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Abstract. The objective of this research was to study a kinetic model of
biodiesel production from waste cooking oil assisted by ultrasound power. The
model considered the biodiesel production process as a 2nd order reversible
reaction, while its kinetic parameters were estimated using MATLAB, based on
data extracted from Hingu, et al. [1]. The data represented experiments under
low-frequency ultrasonic wave (20 kHz) and variations of temperature, power,
catalyst concentration, and alcohol-oil molar ratio. Statistical analysis showed
that the proposed model fits well to the experimental data with a determination
coefficient (R?) higher than 0.9.
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1 Introduction

Biodiesel is a liquid fuel that contains mono-alkyl esters of long-chain fatty
acids. Biodiesel is mostly derived from vegetable oil or animal fat and it can be
used as a substitute for the current diesel from fossil fuel [2]. Biodiesel can be
produced through transesterification of triglycerides (TG) with alcohol and a
base catalyst. Biodiesel can also be derived directly from free fatty acids (FFA)
through esterification using an acid catalyst [3].

Process intensifications of biodiesel production have been investigated by
previous researchers, such as homogenous catalyst transesterification and
esterification [4], heterogeneous base-catalyst [5], enzymatic transesterification
[6], non-catalyst supercritical transesterification [7], microwave-assisted
transesterification [8], and ultrasound-assisted esterification [1,9-11]. Although
these intensifications could improve yield and efficiency, several drawbacks
were discovered. Base-catalyst transesterification has disadvantages in catalyst
separation that lead to large energy consumption. Moreover, for oil with high
free fatty acids, base-catalyst esterification has a tendency of saponification. On
the other hand, acid-catalyst esterification can produce biodiesel but under a
low reaction rate as compared to base-catalyst esterification [3]. The production
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of biodiesel using an enzymatic reaction brings along higher costs and a longer
processing time [6]. The use of non-catalytic supercritical transesterification has
disadvantages in technical operation that may increase the cost of production
[6]. Intensification to reduce processing time has also been attempted, using
microwaves and ultrasound as power utilities [8-11]. It turned out that the yield
of biodiesel produced by microwave-assisted transesterification was lower than
by ultrasound-assisted production [10-11]. However, compared to the
conventional method, the ultrasound-assisted esterifiction showed a better and
more efficient process, including shortening the reaction time. The production
of biodiesel using ultrasound achieved 92% conversion within 30 minutes,
while the conventional method achieved 91% conversion within 1 hour [10]. In
order to design a biodiesel reactor with ultrasound as power source, a kinetic
model of biodiesel production assisted by ultrasound is required. From a
literature search, the number of studies on the prediction of kinetic models for
ultrasound-assisted esterification is very limited. The objective of this study was
to investigate a kinetic model for ultrasound-assisted transesterification of waste
cooking oil by considering the process as a 2™ order reversible reaction.

2 Kinetic Modeling

The reaction that occurs in biodiesel production is (trans)esterification.
Transesterification is a reaction between triglyceride (TG) and alcohol that
produces alkyl esters (fatty acid methyl esthers — FAME) with glycerol as by-
product. The molar ratio of triglyceride to alcohol is commonly 1:3 but most of
the reactions use a higher ratio to ensure that all TG will be converted to
biodiesel. The transesterification reaction is represented in Figure 1.

(0]
Il
CH, —0-C-R CH, — OH
O O
I catalyst I
CH-0-C-R + 3ROH BRR—=0-C-R + CH —OH
o]
Il
CH, —0-C-R CH, — OH
Alcyl ester
Triglyceride Alcohol (Biodiesel) Glycerol

Figure 1 Reaction of triglyceride and alcohol to form biodiesel (alkyl esther).

This reaction mostly occurs in a reversible process. To determine the kinetic
model, the following reactions were considered:
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TG + 3 MeOH t + 3 FAME + GL
od  +pB . ; eC + yD

The kinetic model was formulated with the following assumptions:

1. The reaction is not elementary but only a 2nd order reversible reaction.
2. The initial concentrations of methyl esters (biodiesel) and glycerol are zero
and therefore triglyceride is merely considered a limiting reactant.

The reversible reaction then can be formulated as:

dC " .
Mh=- th = kchcg - kZCCCS (1)

Since the reaction is assumed to be a non elementary reaction (=1, p=1,
¢ =1 and y = 1), the kinetic model in Eq. (1) was then modified to:

= _dd% =kC,Cq —k,C.Cy 2)
According to the stoichiometry, Ca = Cao(1 - Xa); Cg= Cgo - Cao Ce=Cao (M -
XA), where M= Cgo/Cao; Cc = Ceo + Cao Xa; Cp = Cpg + Cag.Xa ; Where Cg,
=Cpo =0, then Cc = Cpo Xa; Cp = Cag.Xa, Where k; and ks, are rate reaction
constants (Itr.mol *.min%).

Table1 1% Order Kinetics of Irreversible Transesterification.

Researcher Raw Material Temperature k (min. %
Endang, et al. [12] Waste cooking 50°C k=0.0305
Fahri [13] Rice bran 60°C k=0.00223
Sahirman, et al. [14] Nyamplung 45°C k=0.0663
Berrios, et al. [15] Sun flower 60°C k;=0.02 and k,=0.005
Vujicic, et al. [16] Sun flower 60°C k=0.00267
Joelianingsih, et al. [17] Palm oil 250°C k=0.0034
Zhang, et al. [18] Palm oil 70°C k=0.00099
Vyas [19] Castor oil 50°C k=0.091
Tania, et al. [20] CPO 55°C k=0.000278

The values of k; and k, have been evaluated for different vegetable oils and
process conditions. Table 1 shows previous works on biodiesel production from
various vegetable oils and different temperature variables. Most of the
researchers assumed that the transesterification was a 1% order irreversible
transesterification reaction. The value of k; is in the range of 0.0002-0.091
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1/min at a temperature of 45-70°C. Joelianingsih, et al. [17] performed a
supercritical experiment with high temperature.

According to another assumption, transesterification occurs in a 2™ order
reaction (Table 2). Renita [21] proposed a kinetic model of the 2™ order and
irreversible reaction, while Murni [22] and Lopez [23] proposed a kinetic model
of the 2" order and reversible reaction. Furthermore, Darnoko and Cheryan [24]
and Pojanalai and Sookkumnerd [25] proposed a kinetic model of the 2™ order
under three stages of mechanism reactions and irreversible reaction. Noureddini
and Zhu [26] proposed a kinetic model of the 2™ order under a three-step
reaction mechanism and a reversible reaction.

Table 2 2" Order Kinetic Models of Transesterification.

Researcher Mgt% Vrvial Tem?oe(ga ture Reaction k (mol.min) *
Renita [21] Palm oil 80 Irreversible  k=0.00984
Murni, et al. [24] Waste 30 Reversible k;=0.000349;
cooking oil 1 step k,=0.000189
Lopez [23] Castorseed 26 Reversible k;=0.047; k,=0.814
oil 1 step
Darnoko and Palm oil 50 Irreversible  k;=0.018; k,=0.036 ;
Cheryan [24] 3 steps kz=0.112
Pojanalai and Palm oil 45 Irreversible  k;=0.0982;
Sookkumnerd [25] 3 steps k,=0.1282; k3=0.0572
Neureddini Soybean 50 Reversible k;=0.05; k,=0.11
and Zhu [26] oil 3 steps ks=0.215; k,=1.228
ks=0.242; k¢=0.007
Avramovic [27] Sun Flower 40 Irreversible  k;=0.04
oil 1 step

Our work evaluates kinetic parameters of biodiesel production assisted by
ultrasound power. For this purpose, Eq. (2) was converted into conversion terms
and re-arranged as:

X
_d_tAzle,iO(l_XA)(M _XA)_kzcﬁz\oxi (3)

When the equilibrium is reached, Eqg. 3 must be equal to zero (-r ) = 0. Thus
Eqg. (2) is transformed into Eq. (4).

kchgCBg = kZCCgCDs (4)
where Cae = Cao(1 - Xae); Cge= Cao (M - Xae); Cce = Cao Xae; Cpe = Cao-Xne.

The equilibrium constant is then obtained as:
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[ X%

kO 1-X)M-X,)

()

If Eq. (5) is substituted into Eq. (3), then the biodiesel conversion can be
obtained as:
XA

_E = kcho

X A=X )M = X,) = X3(0= X, )(M = X,)
X

(6)

Eqg. (7) will be evaluated for its parameters based on data obtained from Hingu,
et al. [1] who worked on ultrasound-assisted esterification. The effect of power
or frequency supplied by ultrasound to the rate constant will be correlated via
the Arhenius equation based on the following equation:

k — AeEa/RT (7)

where E, is the activation energy as a function of ultrasound power (P). The
effect of ultrasound power may follow quadratic, exponential and logarithmic
equations (Egs. (8)-(11)). The equation with the highest determination
coeficient (R%) will be selected as the best fit.

E,=aP"+c (8)
E, =aP" xe° (9)
E,=aP?+bP+c (10)
E, =a.log(P)+b (11)

where a,c was estimated and b = variation between 0.9 and 1.4.

3 Model Simulation and Parameter Estimation

3.1 Parameter Estimation

Model simulation and parameter estimation in this study were conducted based
on data obtained from Hingu, et al. [1]. They performed biodiesel production
experiments using ultrasound in a low-frequency bioreactor (20 kHz). The
effect of different operation parameters, such as alcohol-oil molar ratio, catalyst
concentration, temperature, and ultrasound power, were investigated. The
experimental setup used for synthesis of biodiesel is shown in Figure 2.
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Figure 2 Schematic representation of experimental setup for synthesis of
biodiesel (1. condenser, 2. transducer, 3. biodiesel reactor, 4. support stand, 5.
temperature sensor, 6. ultrasonic generator) [1].

3.2 Statistical Analysis

The kinetic model and optimum parameters were evaluated using the follwing
statistical tests: coefficient of determination (R?), sum of squares error (SSE),
and root mean square error (RMSE). The selected kinetic model of the
transesterification reaction was the model with the lowest criteria value of SSE,
RMSE, and the highest value of R* (R? ~ 1).

R’ =1—E (12)
SST
SST is the sum squared total that was calculated with this equation.
SST =4 D" (Xpop = Xa) (13)
SSE =42 (Xup — X asan) (14)
1 N Y :
RMSE = [sz:l(xma ~X Aexp)} (15)
4 Results and Discussion

4.1 Ultrasound Effect in Kinetic Model

In order to evaluate the effect of ultrasound on biodiesel production, the
Arhenius equation was employed. Hence, the objective of the parameter
estimation was to find values of the activation energy (Ea) and the collision
frequency factor (A) that fit well to the experimental data.
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Table 3 shows the results of parameter estimation for different activation model
expressions. The frequency factor (A) was found to be constant (= 0.0011) and
it was not influenced by the ultrasound power level. The optimal value of Ea
was found by an expression of aP®? +c, which is indicated by its lowest value of
SSE and RMSE.

Table 3 Effect of Ultrasound Power on Activation Energy.

Ea=f(P) R2 SSE Ea=f (P) A#f(P) R2 SSE
a.P.exp (b) 0.9782  0.0097 aP%+c 0.0011 0.9787 0.0096
a.P%°.exp (b) 0.9008  0.0476 aPP+¢ 0.0011 0.9785 0.0097
a.P5.exp (b) 0.9008  0.0476 aP+c 0.0011 0.9783 0.0097
a.P+h.P+c 0.9008  0.0476 aPt2+¢ 0.0011 0.9784 0.0097
a.PL5+h.P+c 0.9009  0.0476 aP+c 0.0011 0.9784 0.0097
a. log (P)+ b 0.9009  0.0476 aPM+c 0.0011 0.9786 0.0096

4.2 Model Validation

Figure 3 shows the predictions of the kinetic model compared to the
experimental data with respect to the influence of temperature on conversion.
The model did not fit to the experimental data at a reaction time of 5 minutes
and temperatures of 35 and 45°C. This may be due to temperature fluctuation
occurring during the reaction. Nevertheless, the simulated distribution of
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Figure 3 Influence of temperature on transesterification kinetic model.



Kinetic Study on Biodiesel Production of Waste Cooking Oil 381

predicted points generally provided good agreement with the experimental data
points. The simulation result indicates that a low temperature leads to a lower
extent of conversion and when the temperature increases the conversion
increases up to certain limit. The increase of temperature from 35 to 45°C
results in an increase of conversion from 64% to 89%. However, increasing the
operation temperature can enhance the solubility of the methanol in the other
phase and also enhance the cavitation effects, leading to a higher conversion.

4.3 Influence of Ultrasound Power

Figure 4 depicts the model simulation and experimental data from Hingu, et al.
[1] with ultrasound power levels of 150, 200, and 250 Watt. It can be seen that
the model fits well to the experimental data except for an operation time of 5-10
minutes. At a power of 150 Watt, 66% conversion was achieved, while
increasing the power level up to 200 W increased the conversion up to 89%.
However, a further increase in power to 250 Watt did not provide a significant
increase of conversion. This can be due to the fact that at higher power levels,
usually a cushioning effect is observed, which results in a decreased transfer of
energy into the system and hence lower cavitation activity.
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Figure 4 Influence of ultrasound power on transesterification kinetic model.

Figure 4 also indicates that the proposed model of E, is influenced by the
ultrasound power level. The activation energy is the minimum kinetic energy
that must be possessed by a particle to produce an effective collision for
producing a chemical reaction. Ultrasound power can affect cavitation that
damages the wall or membrane of the particle that reacted, so the activation
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energy is lower. The lower activation energy will have the effect of facilitating
particle interactions.

Table 4 Constant VValues of Transesterification Reaction Rate for Temperature
and Ultrasound Power.

Temp. (mI¥ mmol®. min.)  Ultrasound (ml*/ mmol®.min)

(°C) ks ks (Watt) ky ks
35 00691  0.0271 150  0.0695 0.0303
45  0.0692  0.0301 200 0.0692 0.0301
55  0.0692  0.0333 250  0.0689 0.0300

Table 4 shows that calculation of the parameters for 35, 45, and 55 °C and 150,
200, and 250 Watt produces the same value for ky, but a slightly different value
for k,. This indicates that the rate of triglyceride conversion to methyl esters
(reaction to the right side) is the same at various temperatures but it has a
different rate of methyl ester reduction (reaction to the left side). This also
indicates that synthesis of biodiesel from waste cooking oil with a sonochemical
reactor is a reversible reaction. This is in disagreement with Vyas, et al. [19!
and Avramovic, et al. [27], who employed ultrasound but used a 1* and 2"
order irreversible kinetic model (Table 1).

4.4 Influence of Methanol to Oil Molar Ratio

Figure 5 shows the effect of molar ratio of reactant at 4:1, 5:1, 6:1, and 7:1. It
was observed that the conversion of experimental ME at the 10" and 15"
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Figure 5 Influencing of reactant ratio on transesterification kinetic model.
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minute for the 7:1 molar ratio did not match exactly with that of the model
simulation. This may be due to the temperature fluctuation that took place
during the reaction. It was also observed that with an increase in the molar ratio
from 4:1 to 7;1, the extent of conversion increased from 46% to 89%. This
result can be attributed to the higher cavitational intensity due to the presence of
the higher quantity of methanol in the system. Staravache, et al. [19] have
reported similar effects of using excess methanol leading to an enhanced
number of cavitation events and hence enhanced conversion of vegetable oil by
transesterification.

4.5 Influence of Catalyst Concentration

Figure 6 shows the effect of the catalyst concentration at 0.5%, 0.75%, 1%, and
1.25%. It can be seen that conversion of the experimental methy! ester at the 5™,
10™, and 15™ minute at 1% catalyst concentration did not match exactly with the
simulated curves. It can also be seen from the figure that an increase in the
catalyst concentration from 0.5 wt% to 1 wt% resulted in an increase in
conversion from 55% to 89%. Initially, an insufficient amount of KOH resulted
in incomplete conversion of triglycerides into esters, as indicated from its lower
ester content. However, above a catalyst concentration of 1%, a further increase
in the concentration of catalyst to 1.25 wt% resulted in a decrease in conversion
to 82%. The observed results can be attributed to side reactions like
saponification simultaneously occurring with the transesterification, which
reduces the conversion of triglycerides to esters.
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Figure 6 Influence of catalyst concentration on transesterification kinetic
model.
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Table 5 shows that the calculation of kinetic parameters for 4:1, 5:1, 6:1 and 7:1
molar ratio and 0.5%, 0.75%, 1%; and 1.25% catalyst concentration had the
same value for k; but a different value for k,. This indicates that the rate of
triglyceride reduction becoming methyl esters (production reaction) is the same
at various temperatures but has a different rate of methyl ester reduction.

Table 5 Constant Values of Transesterification Reaction Rate for Molar Ratio
and Catalyst Concentration.

Molar (ml® mmol®.min) Catalyst (ml® mmol®.min)

Ratio Ky K, Concentration Ky K,
4:1 0.0692 0.0301 0.5 wt% 0.0346 0.0151
5:1 0.0692 0.0301 0.75 wt% 0.0519 0.0226
6:1 0.0692 0.0301 1 wt% 0.0692 0.0301
7:1 0.0692 0.0301 1.25 wt% 0.0865 0.0377

4.6  Statistical Analysis

Table 6 shows the values of SSE, RMSE, and R? that were determined at
various temperatures and ultrasound power levels. In general, the product
distribution of the proposed model fits well to the experimental data; the values
of SSE, RMSE were close to 0 and the value of R? was close to 1. Hence, based
on the results shown in Table 6, the proposed model obtained best-fit values at a
reaction temperature of 55°C, followed by 45°C and 35°C. As for ultrasound
power, the proposed model obtained best-fit values at 150 W, followed by 250
W, and 200 W.

Table 6 Statistical Analysis of Kinetic Model on Temperature and Ultrasound
Power Parameters.

Parameters SSE RMSE R? Parameters SSE  RMSE R?
35°C 0.0237 0.4904 0.9309 150 Watt 0.0015 0.2538 0.9960
45°C 0.0096 0.4131 0.9849 200 Watt 0.0139 0.4480 0.9780
55°C 0.0058 0.3183 0.9883 250 Watt 0.0039 0.3045 0.9917

Table 7 Statistical Analysis of Kinetic Model on Molar Ratio and Catalyst
Concentration Parameters.

Parameters SSE ~ RMSE R? Parameters SSE ~ RMSE R?

4:1 0.0009 0.1575 0.9948 0.5 wt% 0.0008 0.0834 0.9971
51 0.0023 0.2381 0.9910 0.75 wt% 0.0028 0.2990 0.9936
6:1 0.0158 0.5795 0.9755 1 wt% 0.0138 0.5327 0.9786
71 0.0369 0.5480  0.9458 1.25 wt% 0.0019 0.3014  0.9965

Table 7 shows the values of SSE, RMSE, and R? that were determined at
different reactant molar ratios and catalyst concentrations. Hence, based on
Table 7, the proposed model’s best fit was at a reactant molar ratio of 4:1,
followed by 5:1, 6:1 and 7:1. As for the catalyst concentration, the proposed
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model had best-fit values at 0.5 wt%, followed by 1.25 wt%, 0.75 wt%, and 1
wit%. Overall, the optimum proposed model has the following expression:

0,2001P%° +1 2 _ . w2 _
r,= 0.0707C0ate RT CAO XAs (1 XA)(M XA) ZXA(l XA;)(M XAg)
X2

5 Conclusion

The kinetic of transesterification of used frying oil and methanol was modeled
by an analytical solution that relied heavily on the assumption of a 2™ order
reversible reaction. A model simulation of the reaction kinetics was conducted
and compared with experimental data taken from Hingu, et al. [1].

An excellent fit of the curve lines to the experimental data points indicates that
the proposed simulated kinetic model can be used to adequately describe
ultrasound assisted transesterification from waste cooking oil with a value of R?
> 0.9 and a value of RMSE < 1.

6 Nomenclature

AB,C,D component of triglyceride, methanol, methyl

ester and glycerol

a,b,c = constants in equation

C = concentration (mmol/ml)

Ceat = catalyst concentration % (w/w)

G = concentration of i component (mmol/ml)

Cie = concentration of i component in equilibrium  (mmol/ml)

Cio = initial concentration of i component (mmol/ml)

Ea = activation energy Joule

FAME = fatty acid methyl ester

K, = equilibrium constant

Ky = reaction rate constant (formation of FAME) (mI>.mmol®. min™)

k, = reaction rate constant (decomposition of (mlP.mmol®. min™)
FAME)

M = reactant molar ratio (Cgo/Cao)

MeOH = methanol

P = ultrasound power Watt

R = ideal gas law constant (1,98 cal/gmol.°K)

R? = coefficient of determination

RMSE = root mean square error

s = reaction rate

SSE = sum of squares error
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SST = sum of squares total

T = temperature K

TG = triglyceride

Xa = conversion of triglyceride

Xpe = conversion of triglyceride in equilibrium
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