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Abstract

Kinetics and mechanism of heterogeneous transesterification reaction of African pear seed oil (APO) catalyzed by phosphoric
acid-activated kaolin clay to produce biodiesel were investigated. Heterogeneous catalyst synthesized by activating clay
with phosphoric acid was used to examine the effect of time, temperature, methanol/oil molar ratio, catalyst concentration
and agitation speed on the production of biodiesel. The kinetics was studied using two elementary reaction mechanisms:
Eley—Rideal (ER) and Langmuir-Hinshelwood—Hougen—Watson (LHHW). The results obtained showed that the clay belongs
to kaolinite group and acid-activated clay catalyst, AAC was able to convert APO to standard biodiesel with the variation
of catalyst concentration, temperature methanol, speed and reaction time having significant effect in the production. About
78-80% biodiesel production was obtained with 10:1 methanol/oil molar ratio, 3 wt% AAC catalyst concentration, time 3 h,
speed 300 rpm and at 60 °C temperature. The kinetics result revealed that the LHHW is the most reliable representation of
the experimental data using acid-activated clay catalyst with surface reaction between adsorbed triglyceride and adsorbed
methanol as rate determining step (RDS). The activation energy for the forward reaction was determined to be 10.08 kJ/
mol. Hence, the production of biodiesel from non edible oil APO with cheap and available heterogeneous catalyst (AAC)
is achievable.
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Introduction

There is a rapid decline in petroleum diesel reserve in recent
years due to high demand of this energy source. The usage of
this energy source poses serious environmental problems to
the society. These challenges have stimulated the search for
renewable fuels such as biodiesel, etc. Biodiesel is the most
promising alternative diesel fuel which has attracted atten-
tion worldwide [11]. It is environmentally friendly because
it is produced from natural resources such as vegetable
oils, animal fats and waste oils through a process known as
transesterification to produce glycerol and fatty acid alkyl
esters [8, 10, 32, 33, 35]. In addition to its environmental
benign, biodiesel production is cheaper than production of
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petroleum-based diesel because the cost of its raw materi-
als is cheap and typically accounts for about 70-80% of the
total cost of the production. This has stimulated research
for production of biodiesel from non-edible resources using
cheap and natural catalysts [13, 14, 21].

Most cheap and natural catalysts used for transesterifica-
tion are heterogeneous catalysts. Comparing homogenous
catalysts with heterogeneous catalysts, the later have the
advantages of easy and cheap separation and regeneration
[4, 13]. Among the heterogeneous catalysts, the basic hetero-
geneous catalysts have attracted the most attention because
of its high catalytic activity, regenerability/reusability, and
that there are plenty of relatively inexpensive resources for
its production (waste shells, egg shells, clay, etc.). Moreover,
they are not sensitive to small amounts of FFA and moisture,
and they are, therefore, suitable for crude vegetable oil [5,
35].

Clay is one of natural and cheap heterogeneous catalysts
discovered to have high selectivity and product yield. Clays
are solid acidic (heterogeneous) catalysts which can func-
tion as both Bronsted and Lewis acids in their natural and
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ion-exchanged form [7]. Modified smectite clays can be very
selective catalysts for a wide range of organic transformations.
Clay minerals are made up of layered silicates [36]. They are
crystalline materials of very fine particle size ranging from 150
to less than 1 micron. There are two basic building blocks—
tetrahedral and octahedral layers, which are common to clay
minerals [36]. A variety of organic reactions that are catalysed
by Brgnsted acids such as H,SO,, HCI, and other protonic acids
or Lewis acids such as AlCl,, FeCl,, have been shown to take
place in clays, more efficiently under milder conditions, with
greater selectivity, better yields, shorter reaction times, etc.

Clay is a type of soil which is naturally available in most
of the states in Nigeria. Nigerian clay is essentially alumina
silicates which have resulted from weathering of rocks and
aluminum silicates [15]. The range of reactions that have
been successfully performed on clay catalysts includes addi-
tion, dehydration, elimination, oxidation, rearrangement reac-
tions, substitution and esterification [36]. They can be used
as catalysts for transesterification reaction. Some researchers
worldwide have investigated clay catalysts for esterification
and transesterification but very few for biodiesel production
[22]. Prakash et al. [27] reported transesterification of dicarbo-
xylic acid with various alcohols by Mn+-montmorillonite clay
catalysts. Also Vijayakumar et al. [37] used Indian bentonite
as esterification catalyst for ester synthesis. Dubios et al. [9]
had prepared biodegradable polyester by transesterification
catalysts to improve clay exfoliation. Liu et al. [19] produced
ethyl/methyl p-ketoester by montmorillonite K-10 as an effi-
cient reusable catalyst. Manuit and Statit [22] studied biodiesel
synthesis from transesterification by clay-based catalyst. They
discovered that biodiesels from clay—based catalysts have some
encouraging properties to supersede low-speed diesel fuel and
to lower the cost of production in some extent. Calgaroto et al.
[6] studied production of biodiesel from soybean and Jatropha
Curcas oils with KSF and amberlyst 15 catalysts in the pres-
ence of co-solvents. Moreover, they obtained a higher yield in
the presence of ultrasound as compared to the conventional
approach under similar conditions [28].

Most of the reviewed studies involving the use of clay cata-
lysts were focused on the catalyst synthesis, characterization
and catalytic activity for fatty acid transesterification with
short chain alcohols without measuring and properly explor-
ing the kinetics of these mineral clay catalyzed reactions. The
present study, therefore, focused on kinetics of biodiesel from
African pear seed oil using acid-activated clay catalyst.

Materials and methods
Materials

African pear was bought from Odegba in New Market
Enugu, Enugu State, Nigeria. The seeds were dried in
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sunlight, deshelled and crushed using a grinder prior to
oil extraction. N-hexane was used for oil extraction while
methanol was used for transesterification and both are of
analytical grade. All other solvents and chemicals used
were of analytical grade and were procured from commer-
cial sources. The clay was collected from Abakaliki, Ebonyi
State, Nigeria.

Biodiesel production from APO was carried out in the
research laboratory of the Projects Development Institute
(PRODA), Enugu, Nigeria. The fuel properties of biodiesel
and blends were determined according to American Society
for Testing Materials (ASTM) standard methods in PRODA,
Enugu, Nigeria.

Methods
Oil extraction

The method employed by Sanjay et al. [31] was used in
extraction of oil from the seed. Extractability of oil was
evaluated by solvent extraction of the 100 g of crushed ker-
nel. Crushed kernel in n-hexane with solvent/solute ratio
of 1.5 ml/g and constant particle size of 900 um was mag-
netically stirred at a constant speed of 200 rpm at tempera-
ture range of 50 °C for 45 min. The yield of the crude oil
extracted was calculated using Eq. (1).

Y—W°x100 1
= (M

where Y is the oil yield (%), W, is the weight of pure oil
extracted (g) and W is the weight of the sample of seed used
in the experiment

Synthesis of catalyst

The catalyst employed in this study is clay catalyst. The clay
was immersed in hydrogen peroxide solution (30%) in the
ratio of 1:2 wt/wt at 30 °C for 24 h to remove organic impuri-
ties. The mixture was gently heated in a boiling water bath
to remove excess H,0, and subsequently separated from the
clay. The purified clay was then suspended in distilled water
in the ratio of 1:4 wt/wt and allowed to settle. The water was
removed and the purified clay was dried in an oven at a tem-
perature of 110 °C until its moisture content reached 10%. The
clay was then crushed and sieved with 80/100 mesh. The dried
clay catalyst was modified by phosphoric acid activation as
described below to remove excess salt and improve its activity.

The dried clay sample was mixed with a solution of phos-
phoric acid, H;PO, 0.5 M in a ratio of 1:1 (g/ml). The reaction
was carried out in a round bottom flask at the condition under
vigorous stirring and at the temperature of 100 °C for 2 h. The
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system was heated in glycerine bath connected to a reflux con-
denser. The acid-activated clay was then washed with distilled
water until the pH was close to 7 and dried at 110 °C for 6 h.
It was finally grounded into a fine powder.

Characterization of the clay sample

The raw and activated clay samples were characterized by
X-ray fluorescence (ARL 9400XP + Wavelength-dispersed
XRF spectrometer) to determine metallic compositions, Fou-
rier-transform infra-red spectrometer (BUCK model 500 M) to
determine the functional group; scanning electron microscope
(Carl Zeiss Sigma Field Emission) to determine the morphol-
ogy of the clay samples and X-ray Diffractometer (model
XRD-7000 with Cu Ka X-ray) to determine the group of the
clay. The Brunauer—Emmett-Teller (BET) method was used
to calculate the surface area, average pore diameter and total
pore volume of the clay. Surface area, pore volume and average
pore diameter were determined from N, adsorption isotherms
using a micrometrics ASAP 2020 surface analyzer.

Transesterification reaction

The extracted oil from African pear seed reacted with metha-
nol in the presence of acid-activated clay to produce methyl
esters of fatty acids (biodiesel) and glycerol. The oil sample was
precisely and quantitatively transferred into a flat bottom flask
placed on a hot magnetic stirrer. Specific amount of catalyst
(by weight of oil sample) mixed with the required amount of
methanol was then added. The reaction flask was kept on a hot
magnetic stirrer under constant temperature with defined agita-
tion throughout the reaction. At the defined time, the sample
was taken out, cooled, and the biodiesel (i.e., the methyl ester
in the upper layer) was separated from the by-product (i.e., the
glycerol in the lower layer) by settling the mixture overnight

Reaction mechanism for transesterification
of African pear seed oil

The mechanism proposed by Langmuir-Hinshelwood—Hou-
gen—Watson (LHHW) in transesterification of triglyceride
was employed for the kinetic model. Basically, the Lang-
muir-Hinshelwood—Hougen—Watson (LHHW) mechanism
is a mechanism that involves adsorption, surface reaction
and desorption of atoms and molecules on the surfaces.
From Eq. 3, it is proposed that both reactant molecule A
(methanol) and T (triglyceride) are adsorbed at different free
sites on the catalyst surface. Then, the reaction took place
between chemisorbed (chemical bond between the surface
and an atom or a molecule) molecules to give the products B
(biodiesel) and G (glycerol). Finally, the adsorbed products
B and G were desorbed.

k
T+A<k——f>B+G 3)
b

Assumptions

The following assumptions were made using LHHW mecha-
nism to model transesterification reaction catalyzed by het-
erogeneous reaction:

1. The pellet size of the catalyst is small such that the reac-
tion is not diffusion limited.

2. ii. The activity of the surface toward adsorption, des-
orption or surface reaction is independent of coverage
such that the surface is essentially uniform as far as the
various steps in the reaction are concerned.

The elementary steps of LHHW were derived in nine-step
sequence as presented in Eqs. 4—12 below.

under ambient condition in a separating funnel. The percentage ky .
of the biodiesel yield was determined by comparing the volume A+S (E = AS  (adsorption of alcohol) “)
of biodiesel layer with the volume of oil used using Eq. (2).
k
Volume of biodiesel T+S——>TS (adsorption of triglyceride) 5)
= - x 100 2) k,
Volume of oil used
k
TS + AS «— - DS +BS (surface reaction between adsorbed triglyceride and alcohol) 6)
6
k
DS + AS «— - MS +BS (surface reaction between adsorbed diglyceride and alcohol) @)
8
k
MS + AS «— - BS + GS (surface reaction between Adsorbed monoglyceride and alcohol) (3)

klU
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ki . .. ke¢[D][B]
BS <k— — B+ S (desorption of biodiesel) ) ksK, K, [T][A] — o
12 657

klt . . .
DS “ SD+S (desorption of diglyceride) (10)
14

k
MS «— S M+ S

16

(desorption of Monoglyceride)  (11)

k
GS «— —G+S (desorption of glycerol) (12)
18
The ‘S’ represents the active site of catalyst surface and
D represents diglyceride, M represents monoglyceride
molecules.

I. Assuming alcohol adsorption as rate determining step
(Eq.4)

ry =k [A][S] = k,[AS] (13)

The site balance is given by:

= [S]+ [AS] + [TS] + [DS] + [MS] + [BS] + [GS] =1
L = Total active site
(14)
From the concept of the rate determining step, all other
steps are in quasi-equilibrium and the known surface cover-
age [S] and [AS] in Eq. (13) are expressed in terms of fluid
species concentrations. Therefore, Eq. (13) then becomes:

_ _ kIDIB]
ki[A] KoK KoKy [T] as)
r=
1 [DI[B] KT+ DI 4 M Bl [G]
K2K3K(7K7[T] + 2[ ] 7 + KS + K6 + K‘)
where K, is the K3 is the K4 is the - & K5 is the Ke is

the K7 is the kg Ks is the K9 is the 41

8

And for completeness,

A summary of the nine (9) derived rate equations for the
LHHW reaction mechanism are shown below.

Il. Assuming triglyceride adsorption as rate determining
step (Eq. 5)
_ __k[DI[B]
ks[T] K K KsK;[A]

r= (16)
[DI[B] [DJ [MJ [BJ Gl
HK A+ e Y e v 5 Y e i

lll. Assuming surface reaction between adsorbed triglycer-
ide and adsorbed alcohol as rate determining step (Eq. 6)
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ry =

a7

2

IV. Assuming surface reaction between adsorbed diglycer-
ide and adsorbed alcohol as determining step (Eq. 7)

ks [D](B]

Kl
kL DJ[A] - 20

7'4—

(18)

2
D] M] [B] [G]
<1+K1[A]+K2[I]+K_7+K_S+K_6+K_9>

V. Assuming surface reaction between adsorbed monoglyc-
eride and adsorbed alcohol as rate determining step (Eq. 8)

kyo[D][B]

ko IMI[A] = =225

rs =

19)

2
DI M [B] , [G]
<1+K1[A]+K2[T]+ Dl M, Oy Kg)

VI. Desorption of biodiesel as rate determining step (Eq. 9)

KK, K3 K[ T][A]

ki ol — ky5[B]
Ve =
K KKKITIAl | D] , M] , [G]
L+ K [A] + Ko[T] + 22 + P B 4 B2
(20)
VII. Desorption of diglyceride as rate determine step (Eq. 10)
K\ K,K;Kg[T][A
k13 182 EB]s[ 1 ]—k14[ ]
r
T g K [A]+ K,[T] + & L+ BEAKTIAL | M 1G]
[B] Ky Ky

(2D
VIII. Desorption of monoglyceride as rate determining step
(Eq.11)

K K,Kq[D][A]

o ks S — kg IM
- [B] , KiK,KIDIA]l | [D] [G]
1+ K| [A]l+ K,[T] + X, + K11 + ra +

(22)
IX. Desorption of glycerol as rate determining step (Eq. 12)

K KsKq[M][A]

k17 Kg[BJ

— ky5Gl

Vo =

[B] , [D] , IM] , KKsK(IM][A]
1+ K [A] + K, [T] + X, + X, + X, + KRB

(23)

Concentration of T, D, M, A, B and G were determined
from GC analysis using equation adopted by Olutoye and
Hameed [25].

Ci(g/D) =5 %1074 +2.1272 (24)

where C; is the concentration of triglyceride or diglyceride
or monoglyceride or glycerol or alcohol or biodiesel, A is
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the peak area of the triglyceride/diglyceride/monoglyceride/
glycerol/alcohol/biodiesel component as will be determined
by GC.

The derived rate equations (Eqs. 15-23) were used as
models for the conversion of African seed oil triglyceride
on phosphoric acid modified clay. The rate and equilibrium
constants were determined using nonlinear regression analy-
sis of POLYMATH 5.1 to search for those parameter values
that minimize the sum of the squares of difference between
the measured rates and the calculated rates for all the data
points as shown in Eq. (25) with initial guess of 0.01 and
10 for rate constant and equilibrium constant, respectively.
Each reaction rate was determined using POLYMATH 5.1
by developing polynomial equation with concentration of
various species in the reaction obtained by GC-MS analysis.
The models were compared using their individual variances
calculated using Eq. (26) at 95% confidence level, positive-
ness of rate and equilibrium constants and goodness of fit
according to Onukwuli et al. [26].

£ =Y 0P 5)

62:

N
s (Fim = 1ic)”
N—K:gf N-K (26)

where S2 is the sum of squares, N is the no of runs, K is the
no of parameters to be determine, r;,, is the measured reac-
tion rate for run i, r;. is the calculated reaction rate of run i,
o is the variance

The mechanism proposed by Eley—Rideal was also used
to model the kinetics of the transesterification reaction
catalyzed by acid-activated clay catalyst. The mechanism
involves the reaction between an adsorbed molecule and
non-adsorbed molecule. In this study, methanol was assumed
to be adsorbed while T, D, and M are non-adsorbed.

The elementary steps of Eley—Rideal were derived in
seven-step sequence as presented in Eqs. 27-33 below.

303
k
GS — 2B+S (desorption of glycerol) (€29)]
10
k
DS «— 5D+S (desorption of diglyceride) (32)

12

MS «— k—ll M+ S (desorption of Monoglyceride)  (33)
14

The ‘S’ represents the active site of catalyst surface and

D represents diglyceride, M represents monoglyceride mol-

ecules. Similarly, the rate equations were derived as in LHHW

mechanism and summary of the equations are presented
below:

I. Assuming alcohol adsorption as rate determining step
(Eq.27)

r; =k, [A][S] — k,[AS]

34
L =[S]+[AS]+[DS]+ [MS]+[GS]=1 (34)
k,[G1[B]
ki[A] - —2K5K4 5)
r=
[GI[B] [G] (D] M]
Tk tetete
Il. Assuming surface reaction between triglyceride
and adsorbed alcohol as rate determining step (Eq. 28)
kK [TI[A] - 220
r (36)

2= Gl , D] , M

1+K1[A]+K_5+K_6+77
lll. Assuming surface reaction between diglyceride
and adsorbed alcohol as determining step (Eq. 29)

ksKi[D][A] — =2

ry = (37)
1+K1[A]+f—:+%+%

7

IV. Assuming surface reaction between monoglyceride

A+S T ﬁ) AS  (Adsorption of alcohol) 27) and adsorbed alcohol as rate determining step (Eq. 30)

T+ AS (Z ﬁ DS + B (surface reaction between triglyceride and adsorbed alcohol) (28)
D+ AS (Z ﬁ MS + B (surface reaction between diglyceride and adsorbed alcohol) (29)
M + AS o LB + GS (surface reaction between monoglyceride and adsorbed alcohol) (30)
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% [G[B] Table 1 Physicochemical properties of APO
. k; K [M][A] K; (38) S no. Physicochemical properties African
1+K1[A]-+-[Kﬂ+[%]+[](ﬂ p?arseed
5 6 7 oil
V. Desorption of glycerol as rate determining step (Eq. 31) 1 Specific gravity 0.930
2 Acid value (mgKOHg) 5.49
k9% — ky[G] 3 Free fatty acid (FFA) (%) 2.75
rs = 8 S K KA 39) 4 Saponification value (mgKOH/g) 130
L+ KA+ KT+ 57 + 50 + == 5 Todine value (g1,/100 g) 24.23
) 6 Kinematic viscosity at 40 °C (mm?/s) 7.8
VI. Desorption of diglyceride as rate determine step (Eq. 32) 7 Peroxide value 4.6
KK [TIAL 8 Flash point (°C) 230
ki " ki, [D] w0) 9 Cloud point (°C) -3
Te = K KITIA 10 Pour point (°C) 13
I+ Kl [Al+ = §1[3]][ : + % + % 11 Moisture content (%) 7
12 Refractive index 1.46
VII. Desorption of monoglyceride as rate determining step 13 Oxidation stability 11 °C (h) 5
(Eq.33) 14 Molecular weight 868.8

K, K;[D][A]
le# _kl4[M]
7= (4D
K K3[DI[A] | [D] , [G]
1+ K,[A] + 5] +1<6+1<5

Result and discussion
Extraction of oil

African pear (D. edulis) oil extracted by solvent extraction
using n-hexane was liquid at room temperature. This implies
that it could be classified as oil. The percentage oil yield of
the African pear oil, APO was 53.1% and it falls within the
range reported by Umoti and Okyi [34]. Umoti and Okyi
[34] in Isaac et al. [17] gave the range of oil yield of African
pear oil extracted by solvent extraction as 40-65% depend-
ing on the maturity of the fruits, while the range of yield
obtained by press extraction was given as 25-49%. It has
been established that the oil content of African pear (D.
edulis) varies from species to species [16]. The yield was
also relatively higher than the yields reported for other non
edible seed oil like Mangifera indica; 30.7% [23] almond
seed oil; 47% [24]. The observed oil content of edulis was
also found comparable to the yields of some edible oil such
as soybeans 65% and cottonseed 60% [29]. The relatively
high oil content of Dacryodes will encourage less depend-
ence on edible oils as feedstock for biodiesel production. It
will promote food security and food availability. Besides,
the cost of producing biodiesel will be minimized, since the
major feedstock is cheaply available, hence making biodiesel
economically pleasant.

Table 1 shows the physiochemical properties of the raw
oil of Dacryodes edulis (African pear seed) seed. The oil
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Table 2 Physicochemical properties synthesized clay catalyst

Parameters Raw clay Acid-acti-
vated clay
(ACC)

Surface area (mzlg) 286.3 526.2

Pore size (nm) 5.901 2.647

Total pore volume (cm*/g) 13.67 26.0

pH 7.12 6.34

Iodine value (mg/g) 0.12 5

Bulk density (g/cm?) 24 1.71

has moderate acid number and free fatty acid values of
5.49mgKOH/g and 2.75%, respectively. These values sug-
gest the pretreatment step on the raw-oil before the transes-
terification step using homogeneous catalyst but the process
was circumvented using heterogeneous catalysts. The phys-
icochemical properties of the raw oil compared favourably
with those of some other non—edible oils such as Pongamia
pinnata [1], Jatropha Curcas [2], Madhuca Indica [3].

The densities and high viscosities of both oil will make
their atomization difficult in internal combustion engine,
hence they cannot be used directly as bio-fuel. The low
pour point shows that the oil will hardly solidify at room
temperature hence can be stored for a long time. The oxida-
tion stability of the oil was high and is good for the produc-
tion of biodiesel. The high oxidation stability of the oils
could be as a result of method used in extracting the oil.
Solvent refining results in the production of base oil, which
retain some sulphur compounds that are natural antioxidants.
These base oils retained natural ability to prevent oxidation,
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while hydro-treated base oils must be further fortified with
antioxidants to maintain thermal and oxidation stability.

Characterization of clay catalyst
Physicochemical properties of the synthesized catalyst
The physical properties of the raw clay catalyst and modi-

fied clay catalysts are presented in Table 2. From the table,
it could be observed that the properties of the clay catalyst

Table 3 X-ray fluorescence (XRF) of clay catalysts

Elements Concentration (Wt%)

Raw clay Acid-
activated
clay

Na,O 0.000 0.000
MgO 0.321 0.326
Al Oy 23.123 27.642
SiO, 57.115 64.556
P,04 0.310 1.118
SO, 0.246 0.303
Cl 0.018 0.010
K,0 0.080 0.122
CaO 0.756 0.024
TiO, 4.217 3.606
Cr,04 0.028 0.029
Mn,0; 0.055 0.013
Fe,0; 13.682 2.230
ZnO 0.023 0.003
SrO 0.025 0.019

improved after acid activation. The pore size of the raw
clay decreased after the activation and this may be attrib-
uted to increase in surface area after activation. The raw
clay has lower iodine value which later increased after
activation with phosphoric acid. This may be attributed to
the high degree of activation by the acid which contributed
to improvement of the activity of the clay.

X-ray fluorescence analysis of the clay catalysts

The chemical composition of the raw clay and acid-activated
clay used in this study is summarized in Table 3. The main
compositions of the clay are Si, Al, Ti and Fe. It contains
metallic oxides such as MgO, Al,O,, Si0,, K,0, CaO,
TiO,, Cr,05, Mn,0;, Fe,05, ZnO and SrO which are con-
stituents of heterogeneous catalysts [30]. The clay has high
amounts of Si0,, Al,0; and Fe,05. The modification of the
raw clay by acid increased the quantity of SiO,, Al,O5 and
reduced the quantity of Fe,O; classifying the modified clay
as Brgnsted and Lewis acids whose acidity and catalytic
properties are largely dependent on the electronegativity of
interlamellar spacing of exchangeable cations attached to
the negatively charged aluminosilicate sheets. Consequently,
the activation enhanced the amount and strength of Brgnsted
and Lewis acid sites [30].

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

Fourier-transform infra red (FTIR) spectroscope of the
raw clay catalyst and the acid modified clay catalysts was
done to ascertain the functional groups present in them and
depicted in Figs. 1 and 2, respectively. Comparing the raw
clay to the acid-activated clay it could be observed that there

o
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Fig. 1 FTIR of raw clay
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Fig.2 FTIR of acid activated clay (AAC) catalyst

was no significant decrease in intensity of bands 998.9 and
685 cm™!, suggesting that the structural changes attributed
to the modifications are small. According to Zatta et al. [38],
the FTIR bands at 998.9, 909.5, and 685 cm™! are attributed
to AI-OH-Al, Al-OH-Mg and Al-OH-O-Si vibrations,
respectively. From Figs. 1 and 2, it can be concluded that the
catalysts have common functional groups such as Si—O-Si,
C-Cl of aliphatic chloro compounds, C-H stretch of aro-
matic bend, C—H stretch of vinyl, Organic silicone Si—-O-C,
Si—0, double bond C=C, —OH stretch of primary alcohol,
Al-OH-Al, Al-OH-Mg and AI-OH-O-Si vibrations. The
raw clay catalyst contains cyanide ion (band 2009 cm™)
which can hinder catalytic activity of the clay but the modi-
fication of the clay with acid removed the cyanide content.
Moreover, the raw clay and acid-activated clay show broad
peak in a region of 3652.8-3693.8 cm™! that can be assigned
to Bronsted acidity and 450-690 cm™! can be assigned to
Lewis acidity. The appearance of peak 1640 cm™' and
685 cm™! in activated clay indicates the increase in the
strength of both the Bronsted and Lewis active sites. These
peaks assignments were done based on the previous work
by Jacques [18]. These suggest that the clay catalyst used
performed as both Bronsted and Lewis acids.

Scanning electron microscopes (SEM) of the clay catalysts

The morphologies of the raw clay catalyst and acid-activated
clay catalyst were performed by SEM as shown in Figs. 3
and 4 respectively. Micrographs of the clay catalyst samples
synthesized by acid activation showed increase in number
of pores and pore size on the clay. For the acid-activated
clay, the formation of more pores on the clay particles was
observed and this supports the fact that it has more surface
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Fig.3 SEM image of raw clay catalyst

area with higher pore size as reported in “Physicochemical
properties of the synthesized catalyst”.

X-ray diffraction pattern of the clay catalysts

Figures 5 and 6 depicts XRD of the raw clay and acid-
activated clay catalyst, respectively. It is observed that clay
contains kaolinite, quartz and muscovite confirming the
presence of alumina and silica. This suggests that the clay
belongs to kaolinite group.

Effects of process parameters on biodiesel yield

Effect of time on biodiesel yield

The conversion rate increased with reaction time. In this
work, the effect of reaction time from 1 to 5 h on the reaction
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Fig.4 SEM image of acid activated clay catalyst

yield using acid-activated clay catalyst is presented in Fig. 7.
It was found that higher yield occurred at reaction time of
3 h and beyond it the yield decreased. The reaction was very
slow due to diffusion of methanol and triglyceride into the
active site of the catalysts was slow and the decreased in the
yield after 3 h reported above may be due to reversible reac-
tion of transesterification resulting in loss of esters.

Effect of catalyst concentration on biodiesel yield

Acid-activated clay catalyst was used as heterogeneous
catalyst for the transesterification reaction in this study. The
effect of catalyst concentration expressed as weight percent-
age of the African pear seed oil on the production yield is
presented in Fig. 8. From the figure, it could be observed that
the yield of methyl ester increased with increase in catalyst
weight up to 3 wt% and then began to decrease. Initially
the amount of catalyst helped to accelerate the reaction by
increasing the reaction rate. The higher yield of ester with
increase in catalyst weight is due to more availability of cata-
lyst in the reaction medium. Increasing the catalyst weight
beyond the catalyst weight of 3 wt% led to the decrease in
ester yield. This may be due to excess catalyst causing dis-
persion and mixing problems, thereby inhibiting the forma-
tion of end product [39].

Effect of methanol/oil molar ratio on biodiesel yield

The alcohol-oil molar ratio is one of the most important
factors that can affect the yield of esters. The stoichiometry
of the transesterification reaction requires 3:1 molar ratio to
yield 3 mol of ester and 1 mol of glycerol, but most research-
ers have found that excess alcohol was required to drive the
reaction close to completion [39]. In this research, the effect
of methanol/oil molar ratio of 6:1-14:1 was investigated.
The yield of methyl esters at the different molar ratio of
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methanol/oil is shown in Fig. 9. The result indicated that
methanol-oil molar ratio has significant impact on biodiesel
yield. The maximum ester yield was obtained at a metha-
nolysis of oil molar ratio of 10:1. The higher molar ratio
results in higher rate of ester formation. The yield reduced
when the molar ratio was beyond 10:1. This may be due
to decrease in the catalyst activity with increase in metha-
nol content and difficulty in glycerol separation. The results
obtained are in agreement with the reports of earlier works
of Zhang et al. [39].
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Effect of temperature on biodiesel yield

The influence of temperature on reaction metrics dur-
ing African pear seed oil transesterification using acti-
vated clay was investigated over the temperature range
45-70 °C. As shown in Fig. 10, the reaction rate was slow

at low temperatures, but biodiesel yield first increased
and then decreased with the increase of the reaction tem-
perature beyond 60 °C. The increase in yield with tem-
perature is consistent with the Arrhenius behaviour of the
reaction rate. However, beyond 60 °C, the product yield
dropped probably due to significant loss of methanol from
the biphasic liquid reaction medium since it has a boiling
point of 64.7 °C. Similar results have been reported by
Liu et al. [20].

Effect of speed of agitation on biodiesel yield

The mixing appears to be of particular importance for the
transesterification process: it ensures homogeneity within
the reaction mixture. It increased the contact area between
oil/methanol mixture and catalyst [20]. Mixing also facili-
tates the reaction. In this study, methanolysis was conducted
with different rate of stirring such as 100, 200, 300, 400
and 500 revolutions per minutes (rpm). The yield of methyl
esters produced from African pear seed oil with acid-acti-
vated clay catalyst at different rate of mixing is shown in
Fig. 11. It was observed from the figure that the reaction of
methanolysis was low at 100 rpm and only exhibited a yield
which was difficult to separate. The yield was observed to
decrease as the stirring rate went above 300 rpm and this
may be that oily phase was stratified close to the rotating
shaft leading to the downturn in biodiesel yield at higher
speeds.

Fuel properties produced with optimal conditions

Table 4 gives a summary of all the fuel properties analyzed
and the limits that they were compared with (ASTM stand-
ards). It was observed that the properties of biodiesel pro-
duced are within the acceptable limits and can be used in an
internal combustion engine without modification.

Table 4 Comparison of

- - . Property units ASTM methods APO fame by ASTM limits
physico-chemical properties of AAC
APO methyl esters (biodiesel)
with ASTM limits Density kg/m? ASTM D-1298 858 830-880
Kinematics viscosity Cst ASTM D-445 3.7 1.6-6.0
Flash point °C ASTM D-93 180 >130
Pour point °C ASTM D-97 3 + 15 max
Cloud point °C ASTM D-2500 14
Acid value mgKOH/g ASTM D-974 0.15 <0.80
Low heating value Ml/kg 41 >35
Aniline point °C ASTMDA4737 194
Higher heating value MIJ/Kg 52
Oxidative stability h ASTM D6751/EN 14112 55 3 min
Cetane number ASTM D-130 56 47 min
aﬁ#’iﬁﬁ'ﬂw @ Springer
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Product distribution

The formation of products and disappearance of reactants at
temperatures of 45, 50, 55 °C are depicted in Figs. 12, 13,
and 14, respectively. From the graphs, it could be observed
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Table5 Rate and equilibrium constants of RDS for APO FAME
using LHHW model

45 °C 50 °C 55°C AE, AH (kJ/ A
mol)

ks(h™") 8.91E-3 9.5E-3 9.98E-3 10.08 1.05%
ke (™Y 1.03E-3 1.17E-3 1.22E-3 0.0172 1.01%
K, 10 9.99 10.10 9.6 8.06E5
K, 9.86 9.75 8.19 0.098 1.05
Ky 8.25 13.40 7.20 —1353 1.99E—18
K, 9.42 18.30 10.40 —108.1 5.95E-13
) 21.2 31.40 15.90 —575.16 7.52E-84
K, 1241 12.40 16.60 399.8 4.57E70
3Unit of A is given by h™!

that the products (biodiesel and glycerol) concentration
increase as time increases and the reactants (triglyceride,
diglyceride, monoglyceride and methanol) concentration
decrease as time increases. The changes in concentration
of products and reactants became constant after 3 h for all
the temperatures. This could be that the reaction reached
its end point at 3 h. The figures also show that biodiesel is
more predominate in the product with a higher concentration
at a temperature of 55 °C. This shows that higher yield is
obtained at temperature of 55 °C.

Kinetics study of heterogeneous catalyzed
transesterification

The kinetics study of the methanolysis of African pear seed
oil (APO) using phosphoric acid activated clay (AAC) was
carried out using two elementary reaction mechanisms:
Langmuir-Hinshelwood—Hougen—-Watson (LHHW) and
Eley—Rideal (ER). Nine kinetic models with assumptions
of adsorption of species, surface reaction and desorption
of species were investigated for LHHW and seven models
for Eley—Rideal (ER). It was observed that for all the tem-
peratures considered, the rate constants and variances for
surface reaction between adsorbed triglyceride and adsorbed
methanol were lowest for LHHW model and the rate equa-
tion has best fit of the experimental data in terms of conver-
sion as shown in Fig. 13 while rate constant and variances
between adsorbed methanol and non-adsorbed triglyceride
for ER model were lowest with the equation having best fit
of the experimental data in terms of conversion as depicted
in Fig. 14. These can be considered as rate determining steps
(RDS) and it is in agreement with assumption that approxi-
mately 75% of all heterogeneous reaction mechanisms are
surface-reaction-limited [12]. The rate parameters of the rate
determining step are presented in Tables 5 (LHHW model)
and 6 (ER model). It was observed that the rate constant
increased as temperature increases showing that the reaction
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Table 6 Rate and equilibrium constants of RDS for APO FAME
using ER model

45 °C 50 °C 55°C AE, AH (kJ/mol) A

ky (h™") 8.45E-3 8.99E-3 9.34E-3 0.081 1.04%
ky (™" 7.19E-4 8.01E—4 8.59E—4 0.029 1.01%
K, 8.42 8.97 9.33 83.07 2.0E17
K; 7.51 8.46 9.04 139.5 1.5E26
Ky 57.03 71.83 77.78 187.88 2.4E33
K; 15.82 15.48 15.17 —59.694 0.0012
3Unit of A is given by h™!

Table 7 Statistical parameters for rate Eq. 3 (r;) for LHHW model
and rate Eq. 1 (r)) for ER model

Tempera-  Variance P value Coefficient of
ture (°C) determination
)
LHHW 45 0.256 0.70 0.803
50 0.323 0.89 0.880
55 0.212 0.92 0.901
ER 45 0.465 0.61 0.751
50 0.524 0.81 0.799
55 0.462 0.88 0.815

is endothermic and proceeds at higher temperature below
the boiling point of methanol. The activation energies for
the forward and backward reactions of the rate determin-
ing step were 10.08 kJ/mol and 0.0172 kJ/mol, respectively,
for LHHW model while activation energies for the forward
and backward reactions of the rate determining step for ER
model were 0.081 kJ/mol and 0.029 kJ/mol, respectively.
It is evident in the value of activation energy that the reac-
tion is mass transfer resistance and that the reaction was
slow because triglyceride is a heavy molecule with higher
potential energy than the reactant methanol. From Tables 5
and 6, it is observed that the adsorption energies of steps 1
and 2 for LHHW model were endothermic while desorption
energies for steps 6, 7 and 8 for LHHW were exothermic.

The temperature sensitivity of step 9 for LHHW model
was inconsistent with others. The reaction energies for steps
2 and 3 for ER model were positive as shown in Table 6
indicating that the reactions are endothermic. The desorption
energy for step 6 is positive while that of step 7 is negative.
The temperature sensitivity of step 7 for 4 ER model was
inconsistent with step 6. Comparing LHHW model and ER
model (Table 7), it can be observed that the variances of the
RDS (rate Eq. 3) at different temperature for LHHW were
smaller than that of RDS (rate Eq. 2) for ER with better
fitting. These show that the LHHW model best describes
the kinetic data at all temperature most especially at 55 °C
(Figs. 15, 16).
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Fig. 15 Prediction of triglyceride conversion against time for LHHW
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Fig. 16 Prediction of triglyceride conversion against time for ER
model

Conclusion

The application of economical and environment-friendly
waste materials in production of biodiesel will play an
important role in economizing the process and conse-
quently expand the use of biodiesel all around the world.
In this study, acid-activated clay (AAC) catalyst was
used for producing biodiesel from African Pear Seed oil
(APO) with methanol and compared with standard qual-
ity of biodiesel. The reaction was promoted by the large
surface area and acidity of the catalyst and the biodiesel
produced has qualities within the acceptable limits for
biodiesel. The kinetics study showed that the transesteri-
fication of APO with AAC catalyst suits Langmuir—Hin-
shelwood—Hougen—Watson (LHHW) with surface reaction
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between adsorbed triglyceride and adsorbed methanol as
rate determining step (RDS). The rate constant increased
as temperature increase show that the reaction was endo-
thermic and preceded at higher temperature below the
boiling point of methanol. Therefore, the production of
quality biodiesel from APO with synthesized clay catalyst
will make biodiesel production economical and affordable
because the raw materials are cheap and easily available.
The kinetic parameters will assist in design of reactors for
biodiesel production.
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