Reaction Kinetics, Mechanisms and Catalysis (2023) 136:2617-2638
https://doi.org/10.1007/s11144-023-02478-w

™

Check for
updates

Kinetic modeling of bio-based heterogeneously catalyzed
lard oil methanolysis in methyl ester production

C.B. Ezekannagha'© - 0. D. Onukwuli?® - C. F. Uzoh2® . C. N. Eze3

Received: 13 July 2023 / Accepted: 13 August 2023 / Published online: 23 August 2023
© Akadémiai Kiad6, Budapest, Hungary 2023

Abstract

The kinetic modeling of bio-based heterogeneously catalyzed lard oil methanolysis
in lard oil methyl ester (LOME) synthesis was investigated. To describe the reac-
tion, the reverse basic reaction mechanism of transesterification was employed. The
transesterification reaction was performed within a time range of 0-3.5 h at vary-
ing temperatures of 50 °C, 55 °C and 60 °C and optimum reaction conditions of
methanol to oil molar ratio 10.5:1, 2.5 wt% catalyst quantities. The variations in
concentration of the reactants and LOME against time and temperature reveal sub-
stantial changes from O to 1.5 h beyond which the reactant consumption and prod-
uct formation remained constant across the defined temperature readings. The reac-
tion was observed to be favored at high temperature. The rate equation based on
the assumption of triglycerol to diglycerol conversion as rate limiting in the reverse
basic reaction mechanism was observed to be the best satisfactory representation of
the experimental data. The activation energy and frequency factor were determined
as 20.54 kJ/mol and 1960 h~!. The extrapolative competency of the obtained model
was verified with experimental data which exhibited satisfactory correlation.
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Introduction

The dependence of the global economy on energy is excessive and is likely to inten-
sify due to the exponential increase in population and the hunt for good life. The
conventional energy source (natural gas, coal and oil) used as source of energy sup-
ply poses some inherent risk in its use [1]. This risk is associated with the fossil
fuel depletion with no immediate replacement and greenhouse gas effect emanating
from burning of the conventional fuel. These challenges necessitated the search for
a renewable, environmentally friendly and cost effective alternative fuel. An alter-
native fuel to replace the fossil fuel must be renewable, environmentally friendly,
readily available, technically feasible and economically acceptable [2, 3]. A viable
alternative fuel is methyl ester. Methyl ester is a renewable fuel that is composed
of mono alkyl esters of long chain fatty acids synthesized by the transesterification
reaction of oil or fat using an alcohol in the existence of a catalyst [4, 5]. A key
limitation in the wide spread methyl ester synthesis is the production cost arising
mainly from the cost of the feedstock and as such effort should be geared towards
the reduction of the cost of oil and catalyst used as feedstock [6]. Ude and Onukwuli
[7] stated that various sources for methyl ester production abound. However, atten-
tion should be given to methyl ester production from waste (oil and catalyst) for
production cost mitigation so as to enable the derived bio-fuel competes favorably
with the conventional diesel fuel. Animal fats, waste vegetable oil and micro algal
oil constitute the foremost sustainable feedstock for methyl ester synthesis. The uti-
lization of edible oils for example palm oil, sunflower, soybeans, groundnut oil etc.
for methyl ester production will add to the production cost due to its soaring cost
in addition to scarcity of the oils for cooking intents [8]. Lard oil is a by-product of
the pork rendering process, which can be categorized as an inexpensive feedstock
available for methyl ester synthesis. It is also an attractive economic alternative in
the case of break out of pork diseases or where parts of the animal have been banned
for human consumption due to health condition. On the other hand, banana waste
peels are comparatively cost free and the utilization as catalyst in transesterification
reaction will simultaneously serve as means of waste disposal and waste upgrade to
energy. A plethora of researchers have reported homogeneously catalyzed transes-
terification of oil in methyl ester synthesis from diverse sources with either sodium
hydroxide or potassium hydroxide at laboratory and industrial level [9-12]. The
numerous advantages associated with homogeneous catalysis of the transesterifica-
tion process include process simplicity, high biodiesel yield, faster reaction rate and
shorter reaction time with associated drawbacks such as equipment corrosion, non-
easy to separate, non-renewability and recyclability and downstream waste treatment
[13, 14]. The water washing and purification stages required to achieve the fuel qual-
ity standard lead to increase in the production cost [15]. Quite the reverse, the use of
heterogeneous catalysts for methyl ester synthesis appears to be more effectual and
viable due to the following; ease in separation, recyclability, non-corrosive and envi-
ronmental benign characteristics [16]. Subsequently, the substitution of homogene-
ous catalyst with heterogeneous catalyst has been acceptable currently.
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Few researchers have reported transesterification process with calcined banana
peel ash (CBPA) as catalyst [17, 18]. Excellent catalytic ability was exhibited as
methyl ester yield above 95% was recorded by the researchers. The studies were
mainly based on how to synthesize the catalyst, characterization and the catalytic
activity. There is paucity of literature on the function of most of these bio-based
derived catalysts. Other important variables that need to be given attention in the
functionality of the catalysts in a transesterification reaction are the reaction mecha-
nism and the rate limiting step [19]. Hence the model will be based on the reverse
basic mechanism (RB) of transesterification reaction proposed by Freedman. A
kinetic model is required to figure out how the synthesized catalyst functions and its
application furthermore at industrial level. The reaction kinetics becomes pertinent
in the estimation of the degree of the reactants change and product formation at all
times within specified terms. The information is similarly required by process/chem-
ical engineers in designing and optimizing reactor systems for a specified catalyzed
transesterification reaction [20]. Methanol adsorption has been reported as the rate
controlling step in some of the heterogeneously catalyzed transesterification reaction
of oil with methanol while in other scenarios, the surface reaction between triglycer-
ide and methanol have been ascertained as the slowest step or the rate limiting step
in the transesterification process [19, 21]. Consequently, this research centers on
developing a kinetic model which describes the transesterification of lard oil in lard
oil methyl ester production by expending calcined banana peel ash (CBPA) catalyst.

Materials and methods
Materials

Ripe banana peels were obtained from home-based waste, waste pork lard used for
lard oil synthesis in the transesterification reaction was obtained from New market
Enugu, methanol (CH;OH, 99.8% purity) and other chemicals/reagents were pur-
chased from Conraws company ltd. Enugu. All the chemicals and reagents used
were of analytical grade.

Methods
Lard oil synthesis and characterization

The pork fat was extracted using dry-rendering method by exposing it to heating in
a pan in the absence of water at 110 °C for 1 h (at atmospheric pressure to circum-
vent any degradation) to eliminate water, waxy, as well as suspended and residual
matters. The rendering method is in accordance to the approach used by Alptekin
et al. [22] and Ezekannagha et al. [10]. Liquefied fat was subsequently purified to
eliminate the non-soluble constituents known as cracklings. The physico-chemical
parameters of the synthesized lard oil were determined according to the American
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Standard for Testing and Materials (ASTM) method was conducted. The processed
lard oil was kept in an air tight opaque plastic jar to inhibit oxidation.

Catalyst synthesis from ripe banana peels

The discarded banana peels from ripe banana fruits were removed manually. The
collected waste peels were reduce to small pieces to accelerate the drying process.
The small sized waste peels were thoroughly washed with distilled water thrice to
remove impurities after which they were sun-dried. The dried banana peels were
then burnt completely in open air to produce ash and further grounded to ash cata-
lyst powder with a mixed blender. The burnt powdered banana ash catalyst was ther-
mally treated via calcination in a muffle furnace at a temperature of 700 °C for 4 h
for activation and to obtain calcined banana peel ash CBPA [17, 23]. Finally, it was
put away in an air tight vessel for extended use as heterogeneous base catalyst in the
synthesis of the lard oil methyl ester.

Ripe banana peel ash catalyst characterization

The synthesized bio-based heterogeneous base catalysts, uncalcined banana peel
ash UBPA and calcined banana peel ash, CBPA were characterized with Energy
dispersive atomic x-ray spectroscopy (EDAX) to ascertain the chemical composi-
tions, Fourier Transform Infra-Red (Model: Agilent Cary 630) FTIR Spectrometer
to detect the functional groups in the wavelength range of 4000-650 cm™!, X-ray
diffraction (XRD) using Rigaku miniflex-600 diffractometer (Cu-Koa radiation,
A=1.5406 A) in 20 range 2°-70° for the major component phase/group present.
Scanning electron microscope (SEM) was used to determine the morphology struc-
ture while Brunauer—Emmett-Teller (BET) analysis conducted using Quantachrome
NovaWin Nova 4200E was used to measure the surface area, pore volume and pore
size of the catalyst sample.

Transesterification reaction

50 g of lard oil was added into a 250 ml three-necked round bottom batch reac-
tor fitted with a reflux condenser, temperature indicator placed on a heating man-
tle with magnetic stirrer. The oil was preheated to remove any trace water present.
Preceding the use of the catalyst, 2.5 wt% CBPA catalyst (based on the oil weight)
was partly dissolved in 14 ml (10.5:1) of methanol. The mixture was then added
slowly to the heated oil in the batch reactor and the temperature maintained at 50 °C
with a constant speed of 300 rpm for 3.5 h. 5 ml of the reaction sample was taken
out in a beaker and cooled in a water bath to prevent extended reaction from tak-
ing place. Samples were withdrawn at 30 min time interval. The transesterification
products were then analyzed and characterized as a function of time and temperature
employing Gas chromatography—mass spectrometer (GC-MS). The same proce-
dure was repeated for the defined temperature readings at 55 °C and 60 °C. Basic
calibration curves for the lard oil methyl ester were made with n-octane taken as an
internal benchmark. The percentage areas were changed to mass percentages for all
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constituents of the samples by using the standard calibration charts prepared. A plot
of concentration of the species, CH;OH, T, D, M, B and G against time at 50 °C,
55 °C and 60 °C were done. The symbols CH;0H, T, D, M, B, and G were used
to represent the strength of methanol, triglyceride, diglyceride, monoglyceride, bio-
diesel and glycerol.

Kinetic modeling

Rate equations were derived based on the reverse basic mechanism of transesterifi-
cation reaction proposed by Freedman in transesterification of triglyceride to model
the kinetics of the heterogeneously catalyzed lard oil transesterification. Equation 1
expresses the general equation for transesterification process.

CBPA
TG + 3ROH «— G + 3ME e

The basic reaction mechanism of transesterification is as shown in Eqgs. 2—4. Each
step in the sequence of the three steps of transesterification reaction with metha-
nol is seen to consume one mole of methanol to produce one mole of methyl ester
(biodiesel).

k
T + CH,OH <k——‘>D +B )
k
D + CH;0H <Z——3>M +B (3)
4
k
M + CH;OH «<——G + B 4)
6

Here T, CH;0H, D, B, M, and G correspond to the concentration of triglyceride,
methanol, diglyceride, biodiesel, monoglyceride and glycerol. k;, ks, and ks repre-
sent the rate constants for the forward reactions while k,, k, and kg represent the rate
constants for the reverse/backward reactions in Eqgs. 2—4.

The rate constants and rate determining step were obtained from the established
differential equations; Egs. 611 obtained by applying rate law on the sequence of
three steps of the reversible decomposition of triglyceride to diglyceride, diglyceride
to monoglyceride and monoglyceride to glycerol with a heterogeneous catalyst; cal-
cined banana peel ash catalyst (CBPA) shown in Eqs. 2—4 [24].

Basic assumptions.

1. Concentration of methanol was considered to be excessive compared to con-
centration of the other reactant constituents

So its concentration is constant hence, the rate equation shown in Eq. 5 obeyed
pseudo-first-order kinetics as a function of the concentration of triglyceride. Simi-
larly, other rate expressions Eqs. 6—11 were derived.

2. The catalyst was used in sufficient amount so change in concentration of the
catalyst during the course of reaction was assumed to be negligible [25].
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The rate equations ensued via relating rate law upon Eqgs. 2—4 to determine the
rate constants and represented in Eqgs. 6—11. The assumptions, rate equations of the
different constituents were expressed with constituent mass balances.

ry = 9Cr/ 4, = —k, TCH;OH + k,DB )

Based on the assumptions above, Eq. 5 proceeded by the use of pseudo-first-
order-kinetics in relation to the strength of triglyceride T which becomes Eq. 6.

rp=9Cr/ 4 = kT + k,DB (6)

The effective rate constant k; =k; CH;OH. Other rate equations were derived by
using related assumptions of excessive concentration of methanol etc. along these
lines;

rp =49Cp/ 4, = kT — kyDB — k3D + k,MB (N
ry = 9Cn/ 4 = kyD — k,MB — ksM + ksBG ®)
rg = 9C5/ 4, = I, T — kyDB + kyD — k,MB + ksM — ksBG ©)

rCH;0H = 9Ccn,on/ 4, = —k,T + k,DB — kyD + k,MB — ksM + kgBG ~ (10)

rg = 9C6/ 4y = ksM — ksBG (11)

The ordinary differential equations (ODE) as shown in Eqs. 6-11 were solved
with MATLAB R2014a software to get the rate constants k;— k.

Temperature related terms

Temperature related expressions like activation energy and frequency factor in addi-
tion to the reaction order were determined by subjecting the rate constant data of the
rate determining step (RDS) of the transesterification reaction to Arrhenius equation
given in Eq. 12.

—E
K =k a
)X exp ( . > (12)
mK=( 2Ze) 4 mk
n = RT + In 0 (13)

A graph of In K against % was plotted with the experimental data. This gave a

straight line slope of ;ET" and the frequency factor or pre-exponential factor (k,) was
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calculated from natural log of the intercept (In k,) (where T is absolute temperature)
for temperatures of 50, 55 and 60 °C and was used to determine E, and k.

Determination of reaction order

Based on the assumption of concentration of methanol continually in excess when
compared to the concentration of other reactant species at any given time in the
course of the reaction with k as the effective rate constant, order of the reaction n in
addition to the effective rate constant k will be found solving Eq. 14.

rp = 4Cr/ 4 = —kCl. (14)

Results and discussion
Lard oil synthesis and oil characterization

The percentage yield of oil derived from lard via dry-rendering method was 96%
and has been established to have high oil content. Thus pork lard is suitable for use
in oil generation for methyl ester production because of its abundance, o0il content,
low cost and availability. The use of waste pork fat serve as means of upgrading or
converting waste to energy and wealth hence have the capacity to mitigate the cost
of feedstock for biodiesel production ensuring an environmentally and economically
sustainability route.

Lard oil (LO) physicochemical properties were determined before been used for
Lard oil methyl ester (LOME) synthesis and are presented in Table 1. LO was char-
acterized for acid value, free fatty acid, specific gravity, kinematic viscosity, saponi-
fication value, iodine value, water content, peroxide value, flash point and refractive
index. Lard oil presented slight acid value and free-fatty-acid values of 2.2 mgKOH/
g0il and 1.1%. Specific gravity value of LO was determined as 0.915. The kinematic

Table 1 Physicochemical

parameters of lard oil (LO) Properties Units Lard oil
Acid value mgKOH/g oil 2.2
Free fatty acid % 1.1
Specific gravity (30 °C) - 0.915
Kinematic viscosity (40 °C) mm?/s 80.994
Saponification value mgKOH/g oil 226.459
Iodine value ¢l,/100 g oil 34.491
Peroxide value meq/kg 81.40
Water content % 0.53
Flash point °C 240
Refractive index (29 °C) - 1.4625
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viscosity was obtained as 80.994 (mm?s) which is on the high side. High values
of specific gravity and viscosity lead to poor fuel atomization, incomplete combus-
tion and carbon deposition on the injectors when used directly and as such the oil is
unsuitable for direct use in a compression ignition engine as a bio-fuel.

Characterization of the ripe banana peel ash catalyst

The uncalcined banana peel ash (UBPA) and the calcined banana peel ash (CBPA)

catalysts samples were characterized and interpreted subsequently as summarized
below.

Fourier-transform infra-red (FTIR) analysis of the catalysts samples

FTIR spectroscope analysis was carried out on the uncalcined (burnt) and calcined
banana peel ash catalyst to detect the functional groups present and the spectrum for
each sample is presented in Figs. 1 and 2. The spectra displayed different adsorption
peaks or bands in the wavenumber range of 4000-650 cm™".

In the analysis of the uncalcined banana peel ash (UBPA), the peak at
3280 cm™! is attributed to the O—H bonds bending and stretching vibration due
to the presence of water molecules. Conversely, the bands are not detected in
the calcined banana peel ash and could be as a result of the thermal treatment
at 700 °C. Similar observations were made by Nisar et al. [26], and Balaji et al.
[27]. The peaks at 2922 cm™! and 2855 cm™! in UBPA indicate the presence of
peaks characteristic of C-H axial deformation in —-CH, and —CH; groups. The
occurrence of peaks at 887 and 895 in UBPA and CBPA is specific to isolated
Si0, vibration in CaMgSiO, in relation with Ca>* and Mg>* (Piriou et al. [28].
The peak at 1480 cm™! is ascribed to the asymmetric stretch of CO32_ group
present in the CBPA due to adsorption of atmospheric CO, on metal oxides
and signifies the presence of Ca, K and other metal carbonates. Similar result
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Fig. 1 FT-IR spectra of uncalcined banana peel ash catalyst (UBPA)
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Fig.2 FT-IR spectra of calcined banana peel ash catalyst(CBPA)

(1474 cm™!) was recorded by Niju et al. [29] in calcined conch shell (CCS).
Peaks at 1375 cm™! and 1370 cm™' in UBPA and CBPA are also ascribed to
C-O stretching and bending vibration which signifies the presence of carbonate,
K,CO, [23, 27]. Furthermore, the peaks at 2350 cm™' and 2120 cm™' in CBPA
are assigned to M—O-K bonds (M=Mg, Si, etc.). The variance in the band
intensities observed in UBPA and CBPA implies that the calcination tempera-
ture (700 °C) significantly extracted the alkali oxide (K,0), alkaline earth metal
oxides (MgO and CaO) and metal oxide (SiO,). The increased catalytic activity
of CBPA could be attributed to the presence of these mixed oxides which was
also reaffirmed by the EDAX.

Scanning electron microscopes (SEM) analysis of the ripe banana peel ash catalyst

The surface morphologies of the uncalcined banana peel ash (UBPA) and cal-
cined banana peel ash catalysts (CBPA) executed via SEM taken at magnifica-
tions of 500 x and 750 x are depicted in Plates 1(a and b) and Plates 2(c and
d). Several aggregates with both mesoporous and microporous structures were
observed in the UBPA and CBPA. The UBPA SEM images displayed irregu-
larly deformed coarse surface and voids which could be as a result of the size
decrease process conducted in the formulation stage of the catalyst. Surface
change of the catalyst was observed from an irregular arrangement in the UBPA
to a spongy, fibrous and well-arranged surface microstructure in the CBPA SEM
images. This could be attributed to calcination at 700 °C for 4 h. The resulting
microstructure suggests the increased surface area of the catalyst which is also
relative to the increased catalytic activity of the catalyst after calcination. Simi-
lar surface morphology reports were recorded by several authors [17, 23, 27].
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Plate 2 SEM images of calcined ripe banana peel ash catalyst (c and d)

Energy dispersive atomic X-ray (EDAX) spectroscopy analysis of the ripe banana peel
ash catalysts samples

The elemental compositions of the ripe uncalcined banana peel ash UBPA and cal-

cined banana peel ash CBPA were analyzed by EDAX and summarized in Table 2.
The major constituents of the ripe uncalcined and calcined banana peel ash

catalysts are potassium (K), chlorine (Cl), calcium (Ca), silver (Ag), niobium
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Table2 Elemental compositions

of UBPA and CBPA catalysts Element Concentration (wt %)
obtained using EDAX UBPA CBPA
Potassium (K) 46.79 63.71
Oxygen (O) 11.36 8.75
Chlorine (Cl) 6.57 6.31
Calcium (Ca) 6.47 5.26
Carbon (C) 8.00 3.03
Silver (Ag) 5.81 2.26
Niobium (Nb) 1.94 1.73
Phosphorus (P) 1.67 2.35
Silicon (Si) 1.72 1.53
Yttrium (Y) 1.54 1.41
Magnesium (Mg) 1.49 1.38
Aluminium (Al) 3.02 0.65
Sulfur (S) 1.63 0.60
Titanium (Ti) 0.00 0.51
Sodium (Na) 1.31 0.44
Nitrogen (N) - 0.31
Iron (Fe) 0.00 0.30
Vanadium (V) - 0.16

(Nb) with potassium reflecting the greatest presence and dominance. Potassium
is reported to be a strong base catalyst and is responsible for the strong alkaline
character of the catalyst in transesterification reaction. It possesses minor toxic-
ity, high reactivity with water and high basic strength [30]. These results are
in accordance with the findings of Mendonca et al. [31], Pathak et al. [18] and
Gohain et al. [17]. and also corroborated by the XRD and FTIR analyses.

After calcination, potassium was seen to increase from 46.79 wt% in UBPA
to 63.71wt% in CBPA while some of the elements were seen to decrease. The
results demonstrated that calcination greatly influenced the elemental composi-
tion of the CBPA. Elements such as Nb, Si, Y, Mg, Al, S, Ti, Na, N, Fe and V
were found in trace amounts. Birla et al. [32] stated that oxides of these elements
that were found in trace amounts are effective substances for transetserification
reaction. The alkaline oxides such as CaO, MgO, Na,O, FeOj; etc. found in the
catalysts will boost the catalysts basic strength whereas the acidic constituents
like P,0Os5, SiO,, SO; have the capacity to facilitate esterification of the FFA
content in feedstocks [33]. Furthermore, the possession of these mineral oxides
from all indications has enriched the catalytic activity of CBPA and inferred
increased activity in transesterification reaction.
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X-ray diffraction (XRD) analysis of the calcined ripe banana peel ash (CBPA) catalyst

The crystalline compounds present in the ripe CBPA were ascertained via the XRD
analysis. Fig. 3 depicts the XRD pattern of the banana peel ash catalyst (CBPA)
calcined at 700 °C for 4 h. Several peaks were detected at 20 range 2°-70° which
is ascribed to the existence of cellulose-hemicellulose-lignin matrix found in most
biomass materials that were reduced after calcination [28].

It was observed that the calcined banana peel ash (CBPA) catalyst con-
sists of the following crystalline phases; sylvite (KCI), graphite (C), davyne
(K,Na,Ca,AlSig0,,C,,), chlorocalcite (KCaCl;), periclase (MgO) and quartz
(Si0,). However, the dominant phase was chlorocalcite (KCaCl;) phase. Addition-
ally, potassium (K) was seen to be the major element which existed predominantly
in the form of KCaCl,, KCl, K,Na,Ca,Al;Sic0,,C,, and constituted of over 60% of
the spotted elements. Additionally, the presence of C, Ca, Cl, O, Na, Al, MgO, SiO,
were also indicated through XRD. These findings were validated by the FTIR and
EDAX analyses.

Brunauer-Emmett-Teller (BET) analysis of the calcined ripe banana peel ash (CBPA)
catalyst

Table 3 shows the physicochemical properties of the calcined banana (CBPA),
assessed through BET analysis. These properties are the BET surface area (m%/g),
BJH cumulative adsorption pore volume (cc/g) and BJH adsorption pore diameter
(nm). The particle size of the catalyst was observed to reduce after calcination which
led to an increase in the surface area. This observation suggests that calcination has
a great influence on the surface area. Catalytic activity is a function of its specific
surface area [30]. This infers that the larger the surface area, the higher the catalytic

I Sylvite, syn: 17(2)%

Y Graphite : 9.2(9)%

I Davyne : 5(6)%

I\ Chlorocalcite, .. : 39(5)%

I\ Periclase : 22(2)%
Quartz: 7.9(7)%

Fig.3 XRD analysis of calcined banana peel ash (CBPA) catalyst
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Table 3 Physicochemical

properties of CBPA Properties CBPA
BET surface area (m?/g) 870.8
Pore volume (cc/g) 0.48
Pore diameter (nm) 2.123

activity as catalysts with large surface areas expedites improved interaction between
catalyst active sites and reactants.

On comparison between the calcined ripe banana peel ash catalyst CBPA and the
uncalcined UBPA as revealed by the characterization results shows higher catalytic
activity of CBPA than UBPA thus more suitable to be used for the transesterification
reaction of the lard oil.

Lard oil methyl ester fuel properties

Lard oil methyl ester (LOME) produced at optimum process parameters were char-
acterized to determine their physicochemical properties. Table 4 presents succinct
fuel properties of lard oil methyl ester LOME with the ASTM limits and EN14214
limits that the fuel properties were measured up to. The LOME properties obtained
are within the acceptable limits for fuel and as such suitable to be utilized in internal
combustion engine with no further alteration.

Transesterification products distribution

The transesterification of lard oil with methanol heterogeneously catalyzed with
CBPA was studied at reaction temperatures of 50 °C, 55 °C and 60 °C. The specified

Table 4 Fuel properties of LOME compared with ASTM limits

Properties Units LOME ASTM limits EN14214
Acid value MgKOH/g oil 0.28 0.50 max 0.50 max
Free fatty acid % 0.14 - -
Specific gravity (30 °C) - 0.873 0.86-0.90 0.85
Kinematic viscosity (40 °C) mm?%/s 4.63 1.9-6.0 3.5-5.0
Saponification value MgKOH/g oil 199.7 -

Iodine value ¢1,/100 g oil 3242 3 min

Water content % - - -
Peroxide value MEq/kg - - -

Cetane number - 68 47 min 51 min
Higher heating value Ml/kg 41.1 4042

Flash point °C 135 130 min 120 min
Cloud point °C +9 —-3to12 -

Pour point °C +6 —15t0 10 -
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Fig.4 Concentration of species versus time in lard oil transesterification catalyzed with calcined banana
peel ash at 50 °C. Conditions: stir speed of 300 rpm, catalyst amount of 2.5 wt%, methanol:LO propor-
tion of 10.5:1
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Fig.5 Concentration of species versus time in lard oil transesterification catalyzed with calcined banana
peel ash at 55 °C. Conditions: stir speed of 300 rpm, catalyst amount of 2.5 wt%, methanol:LO propor-
tion of 10.5:1

optimum reaction conditions for the transesterification process are as follows; 10.5:1
methanol/lard oil molar ratio, 2.5 wt% CBPA catalyst concentration (established
on lard oil weight). The transesterification reaction followed series of sequential,
reversible reactions in stage wise form as indicated in Eqs. 2—4. The dispersal of the
transesterification products at the specified optimum conditions and temperatures of
50 °C, 55 °C and 60 °C are depicted in Figs. 4, 5 and 6. Significant variations were
seen in the strength of methanol, triglyceride, diglyceride, monoglyceride, lard oil
methyl ester and glycerol. The concentration of methanol, triglyceride, diglyceride
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Fig.6 Concentration of species versus time in lard oil transesterification catalyzed with calcined banana
peel ash at 60 °C. Conditions: stir speed of 300 rpm, catalyst amount of 2.5 wt%, methanol:LO propor-
tion of 10.5:1

and monoglyceride were seen to decrease while that of lard oil methyl ester and
glycerol increased. A visual inspection of Figs. 4, 5 and 6 shows that the changes in
concentration of each of the species (reactants and products) reached its maximum
at 1.5 h slightly decreased beyond the time of 1.5 h and remained constant across the
temperature readings. This could be as a result of the reaction reaching its end point
at 1.5 h. Biodiesel was seen to be prevailing in the product side at a temperature of
60 °C implying that the yield increased with temperature increase from 50 to 60 °C
as the reaction proceeded.

Rate determining step (RDS) of LOME synthesis using the reverse basic reaction
mechanism (RB)

The developed rate expressions, r CH3;OH, ryrpy rp Fy, I'g, g in Eqs. 6-11 are based
on the six reactions in Eqgs. 2—4 which are sequence of reversible breakdowns of
tri-glyceride to di-glyceride, di-glyceride to mono-glyceride and mono-glyceride to
glycerol. The effectual rate constants (k—k4) distinct in Eqs. 6-11 were computed
with the concentration—time data depicted in Figs. 4, 5 and 6 at the defined tem-
peratures of 50 °C, 55 °C and 60 °C. Programs were composed in MATLAB soft-
ware-version 2014a to decipher the six ordinary-differential- equation ODE given
in Egs. 6-11 with six unknowns. The estimates of the effectual rate constants com-
puted are displayed in Table 5 hence; the rate determining step was established.

The reaction orders for the forward and backward reactions are assumed to be first
and second, thus, varying units of k describe the forward and in reverse reactions. The
unit of  for the forward reaction is denoted with (h™") while that of the backward reac-
tion is (L mol™" h™!). Consequently, it is distinct in Table 5 that the rate constant val-
ues for the forward reaction (k|, k3, k5) are greater than that of the backward reaction
(ky, k4, k¢). This entails that the forward reaction dominates and the reverse reactions
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Table 5 Rate constants of lard oil transesterification at varying temperatures

Reaction Rate constant (unit) Temperature (°C) AE, (kJ/mol) At
50 °C 55 °C 60 °C

T—D k(71 0.9303 1.0632 1.1702  20.54 1.96x 10°

D—T ky (L mol™' h71) —0.0031 —0.0077 —0.0206

D—M ky(h™h 1.1938 1.5188 1.6580

M—D ky(L mol~' h71) 0.0116 0.0230  —0.0078

M—G ks (h™h 1.1728 1.6813 1.7523

G->M kg(L mol~' h~1) —0.0049 -0.0076 0.000838

can be ignored for these experimental settings. The lowest rate constant values for the
forward reactions in dominance are that obtained from the conversion of tri-glyceride to
di-glyceride across all the temperature readings (50 °C, 55 °C and 60 °C) thus regarded
as the rate determining step (RDS). This is in agreement with the findings of Mu’azu
et al. [34]. The kinetic parameters of the reverse reaction of di-glyceride to tri-glyceride
were all negative values and they were also rejected based on the recorded negative
values. This corroborates the report of Mucino et al. [35] which stated that models are
rejected based on distinct trend from the experimental data or kinetic parameters with
erroneous values such as negative values, too high values or not significantly different
from zero at the 95% confidence level. Table 5 shows that the effectual rate constants
of the rate determining step raised from 0.9303 to 1.0632 then to 1.1702 h™! as the
temperature rose from 50 °C to 55 °C and to 60 °C. As the rate determining step of lard
oil transesterification is favored at higher temperatures, whereby the optimum concen-
tration of methyl ester was obtained at 60 °C (Fig. 6) it signifies that the reaction is an
endothermic reaction.

Modeling and simulation of lard oil transesterification catalyzed with CBPA

The rate constants calculated at the different temperatures, 50 °C, 55 °C, 60 °C were
later substituted in the rate determining step (T — D) equation to estimate the rate
of reaction in relations to conversion of tri-glyceride in LOME synthesis. It was fol-
lowed by simulation with Matlab software (version 2014a) and the graphical repre-
sentation illustrated in Figs. 7, 8 and 9. A satisfactory relationship was seen to be
amid the experimental and predicted values in the Figures. This was also evidenced
by the high coefficient of determination (R?) recorded at the varying temperatures
50 °C, 55 °C, 60 °C shown in Table 6. This infers the accuracy of the predicted rate
constants.

@ Springer



Reaction Kinetics, Mechanisms and Catalysis (2023) 136:2617-2638

2633

0.9

0.8

0.7

°c

0.6

0.5

0.4

Conversion x at 50

0.3

0.2

0.1

Fig.7 Extrapolation of lard triglyceride conversion versus time for RB model at 50 °C.

* Experimental
Model

1 1.5 2 25 3
Time (h)

speed of 300 rpm, catalyst amount of 2.5 wt%, methanol:LO proportion of 10.5:1

0.9

0.8

0.7

C

0.6

0.5

0.4

Conversion x at §5

0.3

0.2

0.1

3.5

Conditions: stir

+
*
+
*  Experimental
Model
Il Il Il Il Il
1 1.5 2 25 3
Time (h)

3.5
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speed of 300 rpm, catalyst amount of 2.5 wt%, methanol:LO proportion of 10.5:1
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Table 6 Statistical parameters

. Reaction mecha- Temperature (°C) Coefficient of
of the RDS for the reverse basic nism determination
(RB) model ®R?)

RB 50 °C 0.9982
55°C 0.9982
60 °C 0.9955

Arrhenius parameters of the rate determining step (RDS) of LOME using
the reverse basic reaction mechanism (RB)

Activation energy (Ea) is the minimum energy required for a reaction to occur.
Catalysts function by decreasing the activation energy in a reaction. It should be
noted that the lower the activation energy, the easier it is for a reaction to take
place. A graph of In k against % was plotted (Fig. 7) using the experimental data
for k; on Table 5 (where T is absolute temperature) for temperatures of 50, 55 and
60 °C and was used to determine E, and A.

The estimates of the activation energy as well as the frequency factor as calcu-
lated from Fig. 10 are 20,535.58 J/mol or 20.54 kJ/mol and 1.96 x 103 h™". This
implies that the minimum energy required for the conversion of lard oil to LOME
with CBPA catalyst is 20.54 kJ and the pre-exponential factor A is 1.96x 10°> h™!.
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Fig. 10 Arrhenius plot of In k versus 1/T for k; of LOME rate determining step in reverse basic mecha-
nism

This shows that the reaction is mass transfer resistant and endothermic. Low
activation energy is preferred because it is the least energy requisite to induce a
chemical reaction.

It is worthy to note that activation energy is subjected to the reaction fusion
(quality of oil, alcohol and catalyst) as well as the reaction preconditions [36].

Development of kinetic rate equation of the rate determining step (RDS) of LOME
using the reverse basic reaction mechanism (RB)

The concentration—time data of the rate determining step (RDS) at 60 °C shows
the LO transesterification reaction is first order (n=1). This implies conversion
of tri-glyceride to lard oil methyl ester in the existence of excess methanol ensues
via first order kinetics. The values of Ea, k,, R and n are substituted in Eq. 14;
rp = dCT/ dr = —kC7. and Eq. 12; k=koe_Ea/RT. Using the rate determining step (Tri-
glyceride conversion to Di-glyceride) based on the reverse basic reaction mecha-
nism, the rate equation for lard oil transesterification reaction with calcined banana
ash catalyst (CBPA) as heterogeneous catalyst is given by Eq. 15.

rp =9C1/ 4 = k e B/RTCL (1= X7 ); But Cp = Cpy (1= Xy)
dCr/ 4 =k, x Cpox expB/RD 5 (1- X) (15)
=1960.6 X Cp, x exp20FO/EIXD o € (1-X;)
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Conclusion

In this study, calcined banana peel ash catalyst was used as a heterogeneous catalyst
in the catalysis of the methanolysis of lard oil in lard oil methyl ester synthesis. The
kinetic analysis disclosed the data fitted reverse basic (RB) kinetic model proposed
by Freedman with triglyceride conversion to diglyceride as the rate determining
step. Thus a new kinetic model which describes the kinetics of lard oil transesteri-
fication using calcined banana peel ash as heterogeneous catalyst was developed as
shown in Eq. 15. The reaction been favored as the temperature increased confirms
the endothermic nature of the lard oil transesterification reaction which suggests an
increase in the rate of diffusion between the three-interphase (oil-methanol-catalyst)
because of the increase in temperature. The activation energy and frequency factor
of 20.54 kJ/mol and 1.960 h™! obtained implies that the catalyst effectively lowered
the energy barrier of the transesterification reaction and as such should be sought
after to be used for an economical and sustainable methyl ester synthesis.
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