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ABSTRACT

In this research, the possibility of using Ca(OH), in the form of commercial hydrated lime as a
catalyst for the methanolysis of refined rapeseed oil was evaluated. Characterization of unused
catalyst was performed by SEM-EDS, laser diffraction, XRF, BET, XRD and TG/DTG methods, and
vegetable oil was analyzed for physicochemical characteristics. Within methanolysis, the effects of
catalyst loading, reaction temperature and reaction time on methyl ester yield, density and viscosity
of biodiesel, as well as the possibility of catalyst reuse were investigated. The obtained results
showed that hydrated lime is an efficient catalyst for transesterification of vegetable oil, whereby the
use of 3 wt% of catalyst relative to oil weight, at temperature 60°C and mixing rate 1000 rpm after
120 min of transesterification reaction achieved a yield of methyl esters 98.76%. With three reuses
of hydrated lime, without intermediate washing and regeneration procedures, the yield of rapeseed
oil methyl ester remained above 90%.
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1. INTRODUCTION

Depletion of fossil fuel stocks and environmental
degradation related to their production and
combustion have resulted in an exponential
growth in interest in biofuels, among which
biodiesel has attracted significant attention [1]
due to favorable degradability and toxicity [2,3],
engine performance and reductions in air
pollutant emissions [4]. Biodiesel is a liquid
biofuel, which consists of alkyl esters of fatty
acids from lipid raw materials [5] such as
vegetable oils, animal fats or used cooking oils
[6]. Among the existing techniques of biodiesel
production, transesterification of vegetable oils
with alcohol in the presence of catalysts is
conventionally used [7], which converts oil
triglycerides into alkyl esters, resulting in
biodiesel as the main product and crude glycerol
as the main by-product [8]. This reaction is
shown in Fig. 1. The process is also known as
alcoholysis, ie methanolysis, since methanol is
the most commonly used alcohol [9,10]. The use
of catalysts increases the solubility of alcohol in
oil and thus accelerates the transesterification
reaction [11]. Important reaction conditions for
efficient biodiesel production include: molar ratio
of alcohol to oil, catalyst type and loading,
temperature and reaction time [12,13]. Although
significant advances have been made in
biodiesel production technology, its
commercialization continues to rely on the
availability of suitable catalysts [14] for which, in
addition to high catalytic performance, rapid
separation and efficient post-reaction catalyst
recycling are considered important requirements
[15]. Commercial processes of biodiesel
synthesis by transesterification are usually
carried out with homogeneous alkaline catalysts,
such as sodium hydroxide (NaOH) and
potassium hydroxide (KOH), because they are
low cost and allow production under low pressure
and temperature conditions, with high conversion
rate [16]. However, the total costs of biodiesel
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production based on homogeneous catalysis are
still not competitive enough compared to those of
petroleum diesel production [17], because
industrial processes face not only the challenges
of using catalysts without regeneration, but also
the difficulty of removing them from the media
[18], resulting in significant consumption of
washing water, as well as wastewater production
[19]. High energy consumption during separation
and purification processes is the main
disadvantage of using a homogeneous catalytic
system [20]. The use of heterogeneous catalysts
in industrial biodiesel production could reduce its
cost and make it competitive with fossil diesel,
given the many advantages these catalysts offer,
including higher reaction rates, easy separation
from the product and reusability [21]. Therefore,
research efforts have been made in recent
decades to find efficient and affordable
heterogeneous catalysts. Calcium oxide (CaO)
has been used as a catalyst in a large number of
published studies of heterogeneous base-
catalyzed transesterification [22], due to its high
catalytic activity under mild reaction conditions,
wide availability and low cost [23,24]. Compared

to CaO, there are significantly fewer
published studies on the use of calcium
hydroxide, Ca(OH),, for methanolysis of
vegetable oils, and their findings are

contradictory in terms of the achieved yield of
methyl esters [25-28].

In this research, the possibility of using Ca(OH),
in the form of commercial hydrated lime as a
catalyst for the methanolysis of rapeseed oil was
evaluated. The effects of catalyst concentration,
temperature and reaction time on the yield of
fatty acid methyl esters (FAME), density and
viscosity of biodiesel, as well as the possibility of
catalyst reuse were investigated. After detailed
physico-chemical  characterization of the
hydrated lime (HL), a correlation between its
properties and achieved -catalytic activity has
been established.

H2C-0OH CH3COOR:

HC-OH + CHsCOOR:=

H2C-OH CH3COOR3

Glycerol Fatty acid methyl esters

(biodiesel)

Fig. 1. General chemical reaction showing transesterification of triglycerides
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2. MATERIALS AND METHODS

Refined rapeseed oil (Brassica napus L.) was
procured from a domestic producer (Bimal Brcko,
B&H). Commercial hydrated lime, used as a
catalyst in this study, was also acquired from a
domestic producer (Ingram Srebrenik, B&H).
Methanol p.a. was purchased from Fluka. Oil,
methanol and hydrated lime were used without
further purification. All other analytical grade
chemicals used were commercially obtained. The
flowchart of the research methodology is shown
in Fig. 2.

2.1 Rapeseed Oil Analysis

The methods of the International Organization for
Standardization (ISO), listed in Table 1, were
used to determine the physical and chemical
properties of refined rapeseed oil. The following
instruments and apparatus were used for oil
analysis: Anton-Paar model DMA 35N digital
densimeter for density determination, Ostwald-
type viscometer for measuring kinematic
viscosity, Abbe refractometer for determining
refractive index, Agilent Technologies 7890A
(G3440A) gas chromatograph with Agilent 7683
automatic liquid sampler for identification and
guantification of fatty acids.

2.2 Characterization of Hydrated Lime

Elemental analysis of hydrated lime was
performed by fluorescent X-ray analysis, using
S8 TIGER Series 2 spectrometer, with
characteristics: X-ray tube operating voltage of
40 kV, maximum current of 10 mA and maximum
X-ray tube power of 400 W. The moisture content
of the hydrated lime was determined by drying
the sample in an oven for 24 h at a temperature
of 105°C. Particle size analysis was performed
by laser diffraction, using a Malvern Mastersizer
2000 analyzer. Brunauer-Emmet-Teller (BET)
surface area, pore size and pore volume of the
catalyst were measured from the multi-point
nitrogen adsorption-desorption isotherm (at -
196°C) using Micrometrics Gemini VII 2390.
Determination of morphological properties of
hydrated lime was performed by scanning
electron microscopy with energy dispersive X-ray
spectroscopy (SEM-EDS), using JEOL JSM
6420 LV scanning electron microscope, with an
acceleration voltage of 20 kV. The sample was
coated with a 15 nm layer of gold, with a density
of 19,32 g/cm®. The structural properties of the
catalyst were analyzed by X-ray diffractometry.
Diffractograms of the samples were recorded on

an automatic X-ray powder diffractometer, Philips
PW1710. Diffractometer settings were 40 kV, 30
mA, a scan range of 2-80° (20) with a step size
of 0.02° and a counting time of 1 s per step.
Thermal analysis of hydrated lime was performed
using a Q600 thermal analyzer (TA Instruments,
New Castle, DE, USA). The sample was
analyzed in a corundum pot under an inert
atmosphere (nitrogen flow rate 100 cm®min) in
the temperature range 20 to 1000°C (heating
rate 20°C/min). The weight of the sample was 3
mg.

2.3. Rapeseed Oil Methanolysis

Methanolysis experiments were conducted in a
500 c¢cm® three-neck round-bottomed glass flask,
coupled to a water cooling recirculation system.
Stirring and heating were performed using a
mechanical stirrer and a hot plate. First, 62.5 cm?®
of methanol and a certain amount of HL were
added to the flask, after which 250 cm? of refined
rapeseed oil was added and the mixture was
subjected to constant stirring (1000 rpm) at
certain temperature and reaction time.

At the end of the reaction period, the catalyst
was removed from the mixture by filtration using
a vacuum pump and the liquid phase was
transferred to a separation funnel where it was
left for 24 h to allow biodiesel (methyl esters) and
glycerol fractions to separate based on their
different specific weights. After removal of the
glycerol (lower) phase by discharge from the
funnel, separation of fine catalyst particles and
residual glycerol from the biodiesel fraction was
performed by centrifugation (3000 rpm) using
Eppendorf Centrifuge 5702, for 10 min at room
temperature. The biodiesel fraction thus obtained
was further analyzed for FAME content, density
and viscosity.

Methanolysis experiments were carried out at
different amounts of hydrated lime in relation to
the mass of oil (2, 3, 4 and 5 wt%), at different
temperatures (25, 45 and 60°C) and reaction
times (60, 120 and 180 min). The methanolysis
conditions that gave the highest yield of FAME
were taken as optimal and applied in the catalyst
reusability research, whereby previously used
hydrated lime, after separation from the liquid
phase and without subsequent regeneration, was
added to the flask with fresh reactants.

Determination of fatty acid methyl ester content
in samples obtained after methanolysis and
separation from catalyst and glycerol was
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performed by gas chromatography according to  of the samples were additionally determined by
ISO 5508 method [39]. The density and viscosity the methods used for rapeseed oil.

- density at 20 °C (densitometry)

- kinematic viscosity
(viscosimetry)

-index of refraction
(refractometry)

- identification and quantification - elemental analysis (XRF)
of fatty acids - moisture content (oven
(gas chromatography) drying at 105 °C)

- moisture and volatile content - particle size analysis
(drying) (laser diffraction)

-iodine number (titration) - surface area, pore size

- saponification number and pore volume (BET)
(titration) - morphology and surface

- peroxide number (fitration) chemical composition

- unsaponifiable matter (SEM-EDS)

(hexane extraction) - structural properties
- fatty acid composition (gas Hydrated lime (XRD)
chromatography) characterization[—- thermal analysis TG/DTG
- heterogeneous
base-catalyzed ] ]
transesterification Rapeseed oil methanolysis )
i
i Hydrated
| lime
-vacuum filtration | Product mixture separation [---'

T

Biodiesel fraction purification

- separating funnel

- centrifugation
- fatty acid methyl ester content \[///
(gas chromatography)
-dgnmty {denatometry_) - Biodiesel analysis
- kinematic viscosity (viscosimetry) y

Fig. 2. Research methodology flowchart

Table 1. Methods of analysis of physical and chemical properties of rapeseed oil

Property Method Reference
Density ISO 6883 [29]
Kinematic viscosity ISO 3104 [30]
Index of refraction 1ISO 6320 [31]
Free fatty acids content ISO 660 [32]
Moisture and volatile content ISO 662 [33]
lodine number 1ISO 3961 [34]
Saponification number ISO 3657 [35]
Peroxide number 1ISO 3960 [36]
Unsaponifiable matter ISO 18609 [37]
Fatty acid composition ISO 5509 [38]
ISO 5508 [39]
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3. RESULTS AND DISCUSSION
3.1 Rapeseed Oil Properties

The results of the rafined rapeseed oil analysis
are shown in Tables 2 and 3. The oll
characteristics presented in Table 2 have values
more or less similar to those published by other
researchers [40-43]. While some properties, such
as density, are naturally given and characterize
rapeseed oil, others depend on the production
process, from plant cultivation to oil extraction,
cleaning and storage [44], which may explain the
differences among analysis results published by
researchers. The values of density, viscosity,
iodine number, free fatty acids content and water
content of the analyzed oil in this paper are
within the limit values of the established
properties for the use of rapeseed oil as a fuel for
internal combustion engines compatible with
vegetable oil [45]. However, high viscosity, which
is generally 10-20 times higher in vegetable oils
than in petroleum diesel [46], is a major obstacle
to the direct application of this oil in unmodified
diesel engines, as high viscosity affects fuel

dispersion, cold flow properties and causes the
formation of carbon deposits on the internal
components of engines [47].

Since biodiesel is a mixture of fatty acid esters,
and taking the general assumption that the
existing fatty acid profiles of the feedstock remain
unchanged after transesterification [48], it follows
that the properties of biodiesel largely depend on
the fatty acid profile of starting material. The
results of gas chromatography of rapeseed oil
(Table 3) show the dominant content of four fatty
acids (oleic, linoleic, linolenic and palmitic). From
the aspect of desirable profile of fatty acids in
raw materials for biodiesel production, given the
influence of their methyl esters on fuel properties,
high presence of monounsaturated fatty acids
(such as oleic and palmitoleic acid), reduced
presence of polyunsaturated, and controlled
content of saturated fatty acids are
recommended [49]. In this regard, the analyzed
rapeseed oil has a favorable fatty acid
composition, showing a total content (wt%) of
monounsaturated acids 63.64, polyunsaturated
29.66 and saturated 6.7.

Table 2. Physical and chemical properties of refined rapeseed oil

Property Unit Value
Density (20°C) kg/dm® 0.917
Kinematic viscosity (40°C) mm?/s 30.81
Index of refraction dimensionless 1.465
Free fatty acids content wit% 0.02
Moisture and volatile content % 0.03
lodine number dimensionless 110
Saponification number mg KOH/g 186
Peroxide number meq O,/kg 0.89
Unsaponifiable matter a/kg 9

Table 3. Rapeseed oil fatty acid profile

Fatty acid Symbol Content [wt%]
Myristic C14:0 0.1
Palmitic C16:0 412
Palmitoleic Ci6:1 0.22
Stearic C18:0 1.34
Oleic Ci8:1 60.76
Linoleic C18:2 20.9
Linolenic C18:3 8.7
Arachidic C20:0 0.68
Eicosenoic C20:1 1.76
Eicosadienoic C20:2 0.06
Behenic C22:.0 0.32
Erucic c22:1 0.9
Lignoceric C24:0 0.14
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3.2 Catalyst Characterization

The determined moisture content of hydrated
lime is 1.73 wt%. The surface morphology of
commercial hydrated lime used as a catalyst is
shown in Fig. 3. The present image reveals the
nonuniform  morphology in the form of
aggregates (clusters) which consist of irregularly
stacked angular crystals of Ca(OH),. These
aggregates are characterized by a great diversity
in size and shapes as a consequence of
unbalanced growth of hydroxide crystals from
CaO during hydration. Additionally, due to
random arrangement of the formed clusters,
unevenly distributed porous regions (gaps and
voids) have been created making the "open”
structure of the hydrated lime [50]. The SEM
analysis was done in combination with X-ray
energy dispersion (EDS) analysis (Fig. 4)
revealing the elemental composition (wt%) of the
lime sample: 54.30% Ca, 39.05% O, 5.28% C,
while the presence of Mg was detected in the
amount less than 1%. The carbon registered in
the sample might be an indication of the
carbonate phase (CaCOs) present in the sample.
This will be confirmed by additional analysis
below.

A wide range of particle/aggregate sizes,
previously observed by SEM analysis, was
verified by the particle size distribution (PSD)
data shown on Fig. 5. Namely, the sizes of the
particles of the hydrated lime are within a very
broad range (0.9 ym — 800 um) and can be
characterized by monomodal volume distribution
with maximum around 8 ym. Only 10 vol% of the
sample particles have diameter less than 2.8 ym,
while 50 vol% of them are smaller than 9.0 um.
Additionally, since the 90 vol% of the particles
are characterized by the diameter below 65.4
pum, the average diameter is shifted towards
lower value and amounts to 29.5 pym.

Fig. 3. SEM image of hydrated lime

Ca

o]
Ca

Spectrum 1

T E DAL RS B [T T
1 2 3 4
Full Scale 9084 cts Cursor: -0.153 keV (0 cts)

Ca

¢ Mgy
A&
0

ke

Fig. 4. EDS spectrum of hydrated lime
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Table 4. Chemical compaosition of hydrated lime obtained by XRF

Chemical S|02 A|203 Fe,O; CaO MgO S04 K,O T|02 P,Os LOI* Sum
compaosition
wit% 053 035 0.21 68.92 1.02 0.29 0.04 0.002 0.02 26.68 98.06

Loss on ignition

Chemical composition (in the form of oxides) of
hydrated lime was determined by XRF analysis
and the results were presented in Table 4. As
can be seen, the sample consists mainly of CaO
(68.92%), while MgO is detected in significantly
lower concentration (1.02%). Other elements are
present in very small amounts. The obtained LOI
can be associated with the removed water and
CO, from Ca(OH), and CaCO; after sample
exposure to high temperature.

The textural parameters of the hydrated lime are
presented in Table 5. The sample has specific
surface area of 25.4 m2/g and is characterized by
relatively low total pore volume implying its
undeveloped porous structure. This is also
indicated by a high share of external surface
area (21.8 m?/g) in BET area. According to the
result of average pore diameter (2.1 nm), it can
be suggested that the examined hydrated lime
consists of certain portion of micropores along
with the portion of pores in the meso-domain with
diameter reaching the micro-range.

The XRD pattern of hydrated lime is given on
Fig. 6. The diffractogram shows two components
of the catalyst: portlandite — Ca(OH), (COD
database code: 1008781, Reference code 96-
100-8782), with the most intensive peak around
20 value of 18° and calcite — CaCO; (COD
database code: 9000968, Reference code 96-
900-0969), with the most intensive peak at 20

A

value between 29° and 30°. Since the calcite is
identified by this method, the previous
assumption from EDS results regarding its
presence can be confirmed. According to the
XRD results of quantitative analysis, the sample
contains 96.16 wt% of portlandite, corresponding
to 72.78 wt% of CaO. This coincided well with
the XRF results.

In order to test the thermochemical changes,
TG/DTG analysis of hydrated lime was
performed, and the appropriate profile is shown
on Fig. 7. The sample of hydrated lime is
characterized by a three-step weight loss profile
during heating in the flow of N, up to 800°C. The
first step (up to 250 — 300°C) corresponds to the
weight loss of 5.4% and can be ascribed to the
loss of adsorbed water. With further heating up to
500°C, the mass of the sample reduces by
additional 22.3%, which is due to the loss of
structurally bound water (dehydroxylation of
Ca(OH),) [51]. In the third step (in the
temperature range 500°C - 770°C), the weight of
the sample decreases for extra 5.2%, as a
consequence of CaCO3; decomposition into CaO
and CO, [52,53]. The thermal changes at higher
temperatures (over 800°C) indicate the impurities
present in the sample along with the formed
CaO. The results of TG analysis are consistent
with other characterization results previously
displayed.

@ Caco,
A Ca(OH),

ZTheta (Coupled TwoTheta/Theta) WL -1,54060

Fig. 6. XRD pattern of hydrated lime
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Table 5. Textural parameters of hydrated lime

Parameter BET (m“/g) Average pore diameter (nhm) Total pore volume (cm®/g)
Hydrated lime 254 2.1 0.016
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Fig. 7. TG/DTG profile of hydrated lime

3.3 Influence of Methanolysis Parameters
on FAME Yield and Properties

The effect of catalyst loading on FAME vyield is
shown in Fig. 8. Measured pH values of mixtures
of methanol and catalyst (at catalyst
concentrations of 2, 3, 4 and 5 wt%) immediately
before the addition of oil were: 12.23, 12.26,
12.27 and 12.30, which indicates small
differences. However, by increasing the hydrated
lime loading (relative to oil weight) 2 to 3 wt% in
oil methanolysis increased the yield of FAME
90.02 to 98.76%, which confirms the observed
importance  of catalyst concentration in
transesterification yield optimization [54]. The
lower yield, which was obtained at lower catalyst
loading (2 wt%), can be explained by the
insufficient number of active sites for the reaction
of the reactants [18]. This is confirmed by the
results of sunflower oil methanolysis [55], where
1 wt% Ca(OH),, after 120 min resulted in
biodiesel yield <10%, while yield above 90% was
obtained with 5 wt% of catalyst loading.
Methanolysis of used soybean oil showed that
the increase in conversion rate was proportional
to the dose of hydrated lime [27]. In the study of
methanolysis of refined sunflower oil [26], it was
concluded that the applied concentration of
Ca(OH), (equivalent to 0.2% NaOH) was low, but
even at higher catalyst concentrations
(equivalent to 1% NaOH), oil conversions

remained modest (<70% after 24 h), which was
explained in term of low specific surface area of
the catalyst (0.9 m2/g). From that aspect, the
higher yield of methyl ester obtained in this study
can be associated with a significantly higher
specific surface area of hydrated lime (25.4
m?/g). The maximum FAME yield of 98.76%,
obtained using 3 wt% of hydrated lime, complies
with the minimum requirements of the FAME
content (96.5%) for biodiesel, according to the
European standard EN 14214 [56]. At catalyst
loadings 4 and 5 wt%, rapeseed oil methyl ester
yields were 95.77 and 94.33%, respectively,
indicating a decrease in reactant conversion. A
declining trend in biodiesel yield after reaching a
certain maximum value has also been observed
in other studies of heterogeneous methanolysis
[57-59]. Although the addition of a catalyst
accelerates the transesterification reaction by
increasing the contact surface between reactants
[60], its excessive amount is related to mass
transfer limitations caused by increased viscosity
of the mixture [61] and adhesion of the product to
the catalyst surface [62].

The effect of catalyst loading on density and
viscosity of biodiesel from rapeseed oil is shown
in Fig 9. HL loadings, applied in the range 2 - 5
wt%, had practically no effect on the density of
the obtained biodiesel (0.882 - 0.883 g/cm3),
because methanol, oil and esters have a very
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similar density [63]. The determined FAME
density values meet the European standard for
biodiesel [56] which limits them to the range 860
- 900 kg/m®. Methanolysis of rapeseed oil with a
kinematic viscosity of 30.81 mm?%s resulted in
biodiesel viscosities in the range 3,215 - 2,640
mm?/s, thus confirming that after the
transesterification process the viscosity values of
vegetable oil methyl esters are significantly low
[64].

In addition, an inverse correlation was observed
between viscosity and FAME vyield, i.e. higher
yields resulted in lower viscosity. The determined
viscosity values are slightly lower than those
obtained by other researchers [40,41,65,66]. The

FAME yield (%)
)
o

lowest determined viscosity value (2,640 mmzls)
meets the American standard for biodiesel
D6751 [67], however, according to the European
standard [56] it is lower than the minimum
specified (3.5 mmzls). Although low viscosity of
biodiesel is generally desirable because it
facilitates the handling of fuels at lower
temperatures [68], too low values of viscosity are
associated with power loss and excessive wear
of fuel injection pumps [69]. The reason for such
low viscosity of obtained FAME may be the
insufficient  removal of methanol after
transesterification, because the presence of this
alcohol in biodiesel can further reduce its
viscosity [70].

90
g0

70
60

40

30

20

10

0

2 3 4 5

C atalystloading (wt%)

Fig. 8. Effect of HL loading on FAME yield
Process conditions: methanol:oil volume ratio 0.25, reaction temperature 60°C, reaction time 120 min

35

density (g‘cm?®) and viscosity (imm?/s)

3,0
2,5
2,0
1,5
1,0
0,5
0,0
2 3 4 S

catalystloading (wt%)

density

mviscosity

Fig. 9. Effect of HL loading on FAME yield on biodiesel density and viscosity
Process conditions: methanol:oil volume ratio 0.25, reaction temperature 60°C, reaction time 120 min
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The effect of transesterification reaction time on
FAME vyield is shown in Fig. 10. During the first
60 minutes of methanolysis, a methyl ester yield
of 68.04% was obtained, which increased to
98.76% during the additional 60 minutes,
indicating the importance of ensuring sufficient
time for the conversion of reactants into a
product. The yield of FAME achieved after 120
min meets the yield requirement of the European
standard for biodiesel [56], however, the yield
obtained after 180 min is slightly lower (96.4%)
than the minimum prescribed. This trend of
increasing yield over time to a certain point, after
which it decreases, was also observed in the
methanolysis of sunflower oil [28] using hydrated
lime acquired from the same producer. The
decrease in yield that occurs with an excessive
increase in reaction time is related to the
reversibility of the transesterification reaction [71-
73].

100
90
g0
70
60
50
40
30
20
10

FAME yield (%)

60

The effect of transesterification reaction time on
density and viscosity of biodiesel from rapeseed
oil is shown in Fig 11. The results of the densities
of biodiesel obtained after 60, 120 and 180 min
reaction time (0.898, 0.882 and 0.884 g/cm®)
show that the density of vegetable oil is reduced
by transesterification [74]. Since the viscosities of
biodiesel after 60 and 180 min of methanolysis
were higher (5.776 and 3.116 mm?/s) than after
120 min (2.64 mm?/s), and the FAME vyields after
60 and 180 min were lower (68.04 and 96.4%)
than those after 120 min (98.76%), an inverse
correlation between viscosity and the achieved
biodiesel vyield at all given periods of
methanolysis is observed. The viscosities of
biodiesel obtained after all three examined
transesterification periods meet the American
standard for biodiesel [67], while their values are
out of the range specified by the European
standard [56].

120 180

Reactiontime (min)

Fig. 10. Effect of reaction time on FAME yield
Process conditions: methanol:oil volume ratio 0.25, catalyst loading 3 wt%, reaction temperature 60°C
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Fig. 11. Effect of reaction time on biodiesel density and viscosity
Process conditions: methanol:oil volume ratio 0.25, catalyst loading 3 wt%, reaction temperature 60°C
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The effect of transesterification reaction
temperature on FAME yield is shown in Fig. 12.
Conducted  methanolysis  experiments  at
temperatures of 25, 45 and 60°C, in reaction
time of 120 min resulted in the exponential
growth of FAME vyield, that is, an almost
negligible yield (4.08%) was achieved at the
lowest temperature, and increasment the
temperature to 45°C and 60°C, gave higher
yields (25.12 and 98.76%). The increase in yield
with reaction temperature is the result of a higher
reaction rate and facilitated contact between the
reactants, due to the decrease in oil viscosity
[75]. The observed yield trend is similar to that of
methanolysis of soybean oil using hydrated lime
[27], where the authors reported that no
conversion was achieved at a transesterification
temperature of 25°C, while FAME yields were
increasing (2, 19, 57 and 100%) with higher
reaction temperatures (35, 45, 55 and 60°C).
Although the higher temperature is necessary for
increasing the reaction rate, conducting
methanolysis at temperatures well above the
boiling point of alcohol results in higher energy
consumption, leads to alcohol loss by
evaporation [76], and can accelerate triglyceride
saponification [77], which will reduce the yield of
biodiesel.

The effect of transesterification reaction
temperature on density and viscosity of biodiesel
from rapeseed oil is shown in Fig. 13. The
densities of biodiesel obtained at
transesterification temperatures 25°C (0.915
g/cm3) and 45°C (0.913 g/cms) are slightly higher
than that at 60°C (0.882 g/cms), and there is an
inverse correlation between densities and
conversions of reactants at these temperatures.
The inverse correlation between conversion of
reactants and viscosity of biodiesel (24.97;
13.931; 2.640 mmzls) is also observed at
temperatures 25, 45, and 60°C.

3.4 Catalyst Reusability

After methanolysis and separation from the
product mixture, hydrated lime was reused for
transesterification of rapeseed oil, under
conditions that were determined as optimal by
previous experiments: catalyst concentration 3
wt%, methanol:oil volume ratio 0.25, reaction
temperature 60°C and reaction time 120 min. If
considering that the molecular weight of refined
rapeseed oil is 869.16 g/mol [40], the molar ratio
of methanol:oil in this study was 5.77:1. A total of
three consecutive reuses (first, second and third
reuse) were conducted, whose effects on FAME
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yield and biodiesel density and viscosity
compared to the effects of fresh HL (first use) are
shown in Figs. 14 and 15. The reusability
property is recognized as one of the advantages
of heterogeneous catalysts over homogeneous
ones, which is why reuse testing is an integral
part of many studies of catalyst performance in
oil transesterification [78-81].

After all three reuses of hydrated lime, FAME
rapeseed oil yields were >91%, which is higher
than those obtained by hydrated lime in the
methanolysis of sunflower [28] and rapeseed [65]
oil. However, the determined values of FAME
yield after the first, second and third reuse of
hydrated lime (98.42, 94.85 and 91.97%) are
lower compared to the yield achieved with the
use of fresh catalyst, which indicates reduced
catalytic powers of HL. A correlation was
observed between FAME yield and the number
of repeated uses of hydrated lime, that is, a
declining trend of yield with an increasing
number of catalyst reuse. A similar trend has
been observed with other heterogeneous
catalysts [82-84]. This is due to the deactivation
of the heterogeneous catalyst, for which the
possible causes include: leaching of the active
phase of the catalyst, clogging of pores or
poisoning of surface active sites, and structural
changes of the catalyst [85-88]. In the study of
the efficiency of HL in the methanolysis of waste
soybean oil [27], the reduced yield of FAME was
primarily attributed to calcite, which was
identified as a secondary phase in fresh hydrated
lime, and after repeated catalyst use, as the main
crystalline phase, which reduced -catalytically
active phase. This could also be true for HL in
this study, since X-ray analysis of fresh hydrated
lime (Fig. 3) identified calcite as the secondary
crystalline phase. In numerous research papers,
the characterization of biodiesel is limited to
reporting methyl ester content, which is
considered to be its most important property,
followed by properties of density and viscosity
[17]. Although according to the European
specification [56] only biodiesel obtained by the
first reuse of catalysts meets the requirements
for FAME content, and samples obtained by
further successive use of catalysts have a slightly
lower methyl ester content than the specified
limit, their values are in the upper part of the
mentioned range of 79 - 99% which is usually
obtained by using heterogeneous catalysts [17].
Considering the high value of FAME yield
achieved after the third reuse of HL, it can
generally be assumed that this catalyst would
give satisfactory FAME yields even with multiple
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reuses. The measured FAME densities after
each reuse of HL had negligible changes in
values (0.882 - 0.883 g/cm®), while the FAME
viscosities after the first, second and third reuse
were 2.738, 3.128 and 3.248 mm®/s indicating an
inverse correlation between viscosity and yield of
rapeseed oil methyl ester. Biodiesel obtained by
the first reuse of the catalyst, according to EN
14214 standard [56], has an acceptable density
value, while its viscosity is slightly lower than the
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FAME yield (%)

—
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minimum required. Other biodiesel samples,
obtained by the second and third reuse of HL,
have densities that also meet the European
standard, but their viscosities are outside the
required range. However, after each of the three
consecutive uses of hydrated lime as a catalyst,
the obtained biodiesel met the specifications of
the American standard D6751 [67], in terms of
the analyzed properties.
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Fig. 12. Effect of reaction temperature on FAME yield
Process conditions: methanol:oil volume ratio 0.25, catalyst loading 3 wt%,reaction time 120 min
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Fig. 13. Effect of reaction temperature on biodiesel density and viscosity
Process conditions: methanol:oil volume ratio 0.25, catalyst loading 3 wt%,reaction time 120 min
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Fig. 14. Effect of HL reuse on FAME yield
Process conditions: methanol:oil volume ratio 0.25, catalyst loading 3 wt%, reaction temperature 60°C, reaction
time 120 min
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Fig. 15. Effect of HL reuse on biodiesel density and viscosity
Process conditions: methanol:oil volume ratio 0.25, catalyst loading 3 wt%, reaction temperature 60°C, reaction
time 120 min

4. CONCLUSION

The results of the research on the methanolysis
of rapeseed oil showed the possibility of using
hydrated lime as a catalyst for the
transesterification of vegetable oil. The
determined optimal conditions of the investigated
methanolysis were catalyst loading 3 wt%,
methanol to oil volume ratio of 0.25, reaction time
120 min and temperature 60°C, resulting in
maximum biodiesel yield of 98.76%. Among
these conditions, a temperature value of 60°C
was determined as the minimum required to
obtain a high yield of methyl ester (>90%). In this
regard, a comparison of energy costs versus
biodiesel yield increasement may be useful when
considering the  application of  higher
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methanolysis  temperatures in industrial
production. Although the increase in FAME yield
is a function of the increase in catalyst
concentration and reaction time, it is necessary
to determine the optimal parameters
experimentally, since their excessive values can
result in reduced vyields. Three reuses of
hydrated lime, without any intermediate washing
and activation procedures, resulted in yields of
rapeseed oil methyl ester above 90%, indicating
the possibility of multiple reuses of the catalyst,
which is particularly advantageous in terms of
process costs. In addition, biodiesel samples,
obtained with the first use and the first reuse of
hydrated lime, met the requirements of the
European standard EN 14538, in terms of FAME
content and density of biodiesel, while their
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viscosities are below the specified limit. Despite
numerous studies focused on the synthesis of
new transesterification catalysts, larger
production capacities require readily available
catalysts with reusability properties without
demanding intermediate = separation and
reactivation steps. From that aspect, the
distribution of raw materials and well-established
processes of hydrated lime production, as well as
its experimentally proven efficiency as a
heterogeneous catalyst with properties of
reusability without prior reactivation, are certainly
attributes that make it worth considering for use
in industrial biodiesel production practice. Given
the relatively high catalytic activity shown during
successive uses in the transesterification
reaction, the application of hydrated lime would
be feasible in a continuous biodiesel production
process, which would be interesting to
investigate experimentally beforehand.. The
overall results of this research can serve as a
basis for further research of catalysts of this type,
purchased from various manufacturers, and
linking their properties with catalytic activity in the
methanolysis of various vegetable oils.
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