
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
N

ov
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 1

/1
3/

20
26

 1
:4

9:
16

 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
View Journal  | View Issue
Room temperatu
Department of Chemistry, Universitas Sum

E-mail: minto@usu.ac.id

† Electronic supplementary informa
https://doi.org/10.1039/d3ra06912e

Cite this: RSC Adv., 2023, 13, 33107

Received 11th October 2023
Accepted 5th November 2023

DOI: 10.1039/d3ra06912e

rsc.li/rsc-advances

© 2023 The Author(s). Published by
re esterification of high-free fatty
acid feedstock into biodiesel†
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Juliati Br. Tarigan and Eko K. Sitepu

The esterification of a high-free fatty acid feedstock to biodiesel is often performed in high-temperature

conditions using either homogeneous or heterogeneous acid catalysts. Thus, this study attempts to

esterify oleic acid to biodiesel in room temperature conditions using sulphuric acid as a catalyst and

a homogenizer device. The influences of process parameters including the molar ratio of oleic acid to

methanol, catalyst concentration and rotational speed on biodiesel conversion were determined in

different reaction times. The maximum conversion of 96.1 ± 0.4% was obtained in the presence of

a molar ratio of 1 : 12, catalyst concentration of 0.7 mol L−1, a rotational speed of 4000 rpm and

a reaction time of 30 minutes. The catalytic reusability test showed that the addition of fresh methanol is

required to maintain the catalytic activity. However, the homogenizer-intensify esterification of oleic acid

to biodiesel showed better performance than other methods as the reaction could conducted at room

temperature and at a short reaction time. The predicted biodiesel properties meet the international

standard except for oxidative stability. However, the flow properties revealed that the biodiesel can be

used in winter season.
Introduction

As a renewable alternative fuel, the consumption of biodiesel as
a substitute for diesel fuel remains low and limited.1 The high
biodiesel production cost is suspected to limit the utilization.2

The petro-diesel fuel price is 36.6% lower than biodiesel in the
United States of America in January 2023.3 Currently, the bio-
diesel industry is using vegetable oil as feedstock which
consumes 75–88% of the total cost.4,5 An alternative solution to
reduce biodiesel price is using low-cost feedstock such as waste
cooking oil (WCO) and animal fat.1,6 However, limited stock
limits the use of animal fat. In contrast, WCO is abundant due
to the increasing demand for vegetable oil.7 The worldwide
consumption of vegetable oils in 2022 is 213 million metric tons
and it is predicted to rise with a compound annual growth rate
of 7.68% in 2023–2027.8 However, WCO contains a high content
of free fatty acids (FFA) which prevents the transesterication
reaction to apply.7 Commonly esterication reaction using
a homogeneous acid catalyst is performed to reduce the FFA
content less than 2% prior the transesterication reaction.7,9

Despite the disadvantages of homogeneous acid-catalyzed
esterication reactions such as equipment corrosion prob-
lems, non-reusability and required neutralization processes, the
atera Utara, Medan 20155, Indonesia.

tion (ESI) available. See DOI:

the Royal Society of Chemistry
high biodiesel yield was achieved in short reaction time and
mild reaction conditions compared to other types of catalysts
such as heterogeneous substances and enzymes.10 For instance,
Yin, et al. (2012) investigated ethyl oleate synthesis using ami-
nophosphonic acid resin and obtained an optimum conversion
of 92% under reaction condition of molar ratio oleic acid to
alcohol of 1 : 14, catalyst weight of 10.2 wt%, reaction temper-
ature of 115 °C and reaction time of 10 hours.11 The long reac-
tion time could be shortest through the impregnation of the
heterogeneous substance with the sulfonic group.12–14 Yu, et al.
(2016) demonstrated the esterication of oleic acid using
a sulfonated coal-based heterogeneous catalyst and achieved
a conversion of 97.29% aer 4 hours reaction time.12 In
contrast, Aranda, et al. (2008) achieve biodiesel conversion of
90% aer 1 hour reaction time in esterication of palm fatty
acid using sulfuric acid as a catalyst.15 However, the esterica-
tion reaction using either homogeneous or heterogeneous
catalyst is performed at a high reaction temperature, hence
increasing the total biodiesel production cost.16

Homogenizer has proven could increase reaction rate
through higher shear stress and vigorous turbulence.17–20 A
biodiesel conversion of 98% was achieved in only 1 minute
reaction time in homogenizer-intensied transesterication of
soybean oil at room temperature using homogeneous base
catalyst.18 Furthermore, our previous result in the trans-
esterication of palm oil to biodiesel using palm bunch ash as
a catalyst showed that homogenizer could save 67–87% of
reaction time compared with other biodiesel production
RSC Adv., 2023, 13, 33107–33113 | 33107
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methods.21 To the best of our knowledge no work has been re-
ported regarding the esterication of high acid value feedstocks
for biodiesel production using homogenizer. Hence in this
study, the signicant parameters inuencing the esterication
process performed under homogenizer at room temperature
were determined. The factorial design was established to study
the interaction effect between reaction time and with molar
ratio of oleic acid to methanol, catalyst concentration and
rotational speed. The reusability of sulphuric acid as a catalyst
was also determined.

Experimental
Materials

Oleic acid, methanol, sulphuric acid and other chemicals were
purchased from Sigma-Aldrich and were used as received.

Homogenizer-intensied biodiesel production from oleic acid

The esterication reaction using a homogenizer apparatus was
conducted following the previous report.21 All experiments were
performed in a cavitation reactor consisting of a rotor–stator
with a diameter of 25 mm and 35 mm, respectively. The molar
ratio of oleic acid to methanol of 1 : 6, 1 : 9 and 1 : 12, catalyst
concentration of 0.1; 0.2; 0.3; 0.5 and 0.7 M, and rotational
speeds of 3000, 4000 and 5000 rpm were systematically varied at
reaction time of 5, 15, 30, 45, 60, 75 and 90 minutes. Initially,
80 mL of oleic acid was mixed with the investigated volume of
methanol and catalyst. The reaction was dispersed at 4000 rpm
for different reaction times at room temperature. Aer
completion, the biodiesel product was separated using
a centrifuge, washed with warm water twice and dried using
anhydrous sodium sulphate. The biodiesel product was
collected and stored in a desiccator for conversion analysis.

Reusability test of acid catalyst

The homogeneous acid catalyst reusability was investigated at
biodiesel maximum conversion reaction condition at a molar
ratio of oleic acid to methanol of 1 : 12, catalyst concentration of
0.7 M, rotational speed of 4000 rpm and reaction time of 30
minutes. The reusability test was conducted in two different
methods. First, aer each process, the mixture of methanol–
catalyst–water was collected in the bottom layer of the centri-
fuge tube and was used directly without any treatment for the
next reaction. The second method was performed following
a previous report suggested by Britton and Raston (2014) in
which the leover mixture was evaporated to dryness.22 The
residue which contains the catalyst was added with 61.5 mL of
methanol to ensure the molar ratio was the same and was used
for the next reaction. The biodiesel product was puried for
conversion analysis.

Biodiesel conversion analysis

The biodiesel content was determined based on the acid value
of the initial and reacted sample following the ISO 660:2020
procedure. The acid value was subsequently calculated as
follows:
33108 | RSC Adv., 2023, 13, 33107–33113
AV ¼ V �N � 56:1

W

where AV is the acid value (mg KOH per g sample), V is the
consumed volume of KOH (mL), N is the concentration of KOH
(mol L−1) andW is the mass of sample (g). The conversion (C) of
oleic acid to methyl oleate was determined by:

C ¼ AVi �AVf

AVi

where AVi and AVf are the initial and nal acid values of the
samples, respectively.

Furthermore, the maximum biodiesel conversion achieved
was conrmed using gas chromatography analysis. The proce-
dure for GC analysis following previous research published.5,20,23

Biodiesel formation analysis

The Fourier transform infrared (FT-IR) spectroscopy (Perki-
nElmer FT-IR 100) was used to conrm the formation of bio-
diesel. Further, gas chromatography (GC) analysis was used to
determine the conversion of the nal maximum sample. GC
(Shimadzu type 2010) is equipped with a ame ionization
detector (FID) and capillary column (length 15 m × 0.25 mm
ID). The carrier gas helium was used with a ow rate of 1
mL min−1. The injector and detector temperature was set to
260 °C and the oven temperature was programmed initially at
90 °C for 1 min, then heated with a heating rate of 7 °C min−1.

Statistical analysis

All the experiments were conducted in three replicates and the
data were analysed using Statistica v13. Differences between
means were calculated using analysis of variance (ANOVA) and
Tukey test post hoc at a signicance level of <0.05.

Results and discussion
Effect of molar ratio

The molar ratio of oil/fatty acid to alcohol is an important
parameter that could directly affect the biodiesel yield and
production cost.10 Stoichiometrically, one mole of alcohol is
required to react with one mole of fatty acid in an esterication
reaction. However, to drive the reaction toward the product, an
excess amount of alcohol is used.10,24 Hence, in this study the
molar ratio of oleic acid to methanol of 1 : 6, 1 : 9 and 1 : 12 was
investigated in varied reaction time from 5 to 90 minutes,
catalyst concentration of 0.2 M and rotational speed of
4000 rpm. Initially, low biodiesel conversion was achieved from
the entire ratio molar tested. It can be observed in Fig. 1A that
the biodiesel conversion in a molar ratio of 1 : 12 was 43%
higher than in 1 : 6 in a similar reaction time. This can be
attributed that an excess volume of methanol could decrease
the viscosity of the reactants which enhances the mass transfer
rate.24 Next, the conversion was increased sharply in the
increasing reaction time up to 45 minutes or all ratio molars
tested and gradually rose to achieve maximum biodiesel
conversion of 86.9 ± 0.4% using a ratio molar of 1 : 12 in reac-
tion time of 75 minutes. However, due to increasing water as
© 2023 The Author(s). Published by the Royal Society of Chemistry
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a by-product, the esterication reverses to the le side causing
decreasing biodiesel conversion.25,26 Due to this, the molar ratio
of 1 : 12 was selected to study the effect of catalyst concentration
and rotational speed on biodiesel conversion. Further, the
analysis of variance result showed that the molar ratio of oleic
acid tomethanol has a signicant effect on biodiesel conversion
which was driven by all the ratios tested.
Fig. 2 The FT-IR spectra of oleic acid and biodiesel.
Effect of catalyst concentration

The catalyst plays a crucial role in the esterication reaction as
it can accelerate the reaction rate.20 Catalyst concentration has
a linear relation with the biodiesel conversion. It has been re-
ported that increasing catalyst concentration could increase
biodiesel conversion until reaches the maximum point.5,27,28

Hence, the concentration of sulphuric acid as catalyst was
varied as 0.1, 0.2, 0.3, 0.5 and 0.7 mol L−1 which was studied
under reaction conditions of molar ratio of 1 : 2 and rotational
speed of 4000 rpm. As expected the biodiesel conversion was
increased in the increasing of catalyst concentration. The
conversion has increased 49% from 37.7 ± 1.4% to 73.3 ± 1.6%
using catalyst concentrations of 0.1 mol L−1 and 0.7 mol L−1,
respectively at a reaction time of 5 minutes (Fig. 1B). Interest-
ingly, the biodiesel conversion for all catalyst concentrations
tested was increased in the prolonged reaction time. When
a catalyst concentration of 0.7 mol L−1 was used the biodiesel
conversion of >90% was achieved aer a reaction time of 30
minutes and the conversion slightly increased to achieve
Fig. 1 Effect of (A) molar ratio; (B) catalyst concentration; and (C) rotati

© 2023 The Author(s). Published by the Royal Society of Chemistry
a maximum conversion of 98.3 ± 0.0% at reaction time of 90
minutes. Further, increasing catalyst concentration does not
inuence biodiesel conversion. This can be explained that
dehydration could occur in high concentrations of acid catalysts
affecting the biodiesel conversion.24 This result is in agreement
with a previous study that uses triuoroacetic acid as a catalyst
in the transesterication of soybean oil to biodiesel.29 Similarly,
Olkiewicz et al. (2016) obtained the same result in the esteri-
cation of sewage sludge lipids using a Brønsted acidic ionic
onal speed on biodiesel conversion.

RSC Adv., 2023, 13, 33107–33113 | 33109
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Fig. 3 The reusability study of the acid catalyst.
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liquid.30 The heterogeneous catalyst also showed a similar
pattern in the effect of catalyst concentration. The study in
homogenizer intensied biodiesel production from palm oil
using calcined waste banana peels showed decreasing biodiesel
conversion in increasing catalyst loading aer reaching the
maximum point.20 The signicant effect of changing catalyst
concentration and reaction time on the biodiesel conversion
was identied using ANOVA. Tukey's test revealed that all the
parameters tested were signicantly affecting the conversion.
Effect of rotational speed

The effect of rotational speed on biodiesel conversion is one of
the main objectives of this study. When the esterication or
transesterication reaction was performed without agitation,
no biodiesel was achieved.31,32 It is well known that mixing
intensity could increase the interaction between reactants
increasing the reaction rate.20 Thus, experiments were carried
out with rotational speeds of 3000, 4000 and 5000 rpm at
a constant catalyst concentration of 0.7 mol L−1 and ratio molar
of 1 : 12. The observed changes in biodiesel conversion related
to rotational speed have been depicted in Fig. 1C. The results
indicate that increasing rotational speed from 3000 rpm to
4000 rpm could increase biodiesel conversion by 12.7% at
Table 1 Summary of biodiesel production from high free fatty acid feed

Catalyst

Reaction conditions (mo
oleic acid : methanol, ca
concentration, reaction
temperature)

Non-catalyst 1 : 20, 120 min, RT, elect
Sulphuric acid 1 : 20, 13 wt%, 120 min,

electrolysis
Sulphated lanthanum oxide 1 : 5, 10 wt%, 360 min, 1
Aminophosphonic acid resin D418 1 : 14, 10.2 wt%, 600 min
Sulfonated Oryza sativa husk 1 : 24, 8 wt%, 60 min, 80

microwave-assisted
CaO solid base (NCS) 1 : 9, 5 wt%, 60 min, 90
Enzyme lipase 1 : 4, 0.2 wt%, 1440 min
Sulphuric acid 1 : 12, 0.7 mol L−1, 30 m

4000 rpm, homogenizer

33110 | RSC Adv., 2023, 13, 33107–33113
a reaction time of 5 minutes. However, the effect was vanished
in increasing rotational speed as the biodiesel conversion using
a rotational speed of 4000 rpm relatively similar when using
a rotational speed of 5000 rpm. It is worth noting that, when
reaction time increased, the biodiesel conversion also increased
as the reactants had more time to contact to produce bio-
diesel.18 However, the conversion begins to plateau aer
a certain period. This is presumably due to the concentration
gradient of oleic acid and methanol in the reaction system was
decreased slowing the reaction rate. Similar results were re-
ported by Joshi et al. (2017) that observed the biodiesel
conversion did not signicantly increase in increasing rota-
tional speed aer reaching the maximum conversion.33 Inter-
estingly a biodiesel conversion of >94% could achieve in
reaction time of 30 minutes for either rotational speed of 4000
or 5000 rpm. The highest biodiesel conversion of 96.1 ± 0.4%
was achieved using a rotational speed of 4000 rpm at a reaction
time of 30 minutes and this condition was used to investigate
the reusability study and biodiesel conrmation. Further, the
factorial ANOVA revealed a signicant effect of rotational speed
on biodiesel conversion which was driven by all the values
tested as stated by the Tukey test.
Biodiesel characterization and conrmation conversion

The biodiesel conversion of 96.1 ± 0.4% which was established
using differentiation of acid value before and aer esterication
reaction was conrmed by gas chromatography analysis. The
GC analysis was performed following the EN 14103:2011 stan-
dard.20,27 The conversion of 97.1 ± 0.7% was determined using
GC analysis which was quite similar to the conversion deter-
mined based on acid value. Further, the biodiesel formation
was conrmed using a spectrophotometer FT-IR. As shown in
Fig. 2, the FT-IR spectra of oleic acid and biodiesel are almost
identical as both exhibit absorption at a wavelength of 2800–
3000 cm−1 representing the stretching vibration of CH3, CH2

and CH groups and 1750 cm−1 which is assigned to C]O
stretching vibration. The establishment of biodiesel was
affirmed by the appearance of new bands at 1435 and 1195 cm−1

indicating the stretching vibration of –C–O–C– ester.
stock studies

lar ratio of
talyst
time, Biodiesel conversion

(%) Ref.

rolysis 42 37
RT, 95 37

00 °C 98 38
, 115 °C 92 11
°C, 99.6 39

°C 98 35
, 40 °C 97 40
in, RT,
assisted

95.2 This study

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Biodiesel properties of methyl oleate and comparison with biodiesel from palm oil

Properties Units EN 14214 ASTM D6751 Methyl oleate Palm oil

Ester content % >96.5 — 96.1 98
Cetane number — >51 >47 57 60
Density 25 °C, kg m−3 860–900 — 822 858
Viscosity 40 °C, mm2 s−1 3.5–5.0 1.9–6.0 3.7 3.9
Oxidative stability H 8 >3 <1 19
Pour point °C Report Report −9.7 13.1
Cloud point °C Report Report −2.6 7.4
References This study 45
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Reusability test of the catalyst

One of the main disadvantages of the utilization of homoge-
neous acid catalysts is non-reusable.28 However, throughout the
literature search no study reported on the reusability test of
sulphuric acid as a catalyst in esterication or trans-
esterication process to produce biodiesel. Hence, the reus-
ability of the homogeneous acid catalyst was studied using two
different methods under reaction conditions of molar ratio of
1 : 12, concentration catalyst of 0.7 mol L−1, rotational speed of
4000 rpm and reaction time of 30 minutes. As predicted the
biodiesel conversion decrease in the following cycles (Fig. 3).
The conversion dropped sharply from 96.1 ± 0.4% to 60.9 ±

0.9% aer the rst run. The sulphuric acid lost its catalytic
activity due to being diluted by water as the esterication
product. To clarify this issue, the concentration of the acid
catalyst aer the rst cycle was determined using acid–base
titration. The result showed that the concentration was
decreased from 0.7 mol L−1 to 0.43 mol L−1. Another possible
explanation for this result may be the lack of methanol amount
in the reaction at the second cycle. The remaining methanol in
the reaction at the h cycle was only 11.2 mL which was
decreased by 82%. This is presumably due to methanol having
been reacted and evaporated. To learn more about this, the
second method of reusability study of the homogeneous acid
catalyst was conducted. In this second method, fresh methanol
was added to the leover catalyst to ensure the molar ratio of
oleic acid to methanol remained the same. As shown in Fig. 3,
the catalyst showed efficient biodiesel conversion of 96.1, 93.9,
and 91.9% for three cycles, respectively. However, the biodiesel
conversion decreased to 86% aer the fourth run. This nding
is in agreement with a previously published study by Britton
and Raston (2014) in biodiesel production from soybean oil
using a vortex uid device.22 Further, Tarigan et al. (2022) in the
study of room-temperature biodiesel production using waste
passion fruit peel as a heterogeneous catalyst suggested adding
a certain amount of the catalyst to preserve the high biodiesel
conversion.27
Comparison of biodiesel production from high-free fatty acid
feedstock

A study on biodiesel production from high-free fatty acid feed-
stock through esterication reaction has been conducted either
in non-catalytic or catalytic processes. Table 1 summarizes the
reaction conditions and biodiesel conversion of this study with
© 2023 The Author(s). Published by the Royal Society of Chemistry
other data reported. A high biodiesel conversion of >92 is ach-
ieved for all studies except for the non-catalytic electrolysis
method. This is understandable considering the non-catalytic
reaction was conducted at room temperature. In non-catalytic
reaction particularly the supercritical solvent method, a high
temperature and pressure is required to increase mass transfer
between reactant.34 Recently, many researchers have focused
their study on the utilization of heterogeneous substances as
catalysts in esterication reactions. Some advantages provided
by the heterogeneous catalyst, particularly its reusability driven
the researchers to explore more. Liu et al. (2021) reported the
CaO solid base catalyst could be reused 26 times without losing
its catalytic activity and maintain the biodiesel conversion
>90%.35 However, all the heterogeneous catalyzed esterication
reactions have to be conducted at high temperatures to decrease
mass transfer limitation.24 Only two studies that used the elec-
trochemical method and homogenizer were performed at room
temperature while others were conducted at temperatures
varied from 40–115 °C. In terms of the molar ratio of oleic acid
to methanol, the ratio varied from 1 : 4 to 1 : 24. Enzymatic
esterication reactions usually use low-volume methanol to
avoid enzyme inhibition.36 For reaction time, this study was
performed in short reaction time compared to other studies.
The homogenizer acid catalyst esterication method could save
reaction time by 50–98%.

Biodiesel properties

The biodiesel properties of methyl oleate could be predicted
using an equation that has been published elsewhere.31,41,42

Some main physicochemical properties of biodiesel are pre-
sented in Table 2. Based on that table, the biodiesel properties
of methyl oleate achieved from the esterication of oleic acid
and methanol using a homogeneous acid catalyst and homog-
enizer met the international standard except for oxidative
stability. This is understandable because of the presence of
double bonds in the hydrocarbon chain. Oleic contains one
double bond which is susceptible to oxidation.43 However, this
double bond provides an advantage in terms of pour and cloud
points. The methyl oleate has better ow properties than palm
oil biodiesel which can be used in winter.44

Conclusions

A homogenizer device has been used to intensify the esteri-
cation high free fatty acid feedstock to biodiesel using
RSC Adv., 2023, 13, 33107–33113 | 33111
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homogeneous sulphuric acid as a catalyst. The maximum bio-
diesel conversion of 96.1 ± 0.4% was achieved under reaction
conditions of molar ratio of 1 : 12, catalyst concentration of
0.7 mol L−1, reaction time of 30 minutes and rotational speed of
4000 rpm. Analysis of variance revealed that all the parameters
have a signicant effect on biodiesel conversion. However,
sulphuric acid as an esterication catalyst could not be reused
directly as the concentration decreased sharply aer the rst
run. Interestingly, adding fresh methanol to the catalyst could
hold the conversion remains similar to the rst run. A
comparison study showed that homogenizer-assisted acid-
catalyzed esterication of high-free fatty acid feedstocks to
biodiesel could be conducted at room temperature and in
a short reaction time. In addition, the physicochemical prop-
erties of the biodiesel met the international standard.
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A. d. R. Jaramillo-Jacob, Fuel, 2012, 91, 102–111.
43 W. Wang, F. Li and Y. Li, J. Mater. Res. Technol., 2020, 9,

2727–2736.
44 C. Caldeira, F. Freire, E. A. Olivetti and R. Kirchain, Fuel,

2017, 196, 13–20.
45 M. C. Nongbe, T. Ekou, L. Ekou, K. B. Yao, E. Le Grognec and

F.-X. Felpin, Renewable Energy, 2017, 106, 135–141.
RSC Adv., 2023, 13, 33107–33113 | 33113

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06912e

	Room temperature esterification of high-free fatty acid feedstock into biodieselElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06912e
	Room temperature esterification of high-free fatty acid feedstock into biodieselElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06912e
	Room temperature esterification of high-free fatty acid feedstock into biodieselElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06912e
	Room temperature esterification of high-free fatty acid feedstock into biodieselElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06912e
	Room temperature esterification of high-free fatty acid feedstock into biodieselElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06912e
	Room temperature esterification of high-free fatty acid feedstock into biodieselElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06912e
	Room temperature esterification of high-free fatty acid feedstock into biodieselElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06912e
	Room temperature esterification of high-free fatty acid feedstock into biodieselElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06912e
	Room temperature esterification of high-free fatty acid feedstock into biodieselElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06912e

	Room temperature esterification of high-free fatty acid feedstock into biodieselElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06912e
	Room temperature esterification of high-free fatty acid feedstock into biodieselElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06912e
	Room temperature esterification of high-free fatty acid feedstock into biodieselElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06912e
	Room temperature esterification of high-free fatty acid feedstock into biodieselElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06912e
	Room temperature esterification of high-free fatty acid feedstock into biodieselElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06912e
	Room temperature esterification of high-free fatty acid feedstock into biodieselElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06912e
	Room temperature esterification of high-free fatty acid feedstock into biodieselElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06912e
	Room temperature esterification of high-free fatty acid feedstock into biodieselElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06912e

	Room temperature esterification of high-free fatty acid feedstock into biodieselElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06912e
	Room temperature esterification of high-free fatty acid feedstock into biodieselElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06912e
	Room temperature esterification of high-free fatty acid feedstock into biodieselElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06912e
	Room temperature esterification of high-free fatty acid feedstock into biodieselElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra06912e


