.(3).

—Ep

K(T) =k = Ae & A3)

where activation energy (E4 ), frequency factor (A) and uni-
versal molar gas constant (R). Concentration with respect
to time at different temperatures was transformed to respec-
tive derivatives term by finite difference method to calculate
d?%t at each time interval. Taking the natural log of Eq. (2)
gives Eq. (4).

dc
In ( dFtFA) — Ink 4 o In Crpa 4)

where « is the order of the reaction and it can be determined
by taking the slope of In Cgpa versus In (dchA t) plots on dif-
ferent reaction temperatures. Reaction rate constants at each
reaction temperature can be determined by Eq. (4). Activation
energy and frequency factor for acid esterification reaction

were calculated by using Eq. (3) and by taking natural log of
Eq.(3).

—Eqa

Ink=InA
n n+RT

&)

Activation energy and frequency factor was determined by
plotting In k against reciprocal of % The activation energy
of the process is slope of the plot (—%), and frequency fac-
tor was determined by plot intercept on In A. Experimental
concentration data were fitted with predicted concentrations
in order to compare the deviation of the results. The error
between experimental and predicted concentrations was min-
imised by least square method represented by Eq. (6).

2
exp m
Yi =X
R, = Z A (6)
Yi

where yie *P is experimental concentration terms and =
model concentration terms

3 Results and Discussion

Physicochemical of RSOM and RSOV was compared to the
literature values as shown in Table 2. The results revealed that

the FFA content in RSOV was 1.8-fold higher than RSOM.
It could be due to longer transportation and storage duration,
which resulted in an increase in FFA content. Similar obser-
vations have been reported by Zhu et al. [19]. The verification
of these results is shown in Fig. 1a, which indicates FFA con-
tent in both of RSOV and RSOM increased with an increase
in storage duration. The high amounts of unsaturated fatty
acids present in the RSO are accountable for the increase in
FFA value with respect to storage time. Figure 1b shows the
combined effect of atmospheric temperature and humidity
on FFA content. The results revealed that the FFA is consid-
erably affected by an increase in humidity and fluctuation of
temperature due to exposure to open atmosphere and light.
The kinematic viscosity of oil decreases with an increase in
temperature, and low viscosity induces the oil to flow easily.
The kinematic viscosity of RSOM—41 mm? /s was slightly
higher than RSOV—36 mm?/s at 40 °C. Saponification is a
process by which the fatty acids in the glycerides of oil are
hydrolysed by an alkali [20]. The saponification value is the
amount of alkali (mg) required to saponify one gram of oil.
This value is useful for a comparative study of fatty acid chain

Perturbation
5 —|
(a)
4 4
3|
B
& a4
E >
o1 C Dc¢c
m
0—
1
T T T T T
-1.000 -0.500 0.000 0.500 1.000
Deviation from Reference Point (Coded Units)
Perturbation
"1 (b)
B
A
-~ 15—
£
<
)
= le}
e ——— D
———¢
B A
05—
0 —|
T T T T T
-1.000 20500 0.000 0.500 1.000

Deviation from Reference Point (Coded Units)

Fig. 3 Perturbation plot for a Rubber seed oil Malaysia and b Rubber
seed oil Vietnam
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lengths (saturated) in oil [21]. The saponification value of
RSOV was 201.5 mg KOH/g, which was slightly higher than
RSOM which was 194.7 mg KOH/g. The results revealed that
the higher the saturated fatty acid, the higher the chain length
and the higher the saponification. The moisture content and
iodine value of RSOM were 0.9wt% and 134.5g1,/100 g,
whereas RSOV were 1.5wt% and 131.8 g1,/100 g. Higher
heating value of 37.9MJ/kg was obtained for both RSOM
and RSOV using IKA C5000 bomb calorimeter. The fatty
acid composition of RSOM and RSOV is presented in Ta-
ble2. The chromatogram of the RSOM and RSOV’s fatty
acids is illustrated in Figure2. Results revealed that unsat-
urated fatty acids of oleic and linoleic acids were the most
abundant fatty acids in RSO. With increased storage dura-
tion, a higher amount of unsaturated fatty acid is oxidised
and contributed to an increase in FFA value [22].

The details of experimental runs associated with the inde-
pendent process variables, designed by the CCD, are shown
in Supplementary 1 and Supplementary 2 along with exper-
imentally determined output responses.

(a)

FFA (%)

_— — 20.00
18.00
16.00
14.00

070 _~"12.00 A: Methanol to oil molar ratio

B: Catalyst loading (wt%)
0.50 "10.00

Catalyst loading for RSOM: 1 wt% m RSO
(c) Catalyst loading for RSOV: 9 wi% ® RSOV
Reaction time: 2 h
2.5 , Reaction temperature: 55 °C
[
2.04
o 1.5+ ]
s
<
=
= 1.0+
o ®
0.5 o u
u
0.0 T T T T T
5 10 15 20 25

Methanol to oil molar ratio

Fig. 4 Effect of methanol-to-oil molar ratio and catalyst loading on
free fatty acid for a Rubber seed oil Malaysia, b Rubber seed oil Viet-
nam, ¢ Comparative effect of methanol-to-oil ratio on rubber seed oil

@ Springer

FFA (%)

3.1 Anova Analysis

ANOVA (analysis of variance) was employed to statistically
analyse the output response (FFA content). The ANOVA re-
sults for RSOM and RSOV are presented in Supplementary
3 and Supplementary 4. The model p value determined the
percentage of error in the model along with individual and
combined effects of the input variables. The obtained model
p values were <0.05, which implied that the model was sig-
nificant for both RSOM and RSOV designed variables with
respect to the response. The F-value describes the reliabil-
ity of the fitted model with the output response. The highest
F-value for the methanol-to-oil ratio and catalyst loading in-
dicate a higher influence of these two variables on the output
response. Reaction temperature and time were less signifi-
cant input variables as compared to the others. Most of the
combined manipulative variables show the least significant
behaviour based on their p values. The output response (FFA
content) was fitted to the input process variables through
regression analysis (R?). The regression analysis produced
response surface equations for the output response model in

vy

|
v/ /
V//
/]

//]
[/
7/

AR

o
AR

LU0
Y

i

"
O
7
i
\
A

\

ik
i
L
it

i
O
/A‘

#

|
|
&

:0‘0’0000’0‘0’

)
”0
\

\

20.00

Reaction temperature: 55 °C
Methanol to oil molar ratio: 15:1
Reaction time: 2 h

m RSOM
® RSOV

0 T T T T T T T 1
0 2 4 6 8 10 12

Effect of catalyst loading (wt%o)

Malaysia and rubber seed oil Vietnam, d Comparative effect of catalyst
loading on rubber seed oil Malaysia and rubber seed oil Vietnam



Arab J Sci Eng

terms of actual and coded terms. Equations (7) and (8) for
RSOM and RSOV represent a second-order polynomial re-
gression model as shown below.

FFAgrsom (%) = +0.96 — 0.65 x A — 1.14 x B — 0.06
x C — 0.10 x D — 0.06AB + 0.05AC
—1.04AD — 0.05BC — 0.14BD
—0.05CD + 0.05A2 + 0.46B>
—0.16C* — 0.12D? 7
FFAgsoy (%) = +0.87 — 0.53 x A — 0.60 x B — 0.11
x C — 0.01 x D — 0.23AB + 0.14AC
—0.63AD + 0.15BC + 0.05BD
+0.15CD + 0.22A2 + 0.33B?
—0.01C% - 0.01D? ®)

The model fitting was assessed by the R? for RSOM and
RSOV, which show that the models can be used for the pre-
diction of output response with reasonable precision. The
value of the adjusted R? evaluated is in a good agreement
with R%. An adequate precision determines the signal-to-

@ R
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‘ ”’/.:..
e
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< e e e
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TSSO oL LT
e
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3.00 “:‘::::’ 65.00
0‘0
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D: Reaction time (h) C: Reaction temperature (°C)
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Methanol to oil molar ratio: 15:1 m RSOM
. Catalyst loading for RSOM: 1wt% P
0.95 Catalyst loading for RSOV: 9 wt% RSOV
® Reaction time: 2 h
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n
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—
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0.65 T T T T T T T 1
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Reaction temperature (°C)

Fig. 5 Effect of reaction temperature and time on free fatty acid for a
Rubber seed oil Malaysia, b Rubber seed oil Vietnam, ¢ Comparative
effect of reaction temperature on rubber seed oil Malaysia and rubber

noise ratio; a ratio >4 is desirable. Indeed, ratios >4 were
obtained for both the RSOM and RSOV models, indicating
adequate signal.

The perturbation plots show the effect of all the parameters
on one curve (Fig. 3). Perturbation curves verify the ANOVA
results that factor A (methanol-to-oil molar ratio) and factor
B (catalyst loading) show the maximum influence on the
output response. However, factor C (reaction temperature)
and factor D (reaction time) for both cases did not contribute
greatly to the variation of the response value obtained.

3.2 Effect of Methanol-to-Oil Molar Ratio

The methanol-to-oil molar ratio is the second significant
process variable that contributes to the FFA reduction. From
an economic point of view, the minimum amount of methanol
should be used to achieve maximum conversion. Theoreti-
cally, one mole of methanol is required to react with FFA to
produce one mole fatty acid methyl ester and one mole water.
However, an excess methanol is needed to shift the reaction
equilibrium towards product and it also helps to dissolve the
water during the reaction in order to avoid hydrolysis. Fig-

5
15
<)
<
<<
=
=
D: Reaction time (h) o
C: Reaction temperamre( C)
1.0045.00
Reaction temperature: 55° C = RSOM
16 - Catalyst loading for RSOM: 1 wt% ® RSOV
Catalyst loading for RSOV: 9 wt%
Methanol to oil molar ratio: 15:1
[ 4
1.4 o
1.2
= =
=
= 104
L ]
® ® o
0.8 - = ] - g *
M °e
u
0.6 T T T T T T T 1
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0

Reaction time (h)

seed oil Vietnam, d Comparative effect of reaction time on rubber seed
oil Malaysia and rubber seed oil Vietnam
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ure 4a, b demonstrates the 3D effect of methanol-to-oil molar
ratio and catalyst loading on FFA reduction. The FFA value
decreased with an increase in methanol. Figure4c shows
the comparative effect of the methanol amount on RSOM
and RSOV. Results revealed maximum FFA reduction at the
methanol-to-oil ratio of 20:1. Further increased in methanol-
to-oil ratio resulted in slightly decreased in FFA in RSOM,
but FFA content in RSOV increased due to the poor sepa-
ration and longer separation time. It was observed that FFA
content decreased by increasing the methanol amount for
both oils. A similar result was reported by Khan et al. [23].

3.3 Effect of Catalyst Loading

Catalyst loading was identified as the most important variable
which affects FFA reduction. Figure 4a, b illustrates the FFA
content in RSOM and RSOV decreased by increasing the
catalyst loading. The FFA content in both oils was decreased
by increasing catalyst loading up to certain limit at constant
methanol-to-oil molar ratio of 10.

Figure4d presents the comparative effects of catalyst on
the FFA reduction. The RSOM at 0.5 % of catalyst showed
maximum FFA reduction. Ramadhas et al. [24] reported a
similar result for acid esterification of RSO. However, the
RSOV required an excess amount of catalyst to reduce its
FFA content. The maximum FFA reduction in RSOV was
achieved by increasing the catalyst amount up to 12 wt%.
Further increasing the catalyst concentration beyond 12 wt%
did not have a significant effect on reducing the FFA. Catalyst
provides the initial active ions for acid esterification process.
At lower catalyst loading of 2—6 wt%, FFA content in RSOV
could not be reduced to an acceptable limit. Morshed et al.
[25] also reported that a higher percentage of catalyst load-
ing (5-7wt%) is needed for FFA reduction in RSO from
Bangladesh.

3.4 Effect of Reaction Temperature

Reaction temperature is also the driven force to increase the
esterification reaction rate. Figure 5a, b shows the effect of
reaction temperature with respect to FFA content. The com-

Fig. 6 Free fatty acid (a)
concentration versus reaction - = 45°C
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Table 3 Reaction rate constants at different temperatures However, it was observed that temperature above 65 °C re-
Temperature (°C) k (min—") sulted in méthanol losses ar'ld dark product was formed.
Rubber seed Rubber seed Low'er I'ef«lCthIl t.emperature is advantageous from a'n €co-
oil Malaysia oil Vietnam nomic point of view; thus, 50 and 65 °C were determined as
optimal conditions for RSOM and RSOV.

45 25.84 5.92
55 26.70 7.38
65 32.90 10.90 3.5 Effect of Reaction Time
Figure Sa, b illustrates the effect of reaction time on FFA
parative effect of reaction temperature is presented in Fig. 5c.  reduction. A comparative effect of reaction time on FFA re-
The FFA reduction in RSOM and RSOV steadily increased  duction is described in Fig. 5d for RSOM and RSOV. At 0.5
with the increase in reaction temperature from 37 to 72 °C. and 1h, the differences in FFA reduction were still observ-
Fig. 7 Ink versus 1/T plots for (a) 3-65
a Rubber seed oil Malaysia and 1 = y=2.489x+10.298
b Rubber seed oil Vietnam 3.60 1 \ R’=0.96
3.55
3.50
3.45
™ |
= 3.40 + ]
3.35
3.30
3.25 -
3.20 . I . T T
3.0 3.1
1/T(K™Y
()
23 - y=3.006x+10.898
R’=0.99
2.2
2.1 4 \
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=
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Table 4 Activation energy and frequency factor
Kinetic parameters This study Marchetti et al. [27] Rattanaphra et al. [26]
Rubber seed oil Rubber seed oil Acid oil Rapeseed oil
Malaysia Vietnam
Activation energy (kJ/mol) 20.7 25 23.14 22.51
Frequency factor, 10> (min~") 29.7 54.1 - 17.78
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able (i.e. 0.3-0.6 %), but with further increase in reaction
time these differences gradually diminished. Mass transfer
between oil and alcohol is enhanced when specified resi-
dence time is given for reactants to interact. Ahmad et al.
[11] reported that the first hour of the reaction is sufficient to
reduce the FFA to a desired level.

3.6 Kinetic Modelling
3.6.1 FFA Concentration Versus Time Plot

The FFA concentration has been determined at temperature
interval of 10 °C with respect to the reaction time interval of
20 min for homogenous acid esterification process. Figure 6a,
b shows that the influence of temperature reaction on con-
version of the acid esterification experiments for RSOM and
RSOV was conducted with various reaction temperatures in
the range of 45-65 °C under the optimal conditions achieved
in the above sections were adopted. Results revealed that
the FFA concentration in acid esterification reaction was de-

creased from 45 to 65 °C. Higher reaction temperature could
drive the reaction equilibrium towards product and conse-
quently increase the esterification reaction rate. It was found
that the rate constants for acid esterification reaction by utilis-
ing RSOM were 25.84 (45 °C), 26.7 (55 °C) and 32.9 min~!
(65°C), whereas 5.92 (45°C), 7.38 (55°C) and 10.9 min~!
(65 °C) for RSOV as presented in Table 3. The mean reaction
order for RSOM and RSOV was 1.32 and 1.52.

3.6.2 Activation Energy and Frequency Factor

Figure 7a, b shows the logarithm plot of reaction rate constant
with respect to the reciprocal of temperature. The straight
decline line verified that the reaction rate constant is in ex-
cellent agreement with the Arrhenius law. Following ob-
servations can be made for frequency factor and activation
energy parameters listed in Table4: (1) the frequency fac-
tor for RSOV was about 1.8-fold higher (of the order of
~10* min~') than RSOM; (2) the activation energy for
RSOM and RSOV was 20.7 and 25.0kJ/mol. The obtained
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activation energies are in a good agreement reported by Rat-
tanaphra et al. [26] and Marchetti et al. [27]. They reported
that acid esterification process has low activation energy.

The mathematical model equations proposed for homoge-
nous acid esterification process using the predetermined ki-
netics data are shown in Egs. (9) and (10).

dC —20.7kJ/mol
TRSOM = dFtFA =29.7x 10%e™ & (Cppa)'*
&)
dC —25. 'mo
TRSOV = dF;FA =541 x 103e R (Cppa) -2
(10)

Figure 8a, b exhibits the verification of model predicted and
experimental terms by using excel solver, and the error was
minimised by least square method. Results revealed that there
isless error between experimental and model predicted terms,
and thus, the proposed model equations are reliable to repre-
sent the experimental data.

4 Conclusion

FFA content in RSOM and RSOV has been significantly re-
duced by acid esterification pretreatment method, and the in-
fluence of operating parameters has been investigated. Due to
high level of unsaturated fatty acids presents in RSO, the FFA
content was affected by storage duration. Higher FFA was
found in RSOV as compared to RSOM. Therefore, RSOV
required higher catalyst loading for FFA reduction compared
to RSOM. According to the ANOVA results, catalyst load-
ing and methanol-to-oil molar ratio were the most significant
factor among the other parameters examined. Second-order
quadratic equation models for RSOM and RSOV, relating
FFA content to input process variables, have been derived
using RSM. Optimised conditions to obtain maximum FFA
reduction in RSOM include a temperature of 50 °C, the cat-
alyst loading of 1.38 wt%, the methanol-to-oil molar ratio of
15.98:1 and the reaction time of 2h. With regard to RSOV,
the optimal operating conditions for acid esterification re-
action were 10:1 molar ratio of methanol to oil, 10.74 wt%
of catalyst, 65 °C of reaction temperature and 1 h of reaction
time. Kinetic model equations were developed for acid ester-
ification process of RSOM and RSOV. The frequency factor
and activation energy of RSOV were about 1.8- and 1.2-fold
higher than RSOM.
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