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Kinetics of Free Fatty Acid Esterification in Used Cooking
O1l Using Hypercrosslinked Exchange Resin as Catalyst

Sumaiya Zainal Abidin, Goran Vladisavljevic, and Basudeb Saha

Abstract—A Kinetic study of free fatty acid esterification was
carried out using Purolite D5081 as a catalyst. Esterification
reaction was carried out using 1.25% (w/w) catalyst loading, 6:1
methanol to oil feed mole ratio, 350 rpm stirring speed and
reaction temperatures ranging from 323 - 335 K. The
experimental data from the esterification reaction were fitted to
three  kinetic models: Pseudo Homogeneous (PH),
Eley-Rideal(ER) and Langmuir-Hinshelwood-Hougen-Watson
(LHHW) models. A built-in ODE45 solver in MATLAB 7.0 was
used to numerically integrate the differential molar balances
describing the concentration of FFA in the system. The
influence of temperature on the kinetic constants was
determined by fitting the results to the Arrhenius equation.
Experimental data were successfully fitted by the PH model and
a good agreement between the experimental and the calculated

moles of FFA were observed for all the experimental data points.

The activation energies for the esterification and hydrolysis
reactions were found to be 53 and 107 kJ/mol, respectively.
These results proved that the hydrolysis reverse reaction
requires more energy to occur as compared to esterification
reaction, hence validated the proposed model.

Index Terms—Biodiesel, esterification, free fatty acids,
kinetic modeling.

I. INTRODUCTION

Fatty acid methyl ester (FAME), or commercially known
as biodiesel is an alternative energy that derived from
renewable lipid feedstocks. Biodiesel is considered to be one
of the best available energy resources as it shows a good
combustion emission profile, produces less particulates and
hazardous gases, have a higher cetane number, higher flash
point and a higher lubricity as compared to conventional
diesel. However, the main limitation of biodiesel production
was due to the relatively high cost of raw material, comprises
more than 75% of the total cost [1]. Therefore, sources such
as non-edible feedstocks (i.e. non-edible oil, animal fats and
waste oils) are found to be the most promising alternative to
replace edible feedstocks. Most of the non-edible feedstocks
contain significant amounts of free fatty acids (FFA). Oils
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and fats with high FFA content (i.e.>1%) cannot be directly
used in a base catalysed transesterification reaction as the
side reaction; saponification process hinders the separation of
esters from glycerine. High yield could be achieved using a
two-step synthesis of biodiesel and acid catalysed
esterification is always preferable as a pre-treatment step to
reduce the large amount of FFA in the feedstock.

The use of heterogeneous catalysts simplifies the
production and purification processes because they can be
easily separated from the reaction mixture, allowing multiple
usage of the catalyst through regeneration process. lon
exchange resins in particular, have become more popular due
to the capability of catalysing both esterification and
transesterification reaction under mild conditions and it can
be easily separated and recovered from the product mixture.
Reference [2] studied the performance of two different
macroeticular cation exchange catalysts, the Amberlyst-15
and Amberlyst BD20. They found that the amount of pores of
the catalyst played an important role, not only in increasing
the catalytic activity, but also in reducing the inhibition of
water in the esterification process. New development on the
polymerization techniques has led to the formulation of
hypercrosslinked marcroporous cation exchange resin, which
capable to catalyse reaction processes much faster due to the
presence of higher specific surface area Reference [3] studied
on the esterification of free fatty acids in used cooking oil
using hypercrosslinked exchange resin, Purolite D5081 as
catalyst. This resin was found to give the highest FFA
conversion (~92%) in less than 4 hours.

Kinetic studies of the esterification reaction have been
conducted for both homogeneous and heterogeneous
catalysts. Several studies on Kkinetic models have been
conducted using single fatty acid esterification (e.g. lactic
acid, myristic acid and palmitic acid) with different kinds of
ion exchange resins. Reference [4] studied the kinetics of
lactic acid esterification reaction with methanol (MeOH),
catalysed by different acidic resins, such as Dowex 50W8X,
Dowex 50W2x, Amberlyst 36 and Amberlyst 15 dry. They
used three types of kinetic models, QH, ER and LHHW, to
correlate the experimental data. The QH model was found to
fit the experimental data well since the reaction medium
reported was a highly polar mixture. Similar work on lactic
acid esterification was carried out by Reference [5] with
iso-butanol and n-butanol as solvent and Weblyst D009 as a
catalyst. Experimental data was correlated using the same
kinetic models (PH, LHHW and ER). All models showed a
reasonably good results but the PH model was preferred due
to its simple mathematical model (Qu et al., 2009).

Investigation of the kinetic modelling of free fatty acids
(FFA) esterification in waste oils was carried out by several
researchers. For instance, Reference [6] investigated on the
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esterification of FFA in used vegetable oils using Purolite
CT-275. They correlated their experimental data using PH
model and good agreement was obtained between the
experimental data and calculated values. Using the same PH
model, they successfully predicted the optimum conversion
of two other oils with higher FFA content. A kinetic study of
FFA esterification in low grade crude palm oil was
investigated by reference [7]. Results revealed that the
reaction was irreversible and followed a first order kinetic
law. Reference [8] studied the kinetic of FFA esterification in
waste cooking oil with Fe,(SO,)s/C as a catalyst and the
experimental data were modelled using the LHHW Kinetic
model. They found that the proposed kinetic model was
favourably consistent with the experimental results.

On the other hand, there are several kinetic models
conducted on artificially modified feedstock, ideally made to
investigate the performance of ion exchange resin catalysts in
highly acidified oil. For example, Reference [9] studied the
reaction Kinetics of oleic acid esterification in triglycerides
using the sulfonic acid resin (Relite CFS) as catalyst. They
modelled the reaction kinetics using the PH model (second
order reaction) and the experimental data was found to have a
satisfactory agreement with the calculated values. This
research work has been extended by Reference [10] using
Amberlyst 15 as a catalyst with two different reaction
configurations; the batch stirred tank reactor and bed loop
reactor. Two types of kinetic models (PH and ER) were
compared and it was found that the ER model was a superior
model as compared to the PH model for the esterification of
high FFA oil. The kinetic model of myristic acid
esterification in the presence of triglycerides using sulfated
zirconia as a catalyst was investigated by Reference [11]. A
second order reversible PH model was demonstrated to fit the
experimental data and this model gave a satisfactory
interpretation of the experimental data. A similar finding was
reported by Reference [12] when they investigated the
esterification of myristic acid using homogeneous (p-toulene
sulfonic acid) and heterogeneous (Amberlyst 15 and Degussa)
catalysts. Their experimental data have been interpreted with
a second order kinetic model and a good agreement was
achieved between the experimental data and the model.

In this research work, a detailed study on the kinetic
behaviour of FFA esterification using Purolite D5081 as
catalyst was carried out. Several kinetic models have been
investigated: the PH, LHHW and ER models. Previously,
effect of mass transfer resistances showed that the reaction
was not affected by the mass transfer resistances [3].
Therefore in this kinetic study, external and internal mass
transfer limitation is considered to be negligible and hence
not considered. In the same study, they also found that the
rate of non-catalysed reaction was negligible relative to the
catalysed reaction. Kinetic parameters such rate constant and
adsorption coefficient were determined using MATLAB
using the built-in ODE45 solver (fourth order Runge-Kutta
method) to solve the differential equations numerically. The
best fitted model was further investigated to determine the
activation energy of the esterification reaction.

1. KINETIC MODELING OF FFA ESTERIFICATION
The experimental work on the esterification process was
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carried out in a jacketed-glass reactor and the findings have
been reported by Reference [3]. For the kinetic studies of
FFA esterification, several kinetic models have been
proposed i.e. the PH, LHHW and ER models. The PH kinetic
model was built based on the following assumptions; i)
MeOH to FFA molar ratio used was very high, and therefore
MeOH concentration was assumed to be constant ii) the
diffusion rate of reactants and products onto the catalyst
surface assumed to be negligible iii) there was no fatty acid
methyl ester (FAME) present in the reaction at time, t = 0.

For the heterogeneous models (LHHW and ER), a
reaction-on-surface kinetics and rate law were developed
based on the following assumptions i) the adsorption of
MeOH, H,0, FFA and FAME occurs on the surface of the
resins. Triglycerides are considered to be non-adsorbing
compounds ii) For LHHW model, the rate determining step is
controlled by the surface reaction with dual site adsorption
mechanism and for ER model, a single site adsorption
mechanism is been considered iii) the adsorption equilibrium
constants are assumed to be independent of the reaction
temperature in the investigated temperature range iv) there
was no fatty acid methyl ester (FAME) present in the reaction
attime, t=0.

It was proposed that for PH model, the reaction was a
pseudo n order in the forward reaction and second order in the
reverse reaction. Therefore, based on these assumptions, the
following Kinetic rate law was derived.

PH model  (—74)

= (k5C)" = (=K. CcCp) (1)
where —r, is the reaction rate of FFA, C,, Cg, Ccand Cp, are
the concentration of FFA, MeOH, FAME and water (H,O) in
the reaction mixture, k’s= ki %< Cg,0, ks and k, are the reaction
rate constant for forward (esterification) and reverse
(hydrolysis) reaction and n is the order of forward reaction.

For both heterogeneous model (LHHW and ER), it was
proposed that the reaction is second order for forward and
reverse reactions. For an esterification reaction sequence
based on the LHHW model, the mechanism involves the
chemisorption of FFA and MeOH as molecules, followed by
a reaction between chemisorbed FFA and MeOH molecules
to form FAME and H,O molecules, and finally the desorption
of FAME and H,0. For an esterification reaction sequence
based on the ER model, the reaction mechanism differs in
terms of the components which are adsorbed onto the catalyst.
There are two possible cases for ER model; ER model (Case I)
where the adsorbed MeOH is reacting with FFA in the fluid
and ER model (Case II) where the adsorbed FFA reacts with
MeOH in the fluid. The rate equation for LHHW and ER
models can be expressed as:

LHHW model:

1
(or) = kpK 4K p(CaCp—3CcCp)
AL T (A4K4Cp+KpCr+KCo+KpCp)?

)
ER model (Case I):

1
k¢Kp(CaCp—%CcCp)
(1+KBCB+KDCD)

(-m) =
@)
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ER model (Case II):
( )_kaA(CACB—%CCCD)
Ta) = (14K, C4+KcCe)

4
where —r4 is the reaction rate of FFA, C,, Cg, Cc and Cp are
the concentration of FFA, MeOH, FAME and H,O in the
reaction mixture, K,, Kg, K¢ and Kp are the adsorption
equilibrium constants for species A, B, C and D respectively
and formulated from the ratio of the adsorption and
desorption rate constant, Ki=ku/ky, K=(KaKg/KcKp)Ke for
LHHW model, K=(Kg/Kp)K, for Case | ER model and

K=(Ka/Kc)K, for Case Il ER model, Ke=kik,=((Kc/Kp) >

(KD/KB)) X ((CchA) x (CD/CB)) for LHHW model,
Ke=ki/ki=(Kp/Kg) % ((Cc/C,p) *<(Cp/Cg)) for Case | ER model
and K= kilk,=(Kc/Ka) % ((Cc/Cp) > (Cp/Cg)) for Case Il ER
model, k; and k, are the reaction rate constant for forward
(esterification) and reverse (hydrolysis) reaction.

Depending on the kinetic model, two reaction rate
constants ks and k. and up to four adsorption coefficient (Ka,
Kg, K¢ and Kp) are unknown. These unknowns must be
determined to describe the reaction system. A built-in
ODE45 solver in MATLAB 7.0 was used to numerically
integrate the differential molar balances describing the
concentration of FFA in the system. Optimum Kkinetic
parameters were determined by minimising the sum of
residual squares (SRS) between experimental and calculated
moles of FFA.

I1l. RESULTS AND DISCUSSIONS

TABLE I: FORWARD AND REVERSE RATE CONSTANTS VALUES FOR LHHW
AND ER (CASE | AND Il) MODELS

Models/ Forward Rate Reverse Rate
Temp, (K) Constant,k; Constant, k..
Langmuir-Hinshelwood-Hougen-Watson
323 0.5440 0.00124
328 0.7110 0.00130
333 0.8150 0.00091
335 0.7620 0.00086
Eley Rideal (Case I)

323 0.0084 0.00006
328 0.1810 0.00004
333 0.0015 0.00005
335 0.0008 0.00012
Eley Rideal (Case Il)

323 4.3900 0.06700
328 2.4000 0.10100
333 3.5100 0.05400
335 2.2500 0.10000

*Units for forward and reverse rate contants are kg? kges ™ mol™ s™.

Experimental data were successfully fitted by the PH
model whereas results obtained from both heterogeneous
kinetic models gave negative values for adsorption
coefficients. The fitted values for heterogeneous models are
given in Table | and Table Il. As some of the adsorption
coefficients give negative values, the results would be
meaningless and hence they were not considered.
Furthermore, from the ER model (Case ) route, the
mechanism shows that this model cannot lead to reaction and
the inhibition was due to the competition of active sites
between the reactants. Reference [13] revealed similar
findings when they developed several kinetic models for the
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synthesis of n-hexyl acetate. It was concluded that the
heterogeneous kinetic models failed to correctly describe the
reaction Kinetics. For this analysis, PH model was chosen for
further analysis since both LHHW and ER models were
unable to predict the experimental data.

TABLE II: ADSORPTION COEFFICIENT VALUES FOR LHHW AND ER (CASE |
AND I1) MODELS

Models/ Adsorption Coefficient
Temp, (K) K, Ky K, Kp
Langmuir-Hinshelwood-Hougen-Watson
323 606.00 -78.30 83.90 -132.0
328 656.00 -83.30 106.0 -133.0
333 452.00 -50.90 119.0 -82.90
335 478.00 -46.20 85.20 -60.90
Eley Rideal (Case I)
323 n/a -0.081 n/a -2.21
328 n/a -0.042 n/a -1.21
333 n/a -0.072 n/a -2.29
335 n/a -0.084 n/a -1.01
Eley Rideal (Case I)
323 -0.0002 n/a -0.230 n/a
328 -0.0005 n/a -0.177 nfa
333 -0.0004 n/a -0.339 n/a
335 -0.0008 n/a -0.222 n/a

*Units for forward and reverse rate contants are kg? kgesr - mol™ s™.

For this analysis, PH model was chosen for further analysis
since both LHHW and ER models were unable to predict the
experimental data. Fig. 1 shows the moles of FFA versus
reaction time profile for the esterification performed at
different reaction temperatures. From Fig. 1(a), a good
agreement between the experimental and the calculated
moles of FFA were observed for all the experimental data
points. The pseudo order for forward reaction was found to
give the optimum value of n = 1.6. The calculated results for
the PH model kinetic parameters are summarized in Table I11.
The forward and reverse rate constants, ki and k, increased
with an increase in reaction temperature (see Table III).
However, the increase of reverse rate constant, k, values with
the increase of reaction temperature are considered to be very
small and this indicates that the reverse reaction, the
hydrolysis process was hardly took place in the reaction.

The influence of reaction temperature on the reaction rate
was determined by fitting the rate constant, k;and k, to the
Arrhenius-Van’t Hoff equation. The Arrhenius plot for the
esterification of FFA with MeOH is shown in Fig. 1 (b). The
activation energies for the esterification and hydrolysis
reactions were found to be 53 and 107 kJ/mol, respectively.
The reported activation energy values are in good agreement
with those values reported in the literature for similar systems,
with the consideration that different reaction system,
temperature range, type of catalyst and catalyst loading were
involved.
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328K [PH model)
333 K (Experimental)
333 K [PH model)
335 K (Experimental)
335 K [PH model}

.y

=]

o

Moles of FFA, (NA) mol x 103

0.020

0.000

120 150 240 300

Time, (t) min

380



International Journal of Chemical Engineering and Applications, Vol. 7, No. 5, October 2016

@

—— Esterification
n Hydrolysis

4.00

&

oo y =-6376.5% + 20.402

R*=0.9975

Ink

.00
y=-12823x +32.686

L R*=0.9576

TR -~

-8.00
0.00296 0.00298 0.003

0.00302 0.00304 0.00306 0.00308 0.0031 0.00312

1T (K-1)

(b)
Fig. 1. (a) The effect of reaction temperatures on the moles of FFA; (b) The
Avrrhenius plot for the esterification of FFA using Purolite D5081 as a
catalyst.

TABLE IlI: ESTIMATED VALUES OF THE RATE CONSTANTS (FORWARD AND
REVERSE REACTION) AND THE CORRESPONDING VALUES OF SRS FOR PH
MODEL

Temp, Forward Rate Reverse Rate Sum of Equilibrium
T (K) Constant, k, Constant, k,. Residual Constant, K.,
(kg2.6 kgcat-1 (kg2 kgeat-1 Square
mol-1.6 s-1) mol-1 s-1) (SRS)
323 1.9302 9.10E-04 3.79E-05 2121.13
328 2.7003 1.79E-03 2.47E-04 1510.01
333 3.5000 2.51E-03 1.04E-04 1394.46
335 3.9500 4.31E-03 4.59E-05 917.18

IV. CONCLUSION

The Kkinetic modelling of FFA esterification was
successfully carried out using Purolite D5081 as a catalyst.
Esterification reaction was carried out using 1.25% (w/w)
catalyst loading, 6:1 MeOH: UCO feed mole ratio, 350 rpm
stirring speed and reaction temperatures ranging from 323 -
335 K. The experimental data from the esterification reaction
were fitted to three kinetic models: PH, LHHW and ER.
From the simulation results, it was found that both
heterogeneous kinetic models gave negative values for the

adsorption coefficients and hence were not considered further.

Experimental data was successfully represented by the PH
model and good agreement between the experimental and the
calculated values was obtained. The pseudo order for forward
reaction was found to give the optimum value of n = 1.6. The
forward rate constant, ki increased with an increase in
reaction temperature. However, the increase of reverse rate
constant, k. values with the increase in reaction temperature
are considered to be very small and this indicates that the
reverse reaction (hydrolysis process) hardly took place in the
reaction. The activation energies for the esterification and
hydrolysis reactions were found to be 53 and 107 kJ/mol,
respectively. These results proved that the hydrolysis reverse
reaction requires more energy to occur as compared to
esterification reaction, hence validated the proposed model.
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