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In recent decades, conventional biodiesel synthesis from methanol or ethanol and

sunflower and rapeseed oil as feedstock has also introduced the use of higher and
branched alcohols and the use of waste sources of triglycerides. This study examined the
influence of reactant molar ratio (5:1-12:1), mass fraction of the potassium hydroxide
catalyst (1-3 wt%), time (30—120 min), type of feedstock and alcohol on the conversion
of fatty acid alkyl esters. The results showed that the presence of structural branching
had a negative influence on the reaction conversion. Regarding the feedstocks, the high-
est conversions were obtained when using coconut oil rich in short-chain saturated fatty
acids, while the conversions of biodiesel obtained from animal fat and unsaturated oils
were lower. Molar ratio of the reactants and the mass fraction of the catalyst had the

highest influence on the reaction conversion.
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Introduction

Fatty acid alkyl esters (biodiesel) are a renew-
able source of energy obtained through a transester-
ification reaction of a certain feedstock (usually
vegetable oils or animal fats) with an alcohol (typi-
cally methanol or ethanol), in the presence of a cat-
alyst (conventionally, homogeneous or heteroge-
neous acid/base catalysts)'. Based on the feedstock
of choice, biodiesel is categorized into different
generations of biofuels. The first generation belongs
to the group of edible oils (e.g., sunflower oil, rape-
seed oil, coconut oil, soybean oil, palm oil, olive
oil, etc.); the second generation gathers all kinds of
non-edible oils (e.g., jojoba oil, castor oil, karanja
oil, babassu oil, jatropha oil); the third generation
focuses on waste oils (namely, waste cooking oil,
animal tallow, chicken fat, poultry fat, fish oil),
while the last, and the most innovative fourth gener-
ation of biodiesel belongs to so-called solar biodies-
el (electrobiofuels, synthetic cell biodiesel, photobi-
ological solar biodiesel)*. The type of feedstock and
alcohol selected for the biodiesel synthesis and its
physical and chemical properties dictate what kind
of application properties this biofuel will have’.

“Corresponding author: ffaragun@fkit.hr

Feedstock properties, such as total content of free
fatty acids, moisture, and other impurities, as well
as the lower heating value, are some of the most
important traits that depend on the chemical compo-
sition of a triglyceride source, and indicate whether
this feedstock should undergo a certain pretreatment
prior to being used in biodiesel synthesis. For ex-
ample, if a feedstock contains a high percentage of
free fatty acids (> 1 wt%), as well as water, it is
prone to cause unwanted saponification reactions,
and a decrease in overall conversion if using an al-
kaline catalyst. Waste cooking oils are especially
susceptible to these changes due to the heating pro-
cess they are a subjected to, in which long triglycer-
ide carbon chains break and detach from the main
molecule, forming hydroscopic free fatty acids®.

In general, the main differences in the compo-
sition of vegetable oils and animal fats lie in the
degree of saturation of their fatty acids. Vegetable
oils as triglycerides, are liquid at room temperature,
because they consist of unsaturated fatty acids, e.g.,
sunflower oil, rapeseed oil, or waste cooking oil.
Coconut oil and animal fat (pork lard), for instance,
are mostly composed of saturated fatty acids, which
make them solids at room temperature. The average
chemical structures of the aforementioned sources
of triglycerides are given in Fig. 1, whereas the main
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Fig. 1 — Average structural formulas of different feedstocks: (a) sunflower oil/waste cooking oil, (b) rapeseed oil, (c) coconut oil,

(d) and animal fat

Table 1 — Main acidic constituents in different types of feed-
stock

Feedstock Main constituents (wt%)

Linoleic acid (52.34)

15
e Oleic acid (22.52)

Oleic acid (62.0-77.8)

115
Rapeseed oil Linoleic acid (14.1-32.0)

Lauric acid (40.0-50.0)
Coconut oil®
Myristic acid (15.0-20.0)

Oleic acid (38.6—44.7)

-
Waste cooking oil Linoleic acid (32.8-36.0)

Palmitic acid (23.7)

3 7
Animal fat Stearic acid (12.9)

constituents in feedstock composition are presented
in Table 1.

When it comes to the alcohols used in biodiesel
synthesis, this paper focuses on the use of higher
and branched alcohols, i.e., 1-propanol, 1-butanol,
isobutanol, 1-pentanol, and isopentanol.

Finally, the choice of the reactants for the trans-
esterification reaction needs to be followed by the
appropriate choice of reaction parameters (reaction
temperature, time, molar ratio of reactants, and
mass fraction of catalyst). Literature suggests that
increasing the molar ratio of alcohol to oil/fat leads

to an increase in the conversion of, e.g., conven-
tional fatty acid methyl esters, while an increase in
the mass fraction of a homogeneous catalyst (usual-
ly sodium or potassium hydroxide) increases the
reaction conversion to a certain extent, whereas the
use of a heterogeneous catalyst results in a continu-
ous rise in the reaction conversion®. Furthermore,
one of the studies of Likozar et al.® investigated the
effect of process conditions on equilibrium, reaction
kinetics, and mass transfer for triglyceride transes-
terification of canola oil with methanol to biodiesel.
The authors tested the influence of different alcohol
to oil ratios of 1:3, 1:4, 1:5, 1:6, 1:7, and 1:8
(mol mol™), with potassium hydroxide as a catalyst
(0.2,0.4, 0.6, 0.8, 1.0, or 1.2 wt%), through different
reaction times, 25—75 min (depending on the process
conditions), as well as a variety of temperatures; 30,
40, 50, 60, and 70 °C; and rotational speeds, 100—
600 rpm, on the conversion of transesterification
reaction. Their experimental results suggested that
the increase in the values of all of these parameters
within the investigated range led to an increase in
the reaction conversion®. Another study of Likozar
et al.” also investigated the influence of the reaction
parameters on the same reaction system; however,
this time via continuous 18 mL (5-millimeter inter-
nal diameter) tubular reactor with static mixers.
Varied parameters were temperature 30, 40, 50, 60
or 65 °C, and 0.2, 0.4, 0.6, 0.8, 1.0 or 1.2 wt% (per
oil weight) based on concentrations of catalyst po-
tassium hydroxide, while the reactions lasted up to
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an hour. Results showed that again higher tempera-
tures favored the transesterification reaction, since,
e.g., at 65 °C, the biodiesel conversion was 70 %,
whereas the temperature of 30 °C resulted in a con-
version of only 5 %. Other parameters, such as mo-
lar ratio of methanol to oil, indicated that, in this
continuous process, the conversion would increase
to a certain point (molar ratio of 4:1), where it
reached a plateau, i.e., increasing excess in alcohol
would not have an influence on the conversion of
methyl esters. The addition of catalyst, however,
continuously displayed a positive effect on the reac-
tion conversion, the highest one being achieved
with 1.2 wt% of potassium hydroxide’. Moreover,
Klofutar et al.® considered how the reaction param-
eters influenced biodiesel conversion if waste feed-
stock, i.e., waste sunflower oil, had been employed
in the synthesis. They used a combination of
size-exclusion chromatography and 'H NMR to
quantitatively monitor the transesterification reac-
tion, that is the formation of diglycerides, mono-
glycerides, and methyl esters from the starting tria-
cylglycerols. The parameters kept constant were the
rotational speed of mechanical stirrer of 500 rpm,
and an alcohol to oil molar ratio of 6:1. The results
showed that, after 16 minutes of the reaction, the
conversion was 64 wt% at 40 °C, and 89 wt% at 50
°C. After 90 min, the biodiesel conversion sur-
passed 86 wt%?3. Waste frying oil was also used in
the study of Uzun et al.’, in which they optimized
the reaction parameters, e.g., temperature, reaction
time, catalyst concentration, methanol/oil molar ra-
tio, or catalyst type (sodium hydroxides, methox-
ides, and ethoxides), to obtain high biodiesel con-
versions. Their results showed that the optimal
conditions for achieving 97 % of purified ester con-
tent were 0.5 wt% of NaOH, reaction time of 30
min, at temperature of 50 °C, and methanol to oil
ratio of 7.5. Due to high hygroscopicity of sodium
hydroxide, increasing the amount of the catalyst
and reaction time made saponification and hydroly-
sis reactions more probable, thus decreasing the
biodiesel conversion. In addition, at reactant molar
ratios higher than 7.5, excess methanol increased
glycerol’s solubility in the ester phase, leading to its
interference with the oil conversion to biodiesel,
and formation of foam. Lastly, if the temperatures
were higher than 50 °C (near or above methanol’s
boiling point), the rate of the saponification of tri-
glycerides would exceed the rate of alcoholysis,
which resulted in lower conversions’.

Therefore, the goal of this study was to investi-
gate how reaction systems containing higher (C,-
C,) and branched alcohols and feedstocks of differ-
ent composition in the presence of homogeneous
alkaline catalyst, potassium hydroxide, behave un-
der different experimental conditions.

Conversion, % =

Experimental

Materials

Selected feedstocks for biodiesel synthesis
were sunflower oil (ZVIJEZDA plus d.o.0.), rape-
seed oil (Dennree), coconut oil (Nutrigold), animal
fat (PPK Karlovacka mesna industrija d.d.), and
waste cooking oil (sampled from student’s canteen
Studentski centar Savska cesta 25, total acidity of
1.19 mg KOH g! (ASTM D 664:2018), and water
content of 0.069 wt% (HRN EN ISO 12937:2001).

Alcohols used in the synthesis were 1-propanol
(99. 7 %, Lach-Ner, water content < 0.1 %), 1-buta-
nol (99.5 %, Carlo Erba Reagents, water content <
0.1 %), isobutanol (> 99 %, Lach-Ner, water con-
tent < 0.05 %), 1-pentanol (99.8 %, Lach-Ner, water
content < 0.1 %), and isopentanol (98.5 %, VWR
LIFE SCIENCE, water content < 0.3 %). Potassium
hydroxide (min 89.5 %, GRAM-MOL d.o.0.) was
used as catalyst and dried at a temperature of 100
°C for 30 minutes before use.

Experimental plan

Experiments were conducted according to the
experimental plan presented in Table 2, under dif-
ferent combinations of reaction times (30—120 min),
molar ratios of reactants (5:1-12:1), and mass frac-
tions of catalyst (1-3 wt%), at a constant tempera-
ture of 60 °C.

Biodiesel synthesis and conversion analysis

Each biodiesel was synthesized using 20-milli-
liter glass tubes dipped in an oil bath and mixed
with a magnetic stirrer. Ahead of synthesis, reac-
tants were weighed in two separate glass tubes, one
containing triglyceride of choice, and the other con-
taining potassium hydroxide dissolved in a selected
alcohol. Both tubes were put into the bath and
warmed up to the temperature of 60 °C. Immediate-
ly after they were heated at given temperature, their
contents were mixed together, capped, and put back
into the bath for the time remaining. A milliliter of
sample for "H NMR (proton nuclear magnetic reso-
nance) analysis was taken after 30, 60, and 120
minutes through the sealed tube cap punctured with
a syringe needle, and then immediately quenched in
an ice bath to terminate the reaction after each time
interval. Samples remained frozen until NMR mea-
surements using Bruker Avance instrument, at 300
MHz, with a solvent deuterated chloroform (CDCL,).
These measurements allowed the conversion to be
calculated using the equation described by Faragu-
na et al."’

Surface area at around 4.0 ppm

Surface area at around 2.3 ppm

-100 (1)
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Table 2 — Combination of the reaction parameters selected
for the synthesis of fatty acid propyl, butyl, isobutyl, pentyl and
isopentyl esters (A — alcohol, O — oil/fat)

Time Molar ratio Mass
Oil/Fat Alcohol (min) A/O fraction of
(mol mol™!) | KOH (%)

5 1
5 3

1-Propanol
10 1
10 3
5 1
5 3

1-Butanol
10 1

. 2%

Sunflower oil/ 10 3
Rapeseed oil/ * 6 1
. 15% 6 3

Coconut oil/ Isobutanol
Animal fat/ 30 12 !
12 3

Waste cooking ——— 60

oil 120 5 1
5 3

1-Pentanol
12 1
12 3
6 1
6 3

Isopentanol
12 1
12 3

* applied only in the synthesis of fatty acid pentyl esters

In Equation 1, surface area around 4.0 ppm is
obtained by integrating signals (here, triplets) that
belong to the synthesized fatty acid alkyl esters (de-
sired products). On the other hand, surface area
around 2.3 ppm is a result of integration of all the
signals that belong to the used triglyceride source,
byproducts (diglycerides and monoglycerides), as
well as the obtained esters.

Results and discussion

Reaction conversions calculated for each ex-
periment using Eq. 1 are presented in Tables S1-5
(see Supplement). The dependence of the conver-
sion of each biodiesel from selected feedstock on
the mass fraction of KOH and corresponding alco-
hol to oil ratio after 120 minutes, as well as on time
with a lower and higher value of the reactant ratios
is presented in Figs. 1-6. For all investigated sys-
tems during and after the synthesis, one-phase sys-
tems were obtained and no glycerol phase separa-
tion was observed.

Influence of the parameters and feedstock type
on the reaction conversion of fatty acid propyl
esters

Synthesis of fatty acid propyl esters (FAPRE)
was conducted using one of the following feed-
stocks (given in different colors in Fig. 2): sunflow-
er oil (a-c), rapeseed oil (d-f), coconut oil (g-i), and
animal fat (j-1).

The results shown in the first column of Fig. 2
indicate that the increase in the molar ratio of the
reactants and the mass fraction of the catalyst re-
sulted in an increase in the reaction conversion.
When the molar ratio of 1-propanol to sunflower oil
was kept at a lower value of 5:1, the increase in
mass fraction of KOH from 1 to 3 % resulted in a
conversion increase of 36.0 %. However, the same
change caused the conversion to increase by only
7.0 % when the reactant molar ratio was kept at a
higher value of 10:1. Furthermore, keeping the mass
fraction of KOH at a constant value of 1 %, while
increasing the reactant molar ratio from 5:1 to 10:1,
resulted in a conversion jump by 40.0 %. This
change is far less significant at 3 wt% of KOH,
leading conversion to increase by only 7.0 %. With
rapeseed oil used as feedstock for FAPRE synthesis,
the obtained conversion results showed that the mo-
lar ratio of the reactants was a more significant pa-
rameter to the reaction conversion than the mass
fraction of the catalyst. Specifically, after 120 min-
utes, with and increase in molar ratio of reactants
from 5:1 to 10:1, the reaction conversion increased
by 30.0 % (with 1 wt% of KOH) or 36.0 % (with 3
wt% of KOH). However, an increase in catalyst
mass fraction from 1 to 3 % would only result in a
conversion increase of 6.0 % (at alcohol to oil ratio
of 5:1) or 11.0 % (at alcohol to oil ratio of 10:1).
Compared to the results with sunflower oil, the in-
fluence of KOH mass fraction on the conversion of
FAPRE was less pronounced at lower molar ratio of
5:1.

Compared to FAPRE from sunflower and rape-
seed oil, the overall conversion of FAPRE was
higher when using coconut oil (Fig. 2g). In addi-
tion, significant conversion changes were visible
only in the case of increasing the reactant molar ra-
tio from 5:1 to 10:1 at the lower value of catalyst
mass fraction of 1 %. Here, conversion increased by
15.0 %. The behavior of the reaction system con-
taining alcohol 1-propanol and animal fat as a re-
newable source, in the presence of the catalyst
KOH, was similar to sunflower oil and rapeseed oil
in terms of conversion when the reaction parame-
ters were changed. The main difference lies in the
significance that increasing the catalyst mass frac-
tion from 1 to 3 % had on the conversion at the re-
actant molar ratio of 5:1. After 120 minutes, the in-
crease in catalyst mass fraction led to an increase in
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Fig. 2 — Dependence of the conversion of FAPRE from sunflower oil (I row), rapeseed oil (2" row), coconut oil (3 row), and
animal fat (4" row) on the mass fraction of KOH and: I-propanol to oil ratio after 120 minutes (I*' column); time with the
reactant ratio of 5:1 mol mol™ (2 column); time with the reactant ratio of 10:1 mol mol™ (3" column)

conversion of 28.0 and 13.0 % at a molar ratio of
5:1 and 10:1, respectively. As evident from the sec-
ond and third columns of Fig. 2, reaction time was
less important for the conversion than the catalyst
mass fraction. In addition, the influence of time be-
comes increasingly insignificant as the other reac-
tion parameters approach their maximum values. In

the case of sunflower oil, the influence of both time
and catalyst mass fraction was more prominent at
the lower value of reactant ratio of 5:1. Here, the
addition of catalyst caused the conversion to in-
crease by 18.6, 33.8, and 35.7 % after 30, 60, and
120 minutes, respectively, whereas the same change
at a higher molar ratio of 10:1 led to a conversion
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increase of only 5.7 %, 0.4 %, and 6.6 %. When
using rapeseed oil for the synthesis, at the lower re-
actant ratio of 5:1, the increase in KOH mass frac-
tion resulted in a conversion rise of 26.0 % (after 30
min), 18.0 % (after 60 min), and 6.5 % (after 120
min). At a ratio of 10:1 mol mol™, the same will
result in a conversion increase of 15.0 %, 19.0 %,
and 11.0 %, after 30, 60, and 120 minutes, respec-
tively. With coconut oil, the influence of time was
also more pronounced only when the reactants mo-
lar ratio was set to 5:1. Increasing the molar ratio
resulted in a reaction system where conversion
hardly changed with time, i.e., reached a value of
99.0 % after only 30 minutes. Moreover, the highest
increase in the reaction conversion of 19.1 %, with
the increase in molar reactant ratio from 5:1 to 10:1,
occurred after 30 minutes when the value of cata-
lyst mass fraction was at 1 %. When this value was
higher (3 %), the same change resulted in an in-
crease of only 3.9 % after the same period. On the
other hand, biodiesel from animal fat achieved con-
version values of 93.1 % and higher after only 30
minutes. In addition, the increase in the molar ratio
from 5:1 to 10:1 resulted in a conversion increase of
25.5 %, with 1 wt% of KOH, whereas the change in
the same parameter caused conversion to increase
by 9.7 %, with 3 wt% of KOH.

Overall, the highest experimental conversion
values were achieved in the cases of sunflower oil,
rapeseed oil, and animal fat, obtained at reactant
molar ratio of 10:1 and catalyst mass fraction of 3
%, after one hour. When using coconut oil as feed-
stock, the highest conversion can be obtained either
at a higher molar ratio of 10:1, and with 1 wt% of
KOH, after only 60 minutes, or at a lower molar
ratio of 5:1, but using more catalyst (3 wt%), and
conducting the reaction over a period of 120 min-
utes.

Influence of parameters and feedstock type on
the reaction conversion of fatty acid butyl esters

Fatty acid butyl esters (FABE) were synthe-
sized using sunflower oil, rapeseed oil, coconut oil,
and animal fat as feedstock, presented in Fig. 3.

As evident from Fig. 3, a and d, no matter what
oil was used (sunflower or rapeseed oil) or alcohol
(1-propanol or 1-butanol), the parameters of the
transesterification reaction after 120 minutes had a
similar influence on the reaction conversion. The
increase in reactant molar ratio and catalyst mass
fraction had a positive effect on the reaction conver-
sion. For instance, at 1 wt% of KOH, increasing the
molar ratio from 5:1 to 10:1 resulted in a conver-
sion jump of 47.0 %. The same caused conversion
to rise by 12.0 %, at a mass fraction of KOH of 3
%. Also, maintaining the molar ratio at a constant
value of 5:1, and increasing the mass fraction from

1 to 3 %, resulted in a conversion increase of 33.0
%, whereas the same led to a conversion increase of
only 1.0 %, when the molar ratio was kept at a
higher value (10:1). In the case of rapeseed oil, after
120 minutes, at constant molar ratio values of 5:1
and 10:1, when the KOH mass fraction was in-
creased from 1 to 3 %, the reaction conversion in-
creased by 6.4 % and 8.2 %, respectively. At con-
stant KOH mass fraction values, when the reactant
molar ratio was changed from 5:1 to 10:1, the reac-
tion conversion increased by 17.1 % and 18.9 %,
respectively. The latter leads to the conclusion that
the reactant molar ratio was more significant as a
reaction parameter on FABE conversion than cata-
lyst mass fraction, whether the feedstock was sun-
flower or rapeseed oil. Fatty acid butyl esters syn-
thesized from coconut oil showed high conversion
values (95.0 % and higher, Fig. 7a), after 120 min,
even at lower values of reactant molar ratio and cat-
alyst mass fraction. Therefore, the increase in these
two reaction parameters had no significant influ-
ence on the increase of reaction conversion. This is
unlike any other previously described reaction sys-
tem, even those with the same oil, just with differ-
ent alcohol (1-propanol), meaning that the transes-
terification of coconut oil is better with 1-butanol
than with 1-propanol. When animal fat was used as
feedstock for FABE synthesis, the results showed
that, at a higher reactant molar ratio (10:1), the in-
fluence of increasing the KOH mass fraction from 1
to 3 % was insignificant.

In terms of reaction kinetics, time in each reac-
tion system shown in Fig. 3 had a positive effect on
the conversion only at 3 wt% of KOH. In addition,
regardless of time, an increase in KOH mass frac-
tion will always lead to at least a slight increase in
the reaction conversion of FABE from rapeseed oil.
This similarity holds true for FAPREs synthesized
using sunflower oil or rapeseed oil. In the case of
sunflower oil, the conversion decreased ever so
slightly over time with 1 wt% of KOH, and molar
ratio of 10:1. However, at lower values of catalyst
mass fraction, and reactant molar ratio, conversions
tended to drop over time in the sunflower oil sys-
tems with both 1-propanol and 1-butanol. When us-
ing rapeseed oil, at reactant molar ratio of 5:1, a
higher catalyst fraction prompts the conversion to
rise by 8.7 %, 13.0 %, and 8.6 %, after 30, 60, and
120 minutes, respectively. When this ratio was at
10:1 mol mol™!, conversion increased by 5.6 % after
60, and by 8.2 % after 120 minutes. In the case of
coconut oil, FABE conversions followed a similar
trend to those of FAPRE, i.e., the increase in cata-
lyst mass fraction, especially at lower molar ratio
value of 5:1, caused reaction conversion to increase
at all times, and throughout the reaction. The in-
crease in KOH mass fraction from 1 to 3 % caused



Canversion %)

Canversion (%)

Conversion [%)

Canversion (%)

M. Gotovusa et al., Influence of Reaction Parameters and Feedstock Type..., Chem. Biochem. Eng. Q., 37 (3) 123-142 (2023)

129

E1-ﬁhau Elwﬂ-l{ﬁﬂ ] 1wt KOH
3wl KOM 3 with KOM 3 wi% KOH
. 120 min 100 - 5:4 mol mal”' 100 - 18:4 mol mad'
a0 80 20 -
&0 - % 604 E &0
=
[ i
40 - B e 2 40 -
S §
204 201 20
0
o L]
30 &0 120
& i0 30
A:0 (mol mal ) b. Time {min) ¢ Tirme {min)
1 wi%s KOH [ 1 wtts KOH 1 wi%h KOH
3wt KOH B 2wt KOH 3 W% KOH
1060 - 120 min 100 - 1 mol mol ' 100 - 10:1 mol met”
a0 - a0 4
6 - E & -
g
40 E 4.
c
i
20 20
o
5 . 10 f
AD (ol mol ) .
Tirme {min} Time {min}
1 wil% KOM 1 wi% KOH
3 Wit% KOH 3wt KOH
120 mi " " "
2100 min 100+ &4 mol mol” 100~ 10:1 mol mol
a0 - a0 -
&0 - £ = 60+
= 13
g 2
an - 5 5 a0+
3 3
204 20 -
[ -
5 PR [ h i 30 &0 120
ATD | - -
fmvadmid ) Tirm (min) Time {min)
1 it HOM 1 wi% KOH 1 wi% KOH
3 wWit% KOH .amxmn .amxnﬁ
420 min 100 5:1 mal mal” 10:4 mol mal”
400 - 100
80
£ _
0 5 s
2
: :
A - c
. 3
20
[ 30 -11] 120
5 10 k. l.

A0 (mol mol )y

Time {min}

Time {min)

Fig. 3 — Dependence of the conversion of FABE from sunflower oil (I° row), rapeseed oil (2" row), coconut oil (3" row), and
animal fat (4" row) on the mass fraction of KOH and: I-butanol to oil ratio after 120 minutes (I*' column), time with the
reactant ratio of 5:1 mol mol™ (2 column); time with the reactant ratio of 10:1 mol mol™ (3" column)

the conversion to increase by 17.4 % after 30 min-
utes of synthesis. The increase in the molar ratio of
1-butanol to coconut oil from 5:1 to 10:1 achieved
a conversion increase of 22.3 %, again within the
first 30 minutes of the reaction. At a higher value of
the reactant molar ratio, the influence of time was
insignificant to the already high reaction conversion

of 99.1 %, achieved after only 30 minutes with 1
wt% of KOH. The same applies to the systems with
animal fat, where a total conversion was achieved
after only 30 minutes of the reaction catalyzed by 1
wt% of KOH, and remained constant over time.
This is the main difference from the reaction system
with 1-propanol, where regardless of the reactant
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molar ratio, the increase in KOH mass fraction had
a significant, positive influence on the reaction con-
version. Thus, at the lower reactant molar ratio of
5:1, the presence of a higher KOH mass fraction in
the system caused the conversion to increase by
31.4 %, 31.2 %, and 32.3 % after 30, 60, and 120
minutes, respectively. However, compared to the
corresponding FABE conversions from, e.g., coco-
nut oil, all of these conversion values were lower at
a molar ratio of 5:1.

Comparing these systems to those that already
exist in the literature, for example, the research of
Kumar et al."', where authors conducted an optimi-
zation of transesterification of non-edible mahua oil
with 1-butanol, in the presence of the same catalyst,
potassium hydroxide, the conversions of our bio-
diesel are overall higher. The optimal yield value in
their system was 94.8 %, at temperature of 80 °C,
after 90 min, with a molar butanol to oil ratio of
6:1, and 1.5 wt% of potassium hydroxide. In addi-
tion, Kumar et al. concluded that the increase in
molar ratio of butanol to mahua oil above 8:1 and/
or the increase in KOH mass fraction above 1.5 %
resulted in a decrease in the butyl esters yield, due
to the occurrence of side reactions (water forma-
tion, saponification). In contrast, our findings
showed an opposite trend, which may be attributed
to the low water content in our 1-butanol (£ 0.1 %),
and complete drying of potassium hydroxide prior
to the reactions.

In summary, a 100.0 % conversion of FABE
was achieved in all cases at a 1-butanol to triglycer-
ide molar ratio of 10:1, with a difference that, in the
case of sunflower oil, the reaction needs to be led
for two hours, with 3 wt% of KOH; in the case of
rapeseed oil, the reaction took 30 minutes, and 1
wt% of KOH; in the case of coconut oil, there were
two possible parameter combinations to achieve to-
tal conversion, i.e., either with 1 wt% of KOH, after
60 minutes, or with 3 wt% of KOH, after 120 min-
utes; in the case of animal fat, only 30 minutes with
1 wt% of KOH were needed to convert 100.0 % of
fat to FABE.

Influence of the parameters and feedstock type
on the reaction conversion of fatty acid isobutyl
esters

Sunflower oil, rapeseed oil, coconut oil, and
animal fat were chosen as feedstock in the synthesis
of fatty acid isobutyl esters (FAIBE, Fig. 4).

Using a branched butanol isomer, instead of a
straight-chained isomer, in transesterification of se-
lected triglyceride sources generally results in their
lower conversion to alkyl esters (see Supplement,
Table S1). To achieve conversion values close to
those of FABE, more severe reaction conditions
needed to be applied, i.e., the lower level of reactant

molar ratio was increased from 5:1 to 6:1, and the
highest level was increased from 10:1 to 12:1. In
terms of the trends in the conversion values due to
parameter changes, no major difference was ob-
served, 1.e., the increase in reactant molar ratio and
catalyst mass fraction led to the increase in reaction
conversion. The higher molar ratio of the alcohol to
oil/fat led to lower viscosity and improved miscibil-
ity, resulting in a chemical equilibrium shift towards
the reaction products, i.e., higher biodiesel conver-
sion. Numerous similar examples of transesterifica-
tion reactions were reviewed in a paper by Jin-Suk
et al.'?, where they emphasized how the increase in
the reactant molar ratio caused the conversion to
reach a certain level, after which it continued to
stagnate. Our results also showed that at higher mo-
lar ratios, the influence of catalyst mass fraction be-
came less prominent, meaning that the most signif-
icant reaction parameter was the reactant molar
ratio, followed by catalyst mass fraction, while the
least significant was reaction time. The conversion
of fatty acid isobutyl esters (FAIBE) was in some
cases slightly higher when using rapeseed oil as
feedstock, compared to sunflower oil. Furthermore,
compared to fatty acid butyl esters synthesized from
coconut oil, where after 120 minutes all three ob-
served reaction parameters had little to no influence
on the reaction conversion, here a visible change in
the conversion was observed, especially at the low-
er molar ratio value of 6:1. In addition, compared to
FABE, all the conversions of FAIBE from coconut
oil had lower values. The results gathered in a re-
search conducted by Leung et al.'* with neat and
used frying oil are in agreement with the ones pre-
sented here, that is, the increase in catalyst mass
fraction led to an increase in reaction conversion.
Finally, when animal fat was combined as a reactant
in a transesterification with isobutanol, in the pres-
ence of KOH, the obtained FAIBE conversions at
all parameter levels were lower than those obtained
when a straight-chain butanol isomer was used.
When the molar ratio increased from 6:1 to 12:1, at
1 wt% of KOH, the reaction conversion increased
by 43.4 % after 120 minutes, but when the same
occurred at catalyst mass fraction value of 3 %, the
conversion increased by only 25.3 %.

In regards to the influence of the reaction time
on the reaction conversion, again it is possible to
state that influence is minor to none in all observed
reaction systems, i.e., as a parameter it is insignifi-
cant compared to the reactant molar ratio or the cat-
alyst mass fraction. Moreover, the positive effect
that the higher reactant molar ratio has on the reac-
tion conversion of biodiesel was also studied by
Phan et al.'*, where they used waste cooking oils.
Here, as well, time had no significance on the reac-
tion conversions, e.g., when the molar ratio of
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Fig. 4 — Dependence of the conversion of FAIBE from sunflower oil (I* row), rapeseed oil (2" row), coconut oil (3 row), and
animal fat (4" row) on the mass fraction of KOH and: isobutanol to oil ratio after 120 minutes (I** column); time with the
reactant ratio of 6:1 mol mol™ (2 column); time with the reactant ratio of 12:1 mol mol™ (3" column)

isobutanol to coconut oil was 6:1, with the KOH
mass fraction of 3 %, the obtained conversion val-
ues were 91.5, 91.0, and 91.0 %, after 30, 60, and
120 minutes, respectively. In the case of animal fat,
the conversion values at each reactant molar ratio
and catalyst mass fraction level varied up to only
0.7 %. Keeping in mind that the accepted result de-

viation due to the repeatability of the method is 2
%, all these values are basically the same. The latter
was confirmed in the study by Sanli ez al.', where
they used different alcohols and catalysts to pro-
duce biodiesel from different vegetable oils, and
concluded that, after a certain time, no rise in the
transesterification conversion was observed.
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The highest experimental conversion values of
FAIBE when using sunflower oil (97.3 %), rape-
seed oil (97.0 %), coconut oil (97.7 %), and animal
fat (96.9 %) were all obtained at the isobutanol to
oil/fat molar ratio of 12:1, with 3 wt% of KOH. All
reactions took 60 minutes to complete, except that
with rapeseed oil, which took 30 minutes.

Influence of the parameters and feedstock type
on the reaction conversion of fatty acid pentyl
esters

Sunflower oil, rapeseed oil, coconut oil, and
animal fat were transesterified with alcohol 1-pen-
tanol to yield fatty acid pentyl esters (Fig. 5).

The influence of the reaction parameters on the
synthesis of fatty acid pentyl esters (FAPE) was in
agreement with the previously mentioned cases.
The increase in the reactant molar ratio and the cat-
alyst mass fraction generally led to an increase in
reaction conversion. Furthermore, the influence of
the catalyst mass fraction on the reaction conver-
sion was only noticeable at lower molar ratio val-
ues; otherwise, it became insignificant. Out of all
the presented reaction systems, the latter was the
most noticeable when using animal fat as feedstock,
due to the rise in the reaction conversion by 34.7 %,
whereas the system with coconut oil lacked this in-
fluence the most, with conversion increasing by
only 17.1 %. Nevertheless, as evident from Fig. 5, a
certain level of conversion was reached within 5
minutes of each reaction, and continued stagnating
throughout the reaction.

Moreover, when focusing on the reaction kinet-
ics, time influenced the increase in reaction conver-
sion solely when the reactant molar ratio was kept
at a lower value of 5:1. The influence of time was
mostly visible when using coconut or rapeseed oil,
and almost non-detectible when using sunflower oil
or animal fat. The highest conversion through the
entire time were obtained in the system with coco-
nut oil, and the lowest in the system with animal fat.

Therefore, the highest obtained conversion
when using coconut oil (100.0 %) was achieved af-
ter only 2 minutes, with reactant molar ratio of 5:1,
and catalyst mass fraction of 3 wt%. At a molar ra-
tio of 12:1 and catalyst mass fraction of 1 wt%, the
highest conversion with sunflower oil was achieved
after 2 minutes (100.0 %), with animal fat after 30
minutes (100.0 %), and with rapeseed oil after 15
minutes of the reaction (99.7 %).

Influence of the parameters and feedstock type
on the reaction conversion of fatty acid
isopentyl esters

Finally, branched alcohol isopentanol was used
with sunflower oil, rapeseed oil, coconut oil, and

animal fat in the synthesis of fatty acid isopentyl
esters (Fig. 6).

The significance of the reaction parameters in
the synthesis of fatty acid isopentyl esters (FAIPE)
from sunflower oil, rapeseed oil, coconut oil, and
animal fat decreased in the following order: from
reactant molar ratio, to catalyst mass fraction, and
finally to reaction time. The increase in the molar
ratio and the KOH mass fraction in these systems
resulted in a conversion increase as well. Out of all
the investigated reaction systems with sunflower
oil, the lowest conversions were obtained using
isopentanol as an alcohol in the synthesis, through-
out the entire studied range of the selected reaction
parameters. Similar conclusions were found in the
study of Likozar et al.'®, in which they synthesized
biodiesel from various feedstock and alcohols with
different chain lengths, and found that the increase
in the linear alkyl chain resulted in a decrease in the
conversion of corresponding alkyl esters. Moreover,
they noticed the drop in biodiesel conversions ob-
tained from tert-butanol, isopropanol, methanol,
ethanol, and butanol, respectively. In addition, two
reaction parameters became insignificant when 3
wt% of KOH was used in the FAIPE synthesis from
sunflower oil, those being the reactant molar ratio
and the reaction time. Although they are the same
when it comes to trends in the reaction parameters,
FAIPE and FAIBE obtained from coconut oil have
quite different conversion values. The conversion
values for FAIPE across all parameter levels were
lower than were those of FAIBE.

Unlike other feedstock types used in FAIPE
synthesis and described so far, the reaction systems
with animal fat exude different conversion respons-
es to the changes in reaction parameters. As shown
in Fig. 6h, after 120 minutes of the reaction, the
changes in the KOH mass fraction ceased to have
significant influence on the change in the reaction
conversions. This was particularly noticeable at the
higher reactant molar ratio of 12:1.

When it comes to the highest experimental
conversion values of FAIPE obtained in these dif-
ferent systems, the systems with sunflower oil and
rapeseed oil had in common both the value of the
reactant molar ratio (12:1) and the catalyst mass
fraction (3 %). However, with sunflower oil, the
conversion of 81.1 % was achieved after one hour,
whereas with rapeseed oil, a slightly higher conver-
sion of 82.4 % was achieved after only 30 minutes.
The highest FAIPE conversion of 84.9 %, when us-
ing coconut oil as feedstock, occurred after 60 min-
utes, at a reactant molar ratio of 6:1, and a catalyst
mass fraction of 3 %. The highest conversion of
FAIPE from animal fat of 82.7 % was obtained after
half an hour, at a molar ratio of alcohol to fat of
12:1, and a KOH mass fraction of 1 %.



M. Gotovusa et al., Influence of Reaction Parameters and Feedstock Type..., Chem. Biochem. Eng. Q., 37 (3) 123-142 (2023)

133

1 wi%s KOH 1wl KOH 1 wi% KOH
3 wit KOH 3 with KOH 2 with KOH
30 min 100 - &:4 mol mol” 100 - 12:4 mol mal”"
100
a0 -
40- alt
£ 60 g
- £
£ 60 3 = =
£ £ w g
= § :
: 8
o 20 20 -
20
# o
a ° 5 . b. : Gnm{mw“ . c. 5 15
A:0 mol mol ) Tirme {min}
1wt KO 1 wit KOH
3wt KOH 3wt KOH

30 min

A0 (mol mol”)

400 -

51 mal mol”’

Time {min}

121 mol mal”’

£ g, g
g 2
{ : ¢
=4
3 3 L]
d. & . e, 30 f. 5 15
A2D (mal mal ) Time {min) Tirme {min}
1 wite KOH .| wits KOH
3 Wit KOH 3wt KOM
" J - 1
0 min 100 - &1 mal mol 100 - 12:1 mol mol
a0 -
g £ £ w-
= =
1 s g
d [ £
: 5 s
8 3 S
20+
. o-
H 2 5 15 30
g. 5 . 10 h. 8 18 b i.
A0 (mol mol ) Time {min) Time {min)
1 with KOM .lmmn [ 1wt KOH
3 withe HOH 3wt KOH I 3wt KOH
" _ 1
30 min 100~ 5:1 mal mol”! 100 12:1 mel mel
5 £ £
‘% g g
_; [ e
= § g
g 3 3
o
j. o ko |
J- 5 10 . 5 15 . 5 15

Time {min)

Fig. 5 — Dependence of the conversion of FAPE from sunflower oil (I row), rapeseed oil (2" row), coconut oil (3" row), and
animal fat (4" row) on the mass fraction of KOH and: I-pentanol to oil ratio after 30 minutes (I*' column); time with the
reactant ratio of 5:1 mol mol™ (2 column); time with the reactant ratio of 12:1 mol mol™ (3" column)

Influence of the parameters on the reaction
conversion of fatty acid isobutyl, pentyl and
isopentyl esters from waste cooking oil

Synthesis of fatty acid isobutyl, pentyl, and iso-
pentyl esters was also conducted using waste cook-
ing oil (Fig. 7).

The use of waste cooking oil in the synthesis of
FAIBE, FAPE, and FAIPE, revealed that the con-
version values of FAIBE from waste cooking oil are
the closest to those of FAIBE obtained from sun-
flower oil, with the exception of the values obtained
with the molar ratio of 6:1, and KOH mass fraction
of 3 %. With sunflower oil, these conversion values
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ranged from 80.8 to 83.8 %, whereas here they were
slightly higher, ranging from 88.0 to 89.9 %. Fur-
thermore, transesterification of waste cooking oil
with 1-pentanol resulted in the highest conversions
among all reaction systems, keeping the same pa-
rameter trends. Hence, it may be concluded that the
amount of water or free fatty acids present in waste

cooking oil had no significant negative influence on
the conversion of these reactions. In terms of FAIPE
synthesis, all the reaction conversions of FAIPE
were lower than were those of FAIBE from WCO,
except those obtained at the lowest reactant molar
ratio and the lowest catalyst mass fraction. In addi-
tion, the expected increase in reaction conversions
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with the increase in KOH mass fraction at the high-
er level of reactant molar ratio of 12:1 was not ob-
served. Instead of increasing, these conversion val-
ues tended to decrease by 6.3-7.6 %. Time,
however, continued to have little to no significance
in this reaction system, as well, fluctuating within
the range of up to 2.9 %.

The highest FAIBE conversion obtained when
using waste cooking oil was 100.0 %, after 30 min-
utes, at the molar ratio of 12:1, and catalyst mass
fraction of 3 %. With 1-pentanol, the highest con-
version of 100 % occurred after only 2 minutes, at
reactant molar ratio of 12:1, and catalyst mass frac-
tion of 3 wt%. The highest conversion of fatty acid
isopentyl esters of 87.7 % obtained using the same
feedstock occurred after 30 minutes, at reactant mo-
lar ratio of 12:1, and catalyst mass fraction of 1 %.

Comparative result analysis

Fatty acid propyl, butyl, isobutyl, pentyl, and
isopentyl esters were synthesized from various
feedstock (sunflower oil, rapeseed oil, coconut oil,
animal fat and waste cooking oil), via transesterifi-
cation reaction in the presence of a potassium hy-
droxide catalyst.

After 30 minutes of the reaction, at temperature
of 60 °C, and KOH mass fraction of 1 wt.% (Fig.
8), the increase in reactant molar ratio from lower
(5:1 or 6:1) to higher (10:1 or 12:1) values resulted
in the following changes in conversion of fatty acid
propyl esters: from sunflower oil (76.1-91.6 %),
from rapeseed oil (55.9-87.0 %), from coconut oil
(79.6-99.1 %), and from animal fat (64.3-74.5 %).
In the case of fatty acid butyl esters, these changes
were as follows: for sunflower oil (74.6-99.3 %),
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for rapeseed oil (78.8-100.0 %), for coconut oil
(76.8-99.1 %), and for animal fat (53.8-100.0 %).
In the synthesis of fatty acid isobutyl esters, conver-
sion change were as follows: for sunflower oil
(52.0-88.7 %), for rapeseed oil (51.3-92.6 %), for
coconut oil (60.0-95.5 %), and for animal fat (38.2—
81.3 %). With fatty acid pentyl esters, the increase
in the reactant molar ratio from 5:1 to 12:1 resulted
in the conversion changes as follows: for sunflower
oil (67.9-97.9 %), for rapeseed oil (67.3-98.1 %),

for coconut oil (87.0-100.0 %), and for animal fat
(60.9-100.0 %). Finally, for fatty acid isopentyl es-
ters, the increase in the molar ratio from 6:1 to 12:1
resulted in conversion changes as follows: for sun-
flower oil (37.9-67.9 %), for rapeseed oil (41.0—
61.8 %), for coconut oil (48.7-79.6 %), and for an-
imal fat (45.0-82.7 %).

After 30 minutes of the reaction, at temperature
of 60 °C, and KOH mass fraction of 3 wt.% (Fig.
9), the increase in the reactant molar ratio from
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lower (5:1 or 6:1) to higher (10:1 or 12:1) values
resulted in the following changes in the conversion
of fatty acid propyl esters: from sunflower oil
(90.2-96.9 %), from rapeseed oil (70.6-99.7 %),
from coconut oil (94.8-98.7 %), and from animal
fat (93.1-99.4 %). In the case of fatty acid butyl
esters, these changes were as follows: for sunflower
oil (81.6-91.6 %), for rapeseed oil (85.6-99.8 %),
for coconut oil (94.2-98.8 %), and for animal fat
(85.2-99.7 %). In the synthesis of fatty acid isobu-
tyl esters, conversion changes were as follows: for
sunflower oil (83.3-96.7 %), for rapeseed oil (90.7—
97.0 %), for coconut oil (91.5-94.6 %), and for an-
imal fat (71.2-96.6 %). With fatty acid pentyl es-
ters, the increase in the reactant molar ratio from
5:1 to 12:1 resulted in the conversion changes, as
follows: for sunflower oil (95.8-97.7 %), for rape-

seed oil (99.1-98.3 %), for coconut oil (100.0-100.0
%), and for animal fat (96.1-97.6 %). Finally, for
fatty acid isopentyl esters, the increase in the molar
ratio from 6:1 to 12:1 resulted in the conversion
changes, as follows: for sunflower oil (77.4-79.8
%), for rapeseed oil (77.0-82.4 %), for coconut oil
(82.8-81.6 %), and for animal fat (62.6—81.8 %)).

In general, the increase in the reactant molar
ratio led to an increase in the reaction conversions,
which was caused by the reversibility of the trans-
esterification reaction, meaning that the addition of
alcohol in a higher excess, moved the reaction equi-
librium towards the reaction products.

To compare the effect of triglyceride type or
alcohol used on conversion, the results were com-
pared at the lowest catalyst amounts and alcohol/oil
ratios (Fig. 10), due to their pronounced differences
in conversion values.

Almost in all cases, the highest overall conver-
sions were obtained in the systems with coconut oil
(in the case of butanol, conversion value with rape-
seed oil was 2.0 % higher compared to coconut oil),
while the conversions in the systems with animal
fat were dispersed towards the lowest conversions
overall. This indicates that the feedstock with the
shortest fatty acid chains in a triglyceride structure
(lowest molecular weight), i.e., coconut oil, was
converted to fatty acid alkyl esters the most, while
increasing the molecular weight and degree of un-
saturation led to an overall decrease in reaction con-
versions.

From the alcohol point of view (Fig. 11), we
can compare the influence of alkyl chain length and
branching of the alcohol on the conversion of bio-
diesels, again at the lowest catalyst amounts and
alcohol/oil ratios.

For straight-chain alcohols, the results were
ambiguous and no conclusion could be drawn, but
for branched alcohols, an increase in alkyl chain
length had a negative effect on the transesterifica-
tion reaction almost in all cases. Comparing the in-
fluence of straight-chain and branched alcohols on
the conversion, the use of the former led to higher
conversions. This was due to the increased steric
hindrance between the reactant molecules, which
reduces the rate of the chemical reactions as well as
the number of successful molecular collisions.
Moreover, transesterification is a three-step reaction
that begins with a nucleophilic attack of an alkoxide
anion on one of the functional carbonyl groups in
the structure of triglycerides. The affinity of the
alkoxide anion for this group decreased as the po-
larity of the anion decreased, which was due to the
increasing length of the alkyl chain, and resulted in
lower conversion to the final product of the reaction
— fatty acid alkyl esters.
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Performed experiments with waste cooking oil
showed similar results to those with sunflower oil,
indicating that there was no significant negative in-
fluence of the amount of water or free fatty acids
present in waste cooking oil on the conversion of
these reactions.

Conclusions

The synthesis of fatty acid propyl, butyl, isobu-
tyl, pentyl, and isopentyl esters is significantly in-
fluenced by the molar ratio of selected alcohol to
oil, followed by the influence of the catalyst mass
fraction. When using edible feedstock, the increase
in these two parameters led to an increase in the
reaction conversion. Feedstock with lower molecu-
lar weight (coconut oil) exhibited higher conver-
sions to biodiesel, whereas an increase in the mo-

lecular weight and a decrease in the degree of
saturation led to a decrease in the reaction conver-
sion (animal fat). The transesterification of tri-
glycerides with straight-chain alcohols led to higher
conversion than the one with branched alcohols.
The use of branched alcohol with higher molecular
weight resulted in lower biodiesel conversions. As
the conversion results for both waste and edible
feedstock (sunflower oil) were similar, meaning
that the amounts of water and free fatty acids pres-
ent in the waste cooking oil were negligible in order
to affect the reaction conversion, future experiments
could be performed exclusively using waste feed-
stock. Furthermore, future research may involve
further analysis of the obtained esters and their ap-
plication properties, e.g., content of impurities after
purification (diglycerides, monoglycerides, glycerol),
density, viscosity, and others.

Supplement

Table S1 — Calculated conversion values for the synthesis of different fatty acid alkyl esters from sunflower oil

Molar ratio | Mass fraction | Conversion Conversion Conversion
Oil/Fat Alcohol Time (min) A/O of KOH after 30 min after 60 min | after 120 min
(mol mol ') (%) (%) (%) (%)
5 1 76.1 66.4 65.7
5 3 90.2 88.9 89.1
1-Propanol
10 1 91.6 98.1 92.0
10 3 96.9 97.8 98.0
5 1 74.6 67.1 67.3
5 3 81.6 84.7 89.4
1-Butanol
10 1 99.3 98.3 98.9
30
Sunflower oil 10 3 91.6 99.1 100.0
_— 60
6 1 52.0 47.2 50.1
120
6 3 83.3 80.8 83.8
Isobutanol
12 1 88.7 88.5 88.4
12 3 96.7 97.3 96.9
6 1 37.9 38.6 38.9
6 3 77.4 78.0 81.7
Isopentanol
12 1 67.9 69.7 69.4
12 3 79.8 81.1 80.5
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Table S2 — Calculated conversion values for the synthesis of different fatty acid alkyl esters from rapeseed oil

Molar ratio Mass fraction Conversion Conversion Conversion
Oil/Fat Alcohol Time (min) A/O of KOH after 30 min | after 60 min | after 120 min
(mol mol™) (%) (%) (%) (%)
5 1 55.9 65.2 68.1
5 3 70.6 77.2 72.5
1-Propanol
10 1 87.0 84.2 88.9
10 3 99.7 100.0 98.6
5 1 78.8 76.8 74.6
5 3 85.6 86.8 81.0
1-Butanol
10 1 100.0 93.3 91.7
30
Rapeseed oil 10 3 99.8 98.9 99.9
60
6 1 51.3 534 52.8
120
6 3 90.7 90.6 92.1
Isobutanol
12 1 92.6 91.3 95.1
12 3 97.0 96.0 96.9
6 1 41.0 41.1 41.1
6 3 77.0 76.2 75.4
Isopentanol
12 1 61.8 64.3 63.1
12 3 82.4 81.7 80.6
Table S3 — Calculated conversion values for the synthesis of different fatty acid alkyl esters from coconut oil
Molar ratio Mass fraction Conversion Conversion Conversion
Oil/Fat Alcohol Time (min) A/O of KOH after 30 min | after 60 min | after 120 min
(mol mol ') (%) (%) (%) (%)
5 1 79.6 84.6 83.2
5 3 94.8 98.5 100.0
1-Propanol
10 1 99.1 100.0 98.0
10 3 98.7 99.5 98.9
5 1 76.8 89.9 95.0
5 3 94.2 98.7 98.8
1-Butanol
10 1 99.1 100.0 99.5
30
Coconut oil 10 3 98.8 99.0 100.0
60
6 1 60.0 60.1 62.6
120
6 3 91.5 91.0 91.0
Isobutanol
12 1 95.5 94.7 94.5
12 3 94.6 97.7 96.7
6 1 48.7 49.0 494
6 3 82.8 84.9 84.3
Isopentanol
12 1 79.6 76.6 78.9
12 3 81.6 82.0 81.7
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Table S4 — Calculated conversion values for the synthesis of different fatty acid alkyl esters from animal fat

Molar ratio Mass fraction | Conversion Conversion Conversion
Oil/Fat Alcohol Time (min) A/O of KOH after 30 min after 60 min | after 120 min
(molmol) | (%) *%) (%) (%)
5 1 64.3 61.0 61.8
5 3 93.1 94.7 90.3
1-Propanol
10 1 74.5 80.3 87.3
10 3 99.4 100.0 100.0
5 1 53.8 56.6 58.0
5 3 85.2 87.8 90.3
1-Butanol
10 1 100.0 100.0 100.0
30
Animal fat 10 3 99.7 98.8 100.0
60
6 1 38.2 38.3 38.1
120
6 3 71.2 70.8 70.9
Isobutanol
12 1 81.3 80.8 81.5
12 3 96.6 96.9 96.2
6 1 45.0 453 43.9
6 3 62.6 48.8 50.3
Isopentanol
12 1 82.7 80.1 81.7
12 3 81.8 80.6 80.1

Table S5 — Calculated conversion values for the synthesis of different fatty acid alkyl esters from waste cooking oil

Molar ratio Mass fraction Conversion Conversion Conversion
Oil/Fat Alcohol Time (min) A/O of KOH after 30 min after 60 min | after 120 min
(mol mol™) (%) (%) (%) (%)
6 1 49.9 49.5 48.8
6 3 89.9 88.0 88.6
Isobutanol
12 1 89.9 88.6 89.4
30
12 3 100.0 100.0 96.3
Waste 60
cooking oil 6 1 69.8 67.0 66.9
120
6 3 83.3 84.0 83.3
Isopentanol
12 1 87.7 87.4 86.9
12 3 81.4 79.8 80.3
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Table S6 — Calculated conversion values for the synthesis of fatty acid pentyl esters from different feedstock

Molar ratio | Nt[_aSS ] Conversion (%) after (min):
Alcohol Oil/Fat | Time (min)|  A/O raf(g’go
(mol mol™) |~ ) 2 5 15 30 60
5 1 68.3 67.8 68.8 67.9 68.9
5 3 90.9 90.6 913 95.8 96.3
Sunflower
Oil 12 1 100.0 99.2 99.9 97.9 97.0
12 3 98.5 98.6 97.7 97.7 97.8
5 1 68.5 70.4 724 67.3 /
5 3 97.4 97.6 97.5 99.1 /
Rapeseed Oil
12 1 99.6 99.6 99.7 98.1 /
) 12 3 98.0 97.6 97.5 98.3 /
5 5 1 82.9 86.2 85.5 87.0 /
1-Pentanol 15 5 3 100.0 98.8 100.0 100.0 /
Coconut Oil
30 12 1 100.0 100.0 100.0 100.0 /
60 12 3 100.0 100.0 100.0 100.0 /
120 5 1 61.2 60.8 61.1 60.92 /
5 3 95.9 95.4 97.0 96.14 /
Animal Fat
12 1 98.8 98.1 95.8 100.0 /
12 3 98.3 98.1 98.2 97.6 /
5 1 58.2 58.6 58.8 57.0 57.7
Waste 5 3 97.1 94.9 94.8 93.3 94.0
Cooking Oil 12 1 67.8 72.7 86.8 97.9 97.6
12 3 100.0 98.4 98.1 98.8 97.4
ACKNOWLEDGEMENTS . Gotovusa, M., Pucko, I., Racar, M., Faraguna, F., Bio-

This research was carried out within the frame-
work of the Croatian Science Foundation project
Development of Functional Biofuels and Additives
and Characterization of Blends with Mineral Fuels
(FunBioFA, UIP-2019-04-5242).

References

1. Moser, B. R., Biodiesel production, properties, and feed-
stocks, Biofuels, Springer, New York, 2011, pp 285-347.
doi: https://doi.org/10.1007/978-1-4419-7145-6 15

2. Singh, D., Sharma, D., Soni, S. L., Sharma, S., Sharma, P.
K., Jhalani, A., A review on feedstocks, production pro-
cesses, and yield for different generations of biodiesel, Fuel
262 (2020) 116553.
doi: https://doi.org/10.1016/j.fuel.2019.116553

diesel produced from propanol and longer chain alcohols—
synthesis and properties, Energies 15 (2022) 4996.
doi: https://doi.org/10.3390/en15144996

. Karmakar, A., Karmakar, S., Mukherjee, S., Properties of

various plants and animals feedstocks for biodiesel produc-
tion, Bioresour. Technol. 101 (2010) 7201.
doi: https://doi.org/10.1016/j.biortech.2010.04.079

. Verma, P., Sharma, M. P., Review of process parameters

for biodiesel production from different feedstocks, Renew.
Sust. Energ. Rev. 62 (2016) 1063.
doi: https://doi.org/10.1016/j.rser.2016.04.054

. Likozar, B., Levec, J., Effect of process conditions on equi-

librium, reaction kinetics and mass, transfer for triglyceride
transesterification to biodiesel: Experimental and modeling
based on fatty acid composition, Fuel Process. Technol. 122
(2014) 30.

doi: https://doi.org/10.1016/j.fuproc.2014.01.017


https://doi.org/10.1007/978-1-4419-7145-6_15
https://doi.org/10.1016/j.fuel.2019.116553
https://doi.org/10.3390/en15144996
https://doi.org/10.1016/j.biortech.2010.04.079
https://doi.org/10.1016/j.rser.2016.04.054
https://doi.org/10.1016/j.fuproc.2014.01.017

142

M. Gotovusa et al., Influence of Reaction Parameters and Feedstock Type..., Chem. Biochem. Eng. Q., 37 (3) 123-142 (2023)

7. Likozar, B., Pohar, A., Levec, J., Transesterification of oil to
biodiesel in a continuous tubular reactor with static mixers:
Modelling reaction kinetics, mass transfer, scale-up and
optimization considering fatty acid composition, Fuel Pro-
cess. Technol. 142 (2016) 326.
doi: https://doi.org/10.1016/j.fuproc.2015.10.035

8. Klofutar, B., Golob, J., Likozar, B., Klofutar, C., Zagar, E.,
Poljansek, 1., The transesterification of rapeseed and waste
sunflower oils: Mass-transfer and kinetics in a laboratory
batch reactor and in an industrial-scale reactor/separator
setup, Bioresour. Technol. 101 (2010) 3333.
doi: https://doi.org/10.1016/j.biortech.2010.01.007

9. Uzun, B. B., Kili¢, M., Ozbay, N., Piitiin, A. E., Piitiin, E.,
Biodiesel production from waste frying oils: Optimization
of reaction parameters and determination of fuel properties,
Energy 44 (2012) 347.
doi: https://doi.org/10.1016/j.energy.2012.06.024

10. Faraguna, F., Racar, M., Glasovac, Z., Juki¢, A., Correla-
tion method for conversion determination of biodiesel
obtained from different alcohols by 1H NMR spectroscopy,
Energy Fuels 31 (2017) 3943.
doi: http://doi.org/10.1021/acs.energyfuels.6b02855

11. Kumar, R. S., Prasad, A. K. V., Environment friendly butyl
ester biodiesel production from mahua oil: Optimization
and characterization, SN Appl. Sci. 1 (2019) 872.
doi: http://doi.org/10.1007/s42452-019-0913-6

12.

15.

Jin-Suk, L., Shiro, S., Biodiesel production by heteroge-
neous catalysts and supercritical technologies, Bioresour.
Technol. 101 (2010) 7191.

doi: https://doi.org/10.1016/j.biortech.2010.04.071

. Leung, D. Y. C., Guo, Y., Transesterification of neat and

used frying oil: Optimization for biodiesel production, Fuel
Process. Technol. 87 (2006) 883.
doi: https://doi.org/10.1016/j.fuproc.2006.06.003

. Phan, A. N., Phan, T. M., Biodiesel production from waste

cooking oils, Fuel 87 (2008) 3490.

doi: https://doi.org/10.1016/.fuel.2008.07.008

Sanli, H., Canakci, M., Effects of different alcohol and cat-
alyst usage on biodiesel production from different vegeta-
ble oils, Energy Fuels 22 (2008) 2713.

doi: https://doi.org/10.1021/ef700720w

. Likozar, B., Levec, J., Transesterification of canola, palm,

peanut, soybean and sunflower oil with methanol, ethanol,
isopropanol, butanol and tert-butanol to biodiesel: Model-
ling of chemical equilibrium, reaction kinetics and mass
transfer based on fatty acid composition, Appl. Energy 123
(2014) 108.

doi: https://doi.org/10.1016/j.apenergy.2014.02.046


https://doi.org/10.1016/j.fuproc.2015.10.035
https://doi.org/10.1016/j.biortech.2010.01.007
https://doi.org/10.1016/j.energy.2012.06.024
http://doi.org/10.1021/acs.energyfuels.6b02855
http://doi.org/10.1007/s42452-019-0913-6
https://doi.org/10.1016/j.biortech.2010.04.071
https://doi.org/10.1016/j.fuproc.2006.06.003
https://doi.org/10.1016/j.fuel.2008.07.008
https://doi.org/10.1021/ef700720w
https://doi.org/10.1016/j.apenergy.2014.02.046

