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INTRODUCTION

Increasing public and institutional awareness of the
need to protect the environment over the past decades
has contributed to increased insistence and the need to
improve existing technological processes in this regard.
Commercially run processes should have as little impact
on the environment as possible and comply with the
concept of a closed-loop (recirculating) economy. An
example of the development of treatment processes can
be the use of new, increasingly sophisticated reaction
systems, including multi-reactor systems'=. The reaction
systems may operate in parallel or in series, and give the
possibility of precise control and setting of processing
parameters. This gives the possibility of flexible opera-
tion with different raw materials. This also applies to
the processing of waste cooking oils (WCO).

The processing of waste cooking oils makes it possible
to manage a large group of wastes that were previously
disposed of by combustion. Waste oils may be used,
for example, to produce biofuels or plastics*®. The
production of biofuels is a particularly interesting area
for processing research because of the high demand for
renewable and controllable energy sources, as well as
the possibility of using a wide range of different waste
oils and waste fats with different chemical structures.

Demand for oil is expected to exceed its current pro-
duction by no more than 50 years’, creating the drive to
find oil substitutes such as biofuels, and is an important
part of many countries’ development plans. The Europe-
an Union has introduced Directive “2008/0016 (COD)”
aimed at increasing the use of energy from renewable
sources, including increasing the share of biofuels in
conventional fuels. In turn, diesel fuel with a 5:1 ratio
of soybean oil has come into use in the US market®. The
advantage of using biofuels is the low content of sulfur
compounds (impurities present in the fat used to obtain
biofuel, especially in waste fats), which have a corrosive
effect on installations designed for fuel combustion and

contribute to the formation of sulfur oxides that pollute
the atmosphere®. There is also the advantage of easily
obtainable raw material for production and a solution
in the area of the problem of oil disposal.

Waste edible vegetable oils, including soybean oil, palm
oil, rapeseed oil, sunflower oil, non-edible vegetable oils,
such as bitter almond oil'® !, and animal fats, such as
waste fat from slaughtering poultry, may be used to
produce renewable fuels'>. Due to the different fatty
acid profile characteristics of the feedstock, the com-
position of the esters in the resulting biofuel will also
be different. Globally, it is estimated that approximately
20-32% of all waste oils are waste edible oils’. Due
to the different fatty acid profile characteristic of the
feedstock, the composition of the esters in the resulting
biofuel will also be different. In the USA, the amount
of waste edible oils reaches 100 million gallons per day,
where the average per capita consumption is about 4 kg
per day. In Canada, similar to the US, approximately
4 kg of WCO per day per person is produced, which,
with a population of 33 million, translates into nearly
10 million tonnes of waste per year. In the European
Union, the amount of waste of edible oils varies be-
tween 700 000 and 1 million tonnes per year. In the
UK, more than 200,000 tonnes of WCO are produced
annually®, and in China around 5 million tonnes per
year® . The oil may require preprocessing prior to
processing, which may include dissolution of solid fats,
filtration of impurities, removal of water, degumming,
among others. A further step is the transesterification
of the triglycerides comprising the oils into fatty acid
esters, either in the presence of a base catalyst, an acid
catalyst, or by an enzyme-catalysed process® '*. Due to
the short reaction time and low price of the substrates,
the first two transesterification methods are used on an
industrial scale for selected substrates'® 7, but attempts
are also being made to apply enzymatic transesterification
industrially'® ',
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Processing of waste oils by transesterification on an in-
dustrial scale faces problems that are related to the variety
of input feedstocks. The waste oils may vary significantly in
their free fatty acid (FFA) content and thus acid number.
Without adapting the process to the raw material being
processed, it is possible to cause a significant reduction
in the efficiency of the transesterification process. A high
FFA content leads to increased soap formation, which
makes separation of the biofuel difficult or even im-
possible. They may also negatively affect the kinetics of
the transesterification process, partially reversing it back
to the substrates®” 2!, Only oils with an FFA content of
less than 0.5% are suitable for direct transesterification
reactions®. WCOs contain more than 10% FFA, which
requires different reaction conditions or a prior esterifi-
cation reaction of FFA to esters in an acidic medium®.
The pursuit of industrial application of enzymatic tran-
sesterification is related, among other things, to the high
resistance of this process to the high content of FFAs,
which may also be converted to esters without additional
steps*. Alternatively, catalyst-free transesterification may
also be conducted under supercritical conditions, with
increased temperature and pressure, with the addition of
methanol or ethanol®. This reaction would be difficult to
apply on an industrial scale due to the demanding process
conditions. The esters may be a feedstock for biofuel
production. Biofuels obtained by transesterification may
require additional post-treatment, such as the introduction
of additives or the removal of water by distillation. Here,
distillation will have the task of bringing the fuel up to
current quality standards®® ?7.

The zero-emission green fuel obtained from WCO
may be used in conventional compression-ignition cars
without prior modification. By-product fatty acid salts
(i.e. soaps) formed during the process are used as
surfactants, characterised by high biocompatibility and
biodegradability®®. Alternative applications of esters con-
taining long-chain fatty acids are the production of food
emulsifiers, characterised by higher stability and small
dispersed particle size?, the production of lubricants®,
cement additives®, or other reagents¥.

The subject of the work presented below was to study
the transesterification process using selected rapeseed
oils with different degrees of processing as an example,
and to determine the optimum transesterification pro-
cedures for oils with specific acid number ranges, using
the multi-reactor system Matrix 9 HAAS.

MATERIALS AND METHODS

Reagents

Waste cooking fats (after heat treatment) — rapeseed
oil samples (Table 1) — obtained from industrial sources
(restaurants) and households were used to conduct the
transesterification reaction.

The oils obtained were analysed to determine the
acid number using the titration method according to
the procedure in PN-EN ISO 660:2010 (approx. 0.1
N KOH solution in EtOH). Oil G (Ollineo, Netto Sp.
z 0.0.), which is fresh rapeseed oil not previously heat-
treated, was used in the syntheses for comparison with
waste oils. Methanol (AR, Chempur), potassium hydrox-

Table 1. Waste rapeseed oil samples

. Acid value
Name of oil -
sample Description (mg
KOH/g)
Qil obtained from industrial
A sources 2.3
B Qil obtained from households 0,9
C Oil obtained from households 0,4
D Qil obtained from households 0,5
E Qil obtained from industrial 15
sources ’
F Qil obtained from households 2,5
G Fresh (untreated) oil 0,3

ide (AR, Chempur), acid cationite (Dowex 50W-X8,
Sigma-Aldrich), 98% concentrated sulphuric acid (AR,
Chempur) and anhydrous magnesium sulphate (VI) (AR,
Chempur) were also used in the syntheses.

Transesterification methods

1. Direct transesterification with KOH and MeOH.

A sample of oil, MeOH and KOH (exact amounts
given in Table 2) were introduced into a pressure stainless
steel reactor and the reactor was sealed. The reactor was
flushed with argon (flushing lasted 10 minutes, with a flow
rate of 50 ml/min) to prevent uncontrolled oxidation of
the oil in an air atmosphere. The reactor contents were
then stirred (250 RPM) and heated at 60 °C for 2 h.
Once the process was complete and the reactor cooled
down, the mixture was transferred to a separator. Using
the separator, the glycerol phase containing KOH and
the residual MeOH was separated from the organic
phase. The organic phase was then washed 3 times with
brine solution, each time the upper phase was collected.
The organic phase was dried with anhydrous MgSO,,
which was separated by vacuum filtration. The product
— biofuel — was obtained and its volume was measured.

A simplified process flow is shown in Figure 1.

Sample Phase separation Drying with
preparationin |—» Transesterification =] Washingwith |—| adryingagent
a steel reactor brine solution Draining

Figure 1. Schematic of the sequence of steps of operations in
method no. 1

2. Transesterification with KOH and MeOH, preceded by

esterification in the presence of H,SO,.

An oil sample, MeOH and H,SO, were introduced into
a reactor made of borosilicate glass. The glass reactor
was used in the process due to the corrosive environ-
ment - the use of concentrated H,SO,. The mixture was
stirred (250 RPM) and heated at 65 °C under a reflux
condenser for 2 h. After the process, the mixture was
cooled and transferred to a separator, with which the
glycerol phase containing H,SO, and the MeOH residue
were separated from the organic phase. The mixture
was then washed 3 times with brine solution, each time
the upper phase was collected. The organic phase was
dried with anhydrous MgSO,. Anhydrous MgSO, was
separated from the mixture by vacuum filtration. The
esterified mixture was transferred to a pressure stainless
steel reactor, where the actual transesterification process
was carried out. MeOH and KOH were added to the
mixture in the reactor, after which the reactor was sealed
and flushed with argon (flushing lasted 10 minutes, with



a flow rate of 50 ml/min) to prevent uncontrolled oxida-
tion of the oil in an air atmosphere. The mixture was
stirred (250 RPM) and heated at 60 °C for 2 h. Once
the process was complete and the reactor cooled down,
the mixture was transferred to a separator. Using the
separator, the glycerol phase containing KOH and the
residual MeOH, was separated from the organic phase.
The organic phase was then washed 3 times with brine
solution, each time the upper phase was collected. The
organic phase was dried with anhydrous MgSO,, which
was separated by vacuum filtration. The product — biofuel
— was obtained and its volume was measured.
A simplified process flow is shown in Figure 2.

Sample Preesterification Phase separation Drying with
preparationin = withH2SO4in |— Washingwith = adryingagent
a steel reactor aglass reactor brine solution Draining
Dry{ng with Phase sgpare}tlon Specific
adryingagent |« Washingwith |e—p e
o . X transesterification
Draining brine solution

Figure 2. Schematic of the sequence of steps of operations in
method no. 2

3. Transesterification with KOH and MeOH, preceded by

esterification at 250 °C and 40 bar without the addition

of an acid catalyst.

An oil sample, MeOH, was introduced into a stainless
steel pressure reactor, after which the reactor was sealed
and flushed with argon (10 min, 50 mL/min) to prevent
uncontrolled oxidation of the oil in an air atmosphere.
The reactor contents were then stirred (250 RPM) and
heated at 120 °C or 250 °C and 40 bar pressure for 2 h.
After heating was completed, the reactor was unsealed
and KOH was added. After the reactor was sealed, the
above procedure was repeated once more, but this time
by heating the mixture at 60 °C. Once the process was
complete and the reactor had cooled down, the mixture
was transferred to a separator. Using the separator, the
glycerol phase, containing KOH and the residual MeOH,
was separated from the organic phase. The organic phase
was then washed 3 times with brine solution, each time
the upper phase was collected. The organic phase was
dried with anhydrous MgSO4, which was separated by
vacuum filtration. The product — biofuel — was obtained
and its volume measured.

A simplified process flow is shown in Figure 3.
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at high
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|

Drying with
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Figure 3. Schematic of the sequence of steps of the operation
in method no. 3

4. Transesterification with KOH and MeOH, preceded by
esterification in the presence of cationite.

A sample of oil, MeOH and cationite was introduced
into a pressure stainless steel reactor, after which the re-
actor was sealed and flushed with argon (10 min, 50 mL/
min) to prevent uncontrolled oxidation of the oil in an air
atmosphere. The reactor contents were then stirred (250
RPM) and heated at 60 °C for 2 h. Once the process was
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complete and the reactor cooled, the resulting mixture
was separated from the cationite and recirculated into the
reactor, followed by the addition of MeOH and KOH.
To conduct the transesterification, the mixture in the
closed reactor was again washed with argon, stirred (250
RPM) and heated at 60 °C for 2 h. After completion of
the process and cooling of the reactor, the mixture was
transferred to a separatory funnel, Using the separatory
funnel, the glycerol phase containing KOH and the residual
MeOH, was separated from the organic phase. The organic
phase was then washed 3 times with brine solution, each
time the upper phase was collected. The organic phase
was dried with anhydrous MgSO,, which was separated
by vacuum filtration. The product — biofuel-was obtained
and its volume was measured.

Fresh portions of cationite were used in the reactions.
It is also possible to regenerate the cationite by washing
it successively with: acetone (to remove oil residues),
methanol (to remove glycerine residues), 6 M HCI,
distilled water, and finally again with methanol.

A simplified process flow is shown in Figure 4.

Sample Preesterification
preparationin | inthe presence [
a steel reactor of cationite

Separation

L [—| Transesterification
of cationite

!

Drying with Phase separation
adrying agent |« Washingwith
Draining brine solution

Figure 4. Diagram of the sequence of steps of operations in
method no. 4

Each diagram (Figure 1-4) shows the sequence of steps
in the processing of oils on an industrial scale for each
of the four methods described above. High-temperature
distillation under vacuum is conducted as the final step
under industrial conditions. In the laboratory scale and
in the processes conducted, distillation was not a key
step for testing and evaluation of the results.

Table 2 shows the process parameters for the scheduled
transesterification reactions of the oil samples.

Apparatus and measurements

FT IR measurements

FT-IR measurements were carried out using a Thermo
Scientific Nicolet iS50 FT-IR spectrometer, using liquid
nitrogen to cool the MCT detector. The spectrometer was
equipped with a Harrick Scientific Products FiberMate2
diamond-ATR optical probe.

Carbon content and heat of combustion measurements

Prior to the actual measurements, the Eltra CHS 580
analyser was calibrated using a ‘premium coal’ standard
(Eltra 92550-3020). Each biodiesel sample container was
shaken before the analytical sample was taken. A drop
of oil was then transferred to a ceramic cuvette using
a pipette. The weight of the sample was determined
using an analytical balance (Radwag AS 220.3Y). The
cuvette was then placed in the analyser, where the sample
was combusted under a pure oxygen atmosphere and
a temperature of 1350 °C. Analytical results consisted
of mass fractions of carbon (C) and hydrogen (H). For
the calorimetry measurements, the analytical sample was
transferred to a stainless steel cuvette and the sample mass
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Table 2. Schedule — summary of substrates and process parameters planned for transesterification

Stage 1 Stage 2
Acid | Amount | Amount . " .
Reaction | Name of | value of oil of Catalyst t S}ea?t'fr:, Reaction Ar?qd't'gtna][ Amount t ﬁeaft'?r:_ Reaction
No. oil sample (mg sample | methanol type e p:aCa ure t.eac 'r? a (t)rl: ol of KOH | € pf’ca Ur€ | time (h)

KOHig) | ~(mi) | (m) 0| tmel) fmenanol | 7 gy ©)
1 Sample A 2,3 633 140 13g 60 °C 2h

29 o
2 Sample A 2,3 633 140 H2S04 reflux 2h 140 5¢g 120 °C 2h
3 Sample B 0,9 500 100 no catalyst 250 °C 2h 59 60 °C 2h

29 o

4 Sample C 0,4 500 100 H2S04 reflux 2h 100 5¢g 60 °C 2h
5 Sample E 1,5 500 100 59 60 °C 2h
6 Sample E 1,5 500 100 no catalyst 250 °C 2h 59 60 °C 2h
7 Sample E 1,5 500 100 ionite 60 °C 2h 5¢g 60 °C 2h
8 Sample D 0,5 500 100 59 60 °C 2h
9 Sample D 0,5 500 100 ionite 60 °C 2h 5¢g 60 °C 2h
10 Sample G 0,3 500 100 59 60 °C 2h
11 Sample F 2,5 500 100 no catalyst 250 °C 2h 59 60 °C 2h
12 Sample F 2,5 350 80 5¢g 60 °C 2h
13 Sample B 0,9 500 100 ionite 60 °C 2h 59 60 °C 2h

was determined using an analytical balance (Radwag AS
220.3Y). The cuvette was then introduced into a calori-
metric bomb (Parr 6400), where it was combusted in an
atmosphere of pure oxygen. The analytical result obtained
determined the heat of combustion (higher heating value,
HHYV). The lower heating value (LHV) was calculated by
subtracting the heat of vapourisation of water proportional
to the amount of hydrogen in the sample, which was
obtained by hydrogen volume analysis. The first sample
analysed (sample 10) was analysed in triplicate. Single
samples were analysed for the other materials.

MATRIX 9 HAAS reactor system

An automated multi-reactor system MATRIX 9 HAAS,
designed to operate in a vacuum, at atmospheric pressure
and under increased pressure, was used to conduct the
process. The designed reactor system served as a uni-
versal reactors unit providing adaptability for combining
reactors in different configurations within the needs of
applying different methods and different stages for dif-
ferent qualities of waste oils with different acid numbers
and degrees of contamination.

The automated multi-reactor system MATRIX 9 HAAS
was equipped with FT-IR and Raman measurement capa-
bilities (analytical apparatus equipped with measurement
probes inserted into the reactor) to achieve versatility
of application for single-stage and multi-stage processes
requiring analysis. For the study of waste cooking oil pro-
cessing, tests were carried out using FT-IR spectroscopy.
Preliminary tests showed that measurements by Raman
spectrometry did not give conclusive results to evaluate
samples before and after synthesis. The process apparatus
and equipment are shown on Figure 5.

A selection of reactors from the automated multi-
reactor system MATRIX 9 HAAS was used for trans-
esterification in a simplified configuration (pretreat-
ment, transesterification, phase separation, drying and
filtration).

Reactor made of stainless steel SS316, volume — 5 1,
max. pressure 100 bar, max. temperature 250 °C, stir-
ring 0-2000 RPM, with filter screen was selected for
oil pretreatment, i.e. filtration of impurities of approx.
1 mm in diameter (use of filter screen).

iy

mE=

Figure 5. HAAS automated multi-reactor system MATRIX 9 used for modular adaptation of the number of reaction vessels and
equipment to the needs of the transesterification reaction in progress. Components: A — 2 1 reactor clamps and lid, B
— mechanical stirrer drive, C — pressure gauge, D — safety valve, E — safety disc, F — gas purge line, G — mass gas flow
controllers, H — metering pump, I — 500 ml reactor, J — 5 | reactor clamps and lid



Reactor made of stainless steel SS316, volume — 2 1,
maximum pressure 100 bar, maximum temperature 250 °C,
stirring 0-2000 RPM, was selected for pre-processing
(excluding the H,SO, method) of the oils prior to the
actual transesterification (removal of free fatty acids).

Reactor made of borosilicate glass, volume — 2 1,
non-pressurised, maximum temperature 200 °C, stirring
0-600 RPM, was selected for pre-processing of oils with
H,SO, prior to the actual transesterification (removal of
free fatty acids).

Reactor made of stainless steel SS316, volume — 2 1,
maximum pressure 100 bar, maximum temperature
250 °C, stirring 0-2000 RPM, was selected for the actual
transesterification process.

Separation vessel made of borosilicate glass, volume
— 2 I, non-pressurised, maximum temperature 200 °C,
was selected for phase separation.

Reactor made of stainless steel SS316, volume — 0.5 1,
maximum pressure — 100 bar, maximum temperature —
250 °C, stirring 0-2000 RPM, was selected for drying
and straining the products obtained.

A borosilicate glass reactor was used interchangeably
for syntheses conducted in the presence of H,SO,. Bo-
rosilicate glass reactor was selected instead of the 316
stainless steel reactor for the pre-processing due to the
corrosive properties of H,SO, under reaction conditions.

The Matrix 9 reactors set with the HAAS Matrix 9
software allows several reactions to be run in parallel
or in series. It ensures that the oil with the higher acid
number is pre-processed using the optimum method and
that the intermediate is then added to the less thermally
treated waste oil to economise the transesterification
process. Another major advantage is the ability to scale
up laboratory testing, i.e. working at a scale of 100 mL
to 10 L with the possibility of increasing the maximum
volume to 50 L for the pilot scale.

RESULTS

The first difficulty in preparing for the series of trials
was to estimate the ratio of substrates, especially the
initial ratio of MeOH to oil. Different values for the ratio
of raw materials can be found in the literature. However,
according to sources there should be an excess of MeOH
relative to the oil, i.e. more than 3 mole of MeOH per
1 mole of oil. This allows the kinetics of the process to
shift towards the formation of products (bioesters). Due
to the diversity of oil compositions, the molar mass and
density of individual samples may vary. In this paper,
an average oil mass of 881 g/mol and a density of 0.91
g/mL were assumed for simplicity.

The minimum amount of methanol required for the
exhaustive transesterification of 1 litre (~1.033 mol) of oil
is ~125.36 mL (molar ratio of MeOH to oil 3:1). In most
cases, ~500 mL of oil was used for the reaction. During
testing, it was found that the molar excess of methanol could
be reduced to a value of ~5.1 mol MeOH per 1 mol oil.

In the case of an alkaline catalyst, the use of a KOH
amount of 0.8-2 wt% oil was reported in the litera-
ture® ¥, After a series of preliminary tests, it was found
to be advantageous not to exceed an amount of about
1.6 wt% KOH per unit of oil, i.e. in practice about 5 g
KOH per 500 mL of oil. The use of lower amounts of
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MeOH and KOH than those indicated in the literature
led paradoxically to an increase in the amount of the
final product obtained - fatty acid methyl esters. The
amount of acid catalyst (concentrated H,SO,) and Dowex
50W-X8 cationite was assumed to be 2 g after literature
analysis®**. Previous work reported an amount of about
1% cationite and about 3 wt% H,SO,, but such amounts
for industrial conditions are significant, which would result
in a significant amount of additional problematic effluent.

The reaction with the alkali catalyst proceeds most ef-
ficiently at about 60 °C. Trials at 120 °C were unsuccessful,
manifesting the formation of a homogeneous solution. The
indicated homogeneous solution could not be separated
into a glycerol phase and an ester phase (Fig. 6A).
A similar effect was also observed when using more than
5 g KOH per 500 mL of oil. It is likely that intermediate
compounds acting as emulsifiers may be formed under
these conditions. A possible reason for this is the partial
re-esterification of glycerol into mono- or diesters, which
are much more soluble in the excess monoester and the
presence of excess methanol, at too high a temperature
or with too much KOH. Such a homogeneous mixture
transferred to a manifold and treated with brine forms
stable, non-separable emulsions (Fig. 6B).

Figure 6. Solution after transesterification in which no phase
separation has occurred (A); stable emulsion after
the addition of brine to a solution in which no phase
separation has occurred (B)

An expected post-transesterification reaction mixture
should consist of two phases (Fig. 7). The upper phase is
the bioester. The lower phase contains excess methanol,
catalyst, saponified fatty acids and glycerol. The colour of
the lower phase is usually darker than the upper phase,
indicating that it takes with it the impurities present
in the waste oil and those formed during the reaction.
The post-reaction mixture tends to form emulsions,
which requires time necessary for stratification. This
also causes difficulties in 100% recovery of the organic
phase on separation. In industrial settings, instead of
the time-consuming separation by the above method,
industrial centrifuges are used, which offer faster phase
separation (no undesirable hydrolysis of the bioester and
complete separation of the aqueous and organic phases).
The results of the transesterification reactions performed
are summarised and presented in Table 3.
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Table 3. Results of transesterification reactions conducted using waste oil samples
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Calorific

*Average oil density of 0.9 g/mL and average molar mass of 880 g/mol were assumed for the calculations.

**All MeOH from step 1 has been removed.
***KOH wt% is given relative to the weight of the oil.
****The process was conducted in a laboratory scale reactor, which reduces the energy efficiency relative to the process in an industrial scale reactor.

Name of Acid Sample | Product . EIectrlc@y
Reac- . value Reaction |consumption
N oil amount | amount | .
tion No. (mg yield (%) | per process
sample (ml) (ml)
KOH/g) (kWh)
Sampl
1 a";" °1 23 | 633mL|320mL| 55% 0,67
Sampl
2 arzp €1 23 |633mL|400mL| 69% 2,02
3 Sample B 0,9 500 mL | 350 mL 71% 5,32
4 Sample C 0,4 500mL | 480 mL 98% 1,34
5 |[SampleE| 1,5 500 mL | 475 mL 97% 0,67 4
6 Sample E 1,5 500 mL | 450 mL 92% 5,32 2
7 Sample E 1,5 500 mL | 420 mL 85% 1,34
8 Sa";p'e 05 |500mL|470mL| 96% 0,67
|
9 Sa";p €1 o5 |soomL|a4comL| 94% 1,34
10 San;ple 0,3 500 mL | 455 mL 93% 0,67
11 |Sample F 2,5 500 ml | 320 mL 65% 5,32
12 |Sample F 2,5 350 mL | 300 mL 61% 0,67
13 |Sample B 0,9 500 mL | 480 mL 98% 1,34

Appearance Calorific Energy Energy
Appearance value of . . .
- | of sample value of N Molar ratio o/ \xsx|CONSUMption | consumption
of sample oil N ¥ bioester . |KOH (wt%) N N
as substrate bioester — crude oil theoretical MeOH:oil per unit oil | per unit of
product (MJ/Kg) (MJIKg) (KWh/kg) oil (MJ/kg)
T T
0 38 38,8 5,35:1 2,28 1,18 4,2
38 38,8 5,35:1** 0,88 3,55 12,78
L
38 38,8 4,83:1 1,11 11,82 42,55
" 38 38,8 4,83:1%* 1,11 2,98 10,72
\ B
38 38,8 4,83:1 1,11 1,49 5,36
3 7 e
38 38,8 4,83:1 1,11 11,82 42,55
r*
38 38,8 4,83:1 1,11 2,98 10,72
! e i e
&0 38 38,8 4,83:1 1,11 1,49 5,36
i [ e
0" 38 38,8 4,83:1 1,11 2,98 10,72
e &
i |
.
u 38 38,8 4,83:1 1,11 1,49 5,36
nl_ﬂ-
38 38,8 4,83:1 1,11 11,82 42,55
— e
0 38 38,8 4,83:1 1,59 2,13 7,66
N
38 38,8 4,83:1 1,11 2,98 10,72




Figure 7. The transesterified solution that was separated into
phases. The upper phase consists of the bioester and
the lower phase consists of glycerol, methanol residues
and oil-derived impurities

A correlation was observed between the yield and the
difficulty of handling the reaction mixtures. Figure 8
shows the correlation of acid number on process yields
for bioesters. For the syntheses for which oils with
higher acid numbers were used, lower process yields
were observed. This is mainly due to the presence of
a higher amount of free fatty acids, which react with
KOH to form more soaps. The higher amount of soap
makes it more difficult to separate the glycerol phase
from the ester phase, thus leading to the loss of some
product during purification. For oils with an acid number
of 0.3-1 [mg KOH/g], method no. 1 appears to be the
most effective due to its energy efficiency, simplicity and
ease of post-reaction treatment.

For oils with an acid number of 1-1.5 [mg KOH/g],
the most effective method appears to be method no. 3,
with pre-esterification at 250 °C and 40 bar (expensive
in terms of energy due to the requirement to heat to
250 °C instead of 60 °C, and requiring a reactor with
a pressure design of up to a minimum of 50 bar, which
on an industrial scale creates an additional requirement
for PED pressure certification), or method no. 4, i.e.
a method with a catalyst in the form of cationite. For
oils with an acid number between 1.5-2.5 [mg KOH/g],
method no. 4 with cationite or method no. 2 with H,SO,
could be preferred. The method with cationite has the
advantage that it does not need a separate glass or enamel
reactor and requires a simpler methodology during the
post-reaction treatment, as it is limited to draining the
cationite and regenerating it before the next use.

Figure 9A shows the normalised FT-IR spectra of the
biodiesel samples obtained after transesterification. In the
range ~2800-3000 cm™, bands characteristic of stretching
vibrations in C-H bonds in alkanes are visible. The band
with a maximum at ~1740 cm™ is associated with the
presence of stretching vibrations of the ester C=0 groups.
The bands in the range ~1340-1480 cm™ can be related
to the bending vibrations of the C-H bonds present in
alkenes. In contrast, the bands at ~1060-1260 cm™ can
be related to C-O stretching vibrations in esters. The
band at ~720 cm™ is associated with bending vibrations
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Figure 8. Correlation of acid number and transesterification
reaction yield. The corresponding synthesis numbers
are given next to each point on the graph

in C-H bonds. Figure 9B shows the FT-IR spectra of the
starting oils used to synthesise the biodiesel samples and
the spectrum of rapeseed oil without heat treatment. It
can be seen that the degree of oil consumption has no
significant effect on the profile of the measured spec-
tra. The differences between the samples obtained and
fresh rapeseed oil are shown in Figure 9C. The FT-IR
spectra before and after transesterification do not differ
significantly, which is related to the similar structure of
the compounds. The main difference is the change in
intensity of the band at ~1100 cm™ (C-O oscillations),
which has a much lower intensity for the samples after
transesterification (Fig. 9D). This may be related to the
replacement of glycerol by methanol in the ester molecule.
Figure 9C depicts that the band at ~1100 cm™ (C-O
oscillations) for the biodiesel sample from synthesis 12
has an intermediate value between the oil and the other
samples obtained. This can be interpreted as the result of
an incomplete transesterification process for this sample.
This situation could be caused, among other things, by
the high acid number of the primary oil, resulting in
the formation of more soaps than in the other samples.

To assess the quality of the biodiesel obtained and
to confirm the effectiveness of the transesterification
process, the calorific value of the reaction products
and the determination of carbon and hydrogen content
were conducted. A summary of the carbon, hydrogen
and calorimetry determinations is presented in Table 4.
Measurement errors were calculated for a 95% confidence
interval (n = 2). Both the heat of combustion, carbon
and hydrogen determinations show very similar results for
each of the biodiesel samples, regardless of the degree
of processing of the primary oil used for transesterifi-
cation. The slight differences between the samples may
be mainly due to the origin of the rapeseed oil, which
affects the percentage content of the individual fatty
acids. Measurements were made for selected samples
due to the availability of product samples.

An analysis of the amount of energy used for the pro-
cess was performed to determine the potential benefits
associated with the choice of processing waste cooking
oils in the transesterification process. The results are
shown in Table 3. In an earlier study?* a similar analysis
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Figure 9. Normalised FT-IR spectra of the biodiesel samples (A); normalised FT-IR spectra of the waste oils used for the syntheses
(B). FT-IR plot showing superimposed transmittance plots of the obtained biodiesel samples (C) and magnification of the
6501500 cm™ region (D). Oil sample G was used as the reference sample

Table 4. Statistical characteristics of input parameters used in the neural network modeling

Sample ID HHV (MJ/kg) LHV (MJ/kg) C (% wiw) H (% wiw)
10 39.8+0.2 37.0£0.4 78.742.2 12.4+0.8
6 39.0 36.3+0.1 80.8+2.0 12.3+0.8
7 39.6 36.9+0.3 79.5+1.2 12.6+1.0
8 39.9 37.0%0.2 82.3+1.0 13.0£0.7
9 39.7 36.740.6 79.241.7 13.9+2.4

was performed, but only for the water that was removed
before transesterification, not for the entire process.
Considering energy efficiency, the most efficient method
is the method no. 1 — direct transesterification (without
prior FFA esterification) and heating to 60 °C. Method
no. 1 should be preferred for oils with a low acid number.
For oils with a higher acid number considering energy
efficiency, method no. 4 with pre-esterification in the
presence of cationite shall be the most effective. Method
no. 3 with pre-esterification at 250 °C and 40 bar requires
significantly more energy, which is not compensated
for by process efficiency. It should be borne in mind
that under industrial conditions, using a reactor with
a volume of the order of a few hundred litres or a few
thousand litres, and better thermal insulation, a higher

efficiency in the use of energy consumed for the process
could be achieved.

The work described above is also an example of the
use of a multi-reactor laboratory system. Multi-reactor
system Matrix 9 HAAS in the area of waste edible oil
processing research is designed for process experiments
and verification of process assumptions, enabling rapid
adaptation of process configurations and parameters to
different methods, scales and to work with streams with
different processing step needs. Matrix9 HAAS enables
multi-stage transesterification reactions to be performed
in a single system with online monitoring of physicochemi-
cal parameters (temperature, pressure, etc.) and analysis
of product quality before decisions are made to modify
parameters or invest in an industrial-scale process line.



CONCLUSIONS

The use of waste cooking oils as feedstock for bio-
diesel production represents a promising and sustainable
approach to waste management and alternative energy
production. Through the use of automated multi-reactor
Matrix 9 HAAS system, studies can be conducted to
verify process parameters and performance, maximise
yields and assess environmental benefits (including en-
ergy efficiency) before implementing the process on an
industrial scale.

The transesterification reaction of waste rapeseed oils
using four different methods yielded 13 bioester samples.
The samples were subjected to FT-IR analysis, the heat
of combustion was determined and the carbon and
hydrogen contents were determined. During the course
of the syntheses, a negative effect of the increased acid
number of the oil on the efficiency of the overall process
was noted. The high FFA content significantly impedes
the separation of the bioester from the rest of the reac-
tion mixture. To reduce the amount of FFA in the oil,
an additional pre-processing step (FFA esterification)
was used before the actual transesterification reaction.
This was achieved by reacting the oils with MeOH in
the presence of an acid catalyst (H2SO4 or cationite) or
reacting under elevated temperature and pressure (250 °C
and 40 bar). Transesterification of oils in the presence
of KOH can be optimally directly applied for oils with
a low acid number. While for oils with a higher acid
number, an additional esterification stepis advisable in
the presence of an acid catalyst to remove excess FFA.
The high-temperature, high-pressure method of FFA
esterification without a catalyst is an alternative solution,
but its requirements for the high energy intensity of the
process and a high-pressure reactor make this method
sub-optimal for industrial-scale applications. Neverthe-
less, the potential benefits that can be derived from the
management of WCO volumes, including those with
high FFA content for biofuel production, still represent
a significant research challenge in terms of optimising
process parameters. Further work using multi-reactor
systems, such as screening catalysts and assessing the
real energy efficiency of these processes, is also part of
the efforts in this direction.

Further investigations that can be conducted, which
was not the aim of this work, are NMR spectroscopy
or coupled gas chromatography - mass spectrometry
(GC-MS) methods. Potential further developments of
the topic discussed here are studies on various other
types of waste cooking oils, and processing studies for
different streams of WCO (with different degrees of
proceeding) used during multi-stage transesterification.

A potential application of the research results is in the
area of environmental engineering for the development
and optimisation of pilot and industrial processes for the
treatment of waste cooking oils as waste for use in the
production of biodiesel and glycerine-based products.

ACKNOWLEDGMENTS

Part of the research was conducted within the project
“Development of a modular chemical reactor system
for cascade work and in various configurations, for con-
ducting chemical processes of multicomponent groups

Green Sciences, Vol. 27, No. 2, 2025 9

of substrates with analytical capabilities online” POIR
1.1.1., contract number POIR.01.01-00-1481/19-00

LITERATURE CITED

1. Harpers, N., Wen, M., Miller, P,, Hangx, S. & Busch, A.
(2023). The Harpers THMC flow bench: A triaxial multi-reactor
setup for the investigation of long-term coupled thermo-hydro-
-mechanical-chemical fluid-rock interaction. Rev. Sci. Instrum.
94, 095112. DOI: 10.1063/5.0160906.

2. Westphal, H., Schmidt, S., Lama, S., Polack, M., Weise,
C., Oestereich, T., Warias, R., Gulder, T. & Belder, D. (2024).
Development of an automated platform for monitoring micro-
fluidic reactors through multi-reactor integration and online
(chip-)LC/MS-detection. React. Chem. Eng. 9, 1739. DOI:
10.1039/d4re00004h.

3. Allwardt, A., Holzmiiller-Laue, S., Wendler, C. & Stoll,
N. (2008). A high parallel reaction system for efficient ca-
talyst research. Catal. Today 137(1), 11-16. DOI: 10.1016/j.
cattod.2008.03.012.

4. Li, Q., Gong, S., Yan, J., Hu, H., Shu, X., Tong, H., Cai,
Z. (2020). Synthesis and Kinetics of Hydrogenated Rosin
Dodecyl Ester as an Environmentally Friendly Plasticizer. J.
Renew. Mater. 8(3), 289-299. DOI: 10.32604/jrm.2020.08897.

5. Kalmykova, Y., Sadagopan, M. & Rosado, L. (2018).
Circular economy — From review of theories and practices to
development of implementation tools. Resour. Conserv. Recycl.
135, 190-20. DOI: 10.1016/j.resconrec.2017.10.034.

6. Zhang, Y. (2003). Biodiesel production from waste cooking
oil: 1. Process design and technological assessment. Bioresour.
Technol. 89(1), 1-16. DOI:10.1016/50960-8524(03)00040-3.

7. Kerr, R.A. (1998). The Next Oil Crisis Looms Large--and
Perhaps Close. Science 281(5380), 1128-1131. DOI: 10.1126/
science.281.5380.1128.

8. Wang, Y., Pengzhan, L.S.O. & Zhang, Z. (2007). Prepara-
tion of biodiesel from waste cooking oil via two-step catalyzed
process. Energ. Convers. Manage. 48(1), 184-188. DOI:10.1016/j.
enconman.2006.04.016.

9. Liu, C., Provatas, A.A. & Parnas, R.S. (2023). Desulfur-
ization of biodiesel produced from waste fats, oils and grease
using B-cyclodextrin. Sep. Purif. Technol. 305, 122417. DOI:
10.1016/j.seppur.2022.122417.

10. Fadhil, A.B. & Mohammed, H.M. (2018). Co-solvent
transesterification of bitter almond oil into biodiesel: optimiza-
tion of variables and characterization of biodiesel. Transport
33(3), 686-698. DOI: 10.3846/16484142.2018.1457568.

11. Al-Tikrity, E.T.B., Fadhil, A.B. & Ibraheem, K.K.
(2017). Biodiesel production from bitter almond oil as new
non-edible oil feedstock. Energy Sources, Part A: Recovery,
Utilization, and Environmental Effects 39(7), 649-656, DOI:
10.1080/15567036.2016.1243172.

12. Altikriti, E.T., Fadhil, A.B. & Dheyab, M.M. (2015).
Two-step Base Catalyzed Transesterification of Chicken Fat:
Optimization of Parameters, Energy Sources, Part A: Recovery,
Utilization, and Environmental Effects 37(17), 1861-1866, DOI:
10.1080/15567036.2012.654442.

13. Arjun, B., Chhetri, K., Watts, Ch. & Islam, M.R. (2008).
Waste Cooking Oil as an Alternate Feedstock for Biodiesel
Production. Energies 1(1), 3-18. DOI: 10.3390/en1010003.

14. Moazeni, E, Chen, Y.C. & Zhang, G. (2019). Enzymatic
transesterification for biodiesel production from used cooking
oil, a review. J. Clean. Prod. 216, 117-128. DOI: 10.1016/j.
jclepro.2019.01.181.

15. Sabeder, S., Habulin, M. & Knez, Z. (2006). Lipase-
catalyzed synthesis of fatty acid fructose esters. J. Food Eng.
77(4), 880-886. DOI: 10.1016/j.jfoodeng.2005.08.016.

16. Brahma, S., Nath, B., Basumatary, B., Das, B., Saikia, P,
Patir, K. & Basumatary, S. (2022). Biodiesel production from
mixed oils: A sustainable approach towards industrial biofuel



10 Green Sciences, Vol. 27, No. 2, 2025

production. Chem. Eng. J. Adv. 10, 100284. DOI: 10.1016/j.
ceja.2022.100284.

17. Santori, G., Di Nicola, G., Moglie, M. & Polonara, F.
(2012). A review analyzing the industrial biodiesel production
practice starting from vegetable oil refining. Appl. Energy 92,
109-132. DOI: 10.1016/j.apenergy.2011.10.031.

18. Christopher, L.P, Kumar, H. & Zambare, V.P. (2014).
Enzymatic biodiesel: Challenges and opportunities. Appl. Energy
119, 497-520. DOI: 10.1016/j.apenergy.2014.01.017.

19. Budzaki, S., Milji¢, G., TiSma, M., Sundaram, S. & Hessel,
V. (2017). Is there a future for enzymatic biodiesel industrial
production in microreactors? Appl. Energy 201, 124-134. DOI:
10.1016/j.apenergy.2017.05.062.

20. Atadashi, .M., Aroua, M.K., Abdul Aziz, A.R. &
Sulaiman, N.M.N (2012). Production of biodiesel using high
free fatty acid feedstocks. Renew. Sustain. Energy Rev. 16(5),
3275-3285. DOI: 10.1016/j.rser.2012.02.063.

21. Bouaid, A., Vazquez, R., Martinez, M. & Aracil, J. (2016).
Effect of free fatty acids contents on biodiesel quality. Pilot
plant studies. Fuel 174, 54-—62. DOI: 10.1016/j.fuel.2016.01.018.

22. Palanisamy, K., Idlan, M.K. & Saifudin, N. (2013). Pre-
liminary evaluation of the effectiveness of moisture removal
and energy usage in pretreatment module of waste cooking oil
for biodiesel production. IOP Conf. Ser. Earth Environ. Sci.
16, 012053. DOI: 10.1088/1755-1315/16/1/012053.

23. Yuan, X., Liu, J., Zeng, G., Shi, J., Tong, J. & Huang, G.
(2008). Optimization of conversion of waste rapeseed oil with
high FFA to biodiesel using response surface methodology. Re-
new. Energy 33, 1678-1684. DOI: 10.1016/j.renene.2007.09.007.

24. Sendzikiene, E., Santaraite, M. & Makareviciene, V.
(2020). Lipase-Catalysed In Situ Transesterification of Waste
Rapeseed Oil to Produce Diesel-Biodiesel Blends. Processes
8, 1118. DOI: 10.3390/pr8091118.

25. Karki, S., Sanjel, N., Poudel, J., Hyung Choi, J. & Cheon
Oh, S. (2017). Supercritical Transesterification of Waste Vege-
table Oil: Characteristic Comparison of Ethanol and Methanol
as Solvents. Appl. Sci. 7, 632. DOI: 10.3390/app7060632.

26. Mowry, G. (2011). A portable, automated and environmen-
tally friendly biodiesel processing system. Int. J. Sustain. Energy
30(supl), S24-S34. DOI: 10.1080/1478646X.2010.542816.

27. Daniyan, 1., Daniyan, L., Adeodu, A. & Ale, F. (2023).
Automation and Control of a Multi-feedstock Biodiesel
Production Plant. IETE J. Res. 70(5), 5081-5099. DOI:
10.1080/03772063.2023.2220285.

28. Soni, H., Bhattu, M., Verma, M., Kaur, M., Al-Kahtani,
A.A, Lone, LH., Yadav, AN. & Ubaidullah, M. (2024). From
kitchen to cosmetics: Study on the physicochemical and antioxi-
dant properties of waste cooking oil-derived soap. J. King Saud
Univ. Sci. 36(10), 103483. DOI: 10.1016/;.jksus.2024.103483.

29. Teng, Y., Stewart, S.G., Hai, Y.-W,, Li, X., Banwell, M.G.
& Lan, P. (2020). Sucrose fatty acid esters: synthesis, emul-
sifying capacities, biological activities and structure-property
profiles. Crit. Rev. Food Sci. Nutr 61(19), 3297-3317. DOLI:
10.1080/10408398.2020.1798346.

30. Karmakar, G., Ghosh, P. & Brajendra K. Sharma, B.
K. (2017). Chemically Modifying Vegetable Oils to Prepare
Green Lubricants. Lubricants, 5(4), 44. DOI: 10.3390/lubri-
cants5040044.

31. Salmia, B., Muda, Z.C., Alam, M.A,, Sidek, LM. &
Hidayah, B. (2013). Used cooking oil as a green chemical
admixture in concrete. IOP Conf. Ser.: Earth Environ. Sci.
16, 012077. DOI: 10.1088/1755-1315/16/1/012077.

32. Cérdenas, J., Orjuela, A., Sanchez, D.L., Narvaez, P.C,,
Katryniok, B. & Clark, J. (2021). Pre-treatment of used co-
oking oils for the production of green chemicals: A review. J.
Clean. Prod. 289, 125129. DOI: 10.1016/j.jclepro.2020.125129.

33. Abidin, S.Z., Haigh, K.F,, Saha, B. (2012). Esterification
of Free Fatty Acids in Used Cooking Oil Using Ion-Exchange
Resins as Catalysts: An Efficient Pretreatment Method for
Biodiesel Feedstock. Ind. Eng. Chem. Res. 2, 39.

34. dos Reis, S.C.M., Lachter, E.R., Nascimento R.S.V,
Rodrigues Jr, J.A., Reid, M.G., (2005) Transesterification of
Brazilian Vegetable Oils with Methanol over Ion-Exchange
Resins. JAOCS V82,19, 661. DOI: 10.1007/s11746-005-1125-y.



