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Abstract: Application of ultrasonic energy at 20 kHz transesterification of vegetable oil is reported. Effects of
5 important variables i.e. pulse on (s), pulse off (s), reaction time (min), power (%) and oil volume (ml) at a
constant alcohol to palm oil molar ratio (9:1) and initial reaction temperature of 35°C were studied. A central
composite design (CCD) based on response surface technology (RSM) was employed. The system reached its
steady state temperature within the first few minutes. Longer pulse on and lower the pulse off at 70% of the
maximum power of could bring the reaction to desired temperature for an oil volume of up to 60 ml. A model was
proposed based on heat capacity of reactants for conversion of ultrasonic into heat and the steady state
temperature of the system could be predicted. This model was tested with 5 types of vegetable oil including
used palm oil, canola oil, sunflower oil and corn oil to study the effect of specific heat capacity of the oil. Three
different types of catalyst i.e. BaO, SrO and CaO with varying heat capacities were also tested for verification
and the model showed good predictions with less than 5% errors.
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INTRODUCTION process can produce high methyl ester yield in just 1-4 h

Recently, the increasing demand on fossil fuels between 50-65°C [7, 9-10]. Lately, due to environmental
leading to the depletion of these resources has drawn the concerns, the interest in biodiesel production has been
attention of researchers for exploring other alternative shifting towards the use of heterogeneous catalysts. This
energy resources. With the current rate of crude oil is due to easier catalyst removal without the need for
consumption, the reserves could finish in less than 50 solvents, reusability of the catalyst and less corrosive
years [1]. The necessity of replacing conventional fossil character of heterogeneous catalysts [11]. However, it
fuels with an environmental friendly substitute to fulfill usually subject to low reaction rate as compared to
the increasing energy demand has been a great concern homogeneous ones. It is associated with their
[2-4]. Recently, fatty acid methyl esters derived from immiscibility so that the reaction between oil and alcohol
renewable sources or also known as biodiesel, has been in biodiesel production process can only occur at the
considered as an alternative fuel to be used in diesel interface of the two phases [6].
engines [5-6]. Biodiesel fuel is produced by The use of ultrasonic energy to accelerate biodiesel
transesterification of vegetable oils and animal fats. This production process has become an area of interest for
fuel is a biomass-based alternative to fossil fuels due to many researchers [12-15]. Conventionally, mechanical
its specifications [7]. The properties of biodiesel depend stirring or agitation is used to homogenize the reactants
very much on the nature of its raw material as well as the to enhance  interfacial  area  between  the  two  phases
technology or process used for its production [8]. [16-17]. In a conventional stirring reactor system to

Typically, catalysts used for production of biodiesel achieve high biodiesel yield (>90%), a temperature of 50-
are homogeneous based such as KOH and NaOH. This 65°C in the presence of catalyst at 0.5-3.0 wt.% and a

under atmospheric pressure with reaction temperatures
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reaction duration of longer than 2 h are required [4, 18]. transesterification process was supplied by Thermo
According to Kalva et al. [6], the reaction rate is very Fisher Scientific Inc. (USA), while, n-hexane was
dependent on the interfacial contact between the two purchased from Merck (Germany). References standards,
phases and also the generation of alcohol anions which such as methyl myristate, methyl palmitate, methyl oleate,
initiate the biodiesel production reactions. For the sake of methyl stearate and methyl linoleate were obtained from
better productivity and low operating costs, the duration NuChek Prep. Inc., Australia. All the chemicals used were
of heterogeneous biodiesel production process should be of analytical grade.
shortened. Optimization of process variables or the
catalyst is generally reported to improve the yield by Catalyst Preparation: The alkaline earth metal oxides i.e.
about 10-15%. In this respect, ultrasonic-assisted
biodiesel production process could intensify the process
so that 95% yield could be achieved in just 1 h which was
over 30% improvement as compared to that achieved with
mechanically stirred reactor system [19].

In biodiesel production process, ultrasonic energy is
beneficial in two means. First, it can produce a
homogeneous mixture in a very short time to
subsequently increase the biodiesel production yield.
Ultrasonic has been reported to show its effects on liquid-
liquid immiscible reaction systems through a phenomenon
called cavitation [10, 20-21]. The asymmetric collapse of
the cavitation bubbles disrupts the phase boundary and
impinging of the liquids creates micro jets, leading to
intensive mixing of the system near the phase boundary.
Secondly, the cavitation also leads to a localized increase
in temperature at the phase boundary, thus, further
enhances the transesterification reaction. Significant
temperature rise during an ultrasonic-assisted process has
been reported in our earlier report [19]. This phenomenon
led to the idea of replacing the conventional heat source
with the ultrasonic energy which is originally used for the
mixing purpose as reported earlier [19, 22].

In the present study, effects of ultrasonic energy by
considering 5 critical process variables in this reaction are
investigated using response surface methodology. The
model based on conversion of ultrasonic energy into heat
and its effect on biodiesel yield is proposed. The
reliability and robustness of the model is also tested using
different oils wit different heat capacities as well as
different catalysts that are generally used for the
production of biodiesel.

MATERIALS AND METHODS

Materials and Chemicals: Commercial cooking palm oil,
corn oil, canola oil, sunflower oil were purchased from a
local market in Penang and used without any further
purification. The used oil was collected from a restaurant
in Nibong Tebal, Penang. Methanol used for the

BaO, SrO and CaO were supplied by Sigma-Aldrich
Corporation (Missouri, USA). The catalysts were initially
dried at 120°C for 20 h and then calcinated in an oven at
500°C for 6 h with an increasing temperature rate of
5°C/min. Subsequently, it was cooled down to room
temperature in a desiccator prior to use [23]. The
calcinated catalysts were kept in a dry cabinet (50/60Hz,
25W) to avoid any physical or chemical changes prior to
use.

Reactor Setup and Process Conditions: The
transesterification reaction was carried out in a three-neck
glass batch reactor equipped with an ultrasonic
transducer and an ultrasonic probe, a condenser, a stirrer
and a thermocouple thermometer. Figure 1 shows the
schematic diagram of the ultrasonic-assisted biodiesel
production system. Ultrasonic-assisted reaction was
achieved by means of a Branson (USA) ultrasonic
processor that was capable of producing a frequency of
20 kHz with a maximum power of 200 W. The pulse
duration of the ultrasonic processor (s) was set at the
desired lengths between 1-9 s. Pulse on was the length of
time over which ultrasonic irradiated while pulse off was
the interval time between the pulse on. The glass reactor
vessel was placed in a water bath to control the initial
temperature at 35°C. The molar ratio of alcohol to oil was
initially kept constant at 9:1 for model development. The
ratio was changed from 6:1 to 12:1 in order to check the
reliability and robustness of the model developed in
different process conditions. The catalysts loading was
initially set at 1.0 wt.% and then varied up to 3.0 wt.% with
an interval of 1.0 wt.% to evaluate the wider applicability
of the model developed.

The catalyst was first dispersed in oil and placed in
the water bath to reach the desired initial temperatures.
Then, the required amount of methanol was added to the
mixture and the ultrasonification was immediately started.
Ultrasonic irradiation was introduced in an intermitted
mode with varying conditions. After the desired reaction
time,   excess  methanol  was  distilled  off  under  vacuum.
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Fig. 1: Schematic diagram of the reactor set up for ultrasonic-assisted biodiesel production process. 

Table 1: Actual values and ranges of variables in the experimental design

Coded levels of variables
---------------------------------------------------------------------------------------------------------------------
-1.00 -0.5 0 +0.5 +1.00

Pulse on, s P 1 3 5 7 9i

Pulse off, s P 1 3 5 7 9o

Reaction time, min t 10 20 30 40 50R

Input power, watt W 40 65 90 115 140
Oil weight, g m 30 37.5 45 52.5 60oil

The mixture was then centrifuged in an Eppendorf at center points were set. The ranges and the designed
centrifuge at 2,500 rpm for 20 min. After removing the levels of the variables investigated in this study are
glycerol layer, the biodiesel layer was collected for summarized in Table 1. The final temperature was taken as
chromatographic analysis. All experiments were carried the response of the experimental design. The reduced 2FI
out at atmospheric pressure. equation model for predicting the desired point is

Product Analysis: Reference materials and samples were
analyzed using a Perkin-Elmer Series Clarus 500 gas (1)
chromatograph (GC) that was controlled by a PC with a
software package (Perkin-Elmer Turbochrom Navigator). Where, Y is the response (dependent variables), is the
The GC was equipped with a capillary column (Nucol, 50m constant coefficient,  and are coefficients for the
x 50µm) supplied by Supelco-Sigma Aldrich. Helium was linear, quadratic and interaction effects, respectively while
used as the carrier gas. The injector temperature was kept x and x are factors (independent variables) and å is the
at 220°C while the detector temperature was set at 250°C. error. Design Expert (Version 6.0.7, StatEase, Inc., USA)
The analysis of biodiesel for each reaction mixture was was used for regression and graphical analyses of the
carried out by dissolving 50 µl of diluted sample (biodiesel data obtained. The variability in dependent variables was
sample in n-hexane) into 50 µl of internal standard explained by the multiple coefficients of determination, R ,
solution (concentration = 2g/l) and 1 µl of this mixture was while the model equation was used to predict the optimum
injected into the GC. values [24].

Application of Response Surface Methodology: The Evaluation   of   the   Model:   The   model  developed
model development was carried out by five chosen based on experimental data for palm oil was evaluated at
independent process variables using 2  factorial known  predicted  conditions  with  different  vegetable5

experiments design according to the Central Composite oils  i.e.  corn,  canola,  sunflower  and  used  palm  oils
Design (CCD). 10 star points ( =0.5) and eight replicates and   with   different   catalysts   i.e.  BaO,  SrO  and  CaO.

expressed by Equation 1.

0

i ij

i j

2
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The specific heat capacity (C ) of the used oil wasp

obtained using differential scanning calorimeter (DSC 6,
USA). The error was calculated between the actual data
collected and the predicted data derived by the model in
order to assess the reliability of the model.

RESULTS AND DISCUSSION

Process Behaviors: As a preliminary work, the reaction
time was varied within a range from 10 min to 60 min for
ultrasonic and non ultrasonic conditions using 3 different
types of catalyst. The reaction temperature was controlled
a 65°C by means of a water bath. The experimental results
for ultrasonic cavitation (UC) and magnetic stirring (MS)
systems are presented in Figure 2. In the
transesterification of palm oil by means of magnetic
stirring, an upward trend for all the catalysts with an
increase in the reaction time was noticed. In the first 30
min, relatively rapid increase in the yield was observed for
all except for CaO-MS system. At longer time, only
gradual increase in yield was observed, attributed to high
concentration of methyl ester in the reaction vessel to
promote reverse reaction [16]. BaO-MS system achieved
the highest yield of nearly 70% in 60 min while it was
about 20% lower for the SrO-MS. Poor results with CaO
suggested that it was not a suitable catalyst for this
reaction despite  satisfactorily  result  reported  recently
[4, 25]. Basic strength was deemed to be mainly
responsible for the catalytic activities. BaO has the
highest basic strength among the alkaline earth metal
oxides while CaO has a moderate basic strength [25].

CaO catalyst has been reported to achieve 30% of
biodiesel yield in 5 h [16]. In this study, almost the same
yield was achieved in just 30 min when ultrasonic was
used. Meanwhile, BaO-US system could achieve about
80% of biodiesel yield at the same time. The same yield
could not be achieved even in 60 min with the
magnetically stirred system. This result suggested that
the reaction time was cut short significantly when
ultrasonic energy was used. With the ultrasonic-assisted
system, the improvements achieved by each of the
catalyst after 60 min were about 70% for CaO, 95% for SrO
and BaO catalysts. No significant difference was
observed in the biodiesel yield by BaO-UC and SrO-UC
systems in 60 min due to lower concentration of reactants
in the vessel and accelerated reverse reaction at such a
high yield (high methyl ester concentration).

As a general conclusion, there was a significant
increase of biodiesel yield for all catalysts in the
ultrasonic-assisted   reactor.   Therefore,  certain  level   of

Fig. 2: Effects of reaction time on biodiesel yield.
(Conditions: Catalyst/oil mass ratio 3%,
methanol/oil molar ratio 9:1 and ultrasonic power
50% for the ultrasonic-assisted process).

biodiesel yield was achievable at a much shorter reaction
time. The magnitude of the improvement was higher at
lower yields. At longer reaction time, the promotion of
reverse reaction rendered the slower increase in yield with
time. The promotional effect by ultrasonic energy was
ascribed to the increase in interfacial area and activity of
the microscopic and macroscopic bubbles formed when
ultrasonic waves were applied to the three-phase reaction
system [27].

Response Surface Methodology: Without temperature
control using water bath, the reaction temperature could
increase during ultrasonic irradiation. A series of
experiments were carried out in order to predict the final
(steady state) temperature of a transesterification system
under various conditions. RSM was employed in this
study in order to systematically predict the final
temperature (T ) of the transesterification process2

assisted by ultrasonic energy. Table 2 summarizes the
values of each point used for the experimental design for
temperature of the reaction. By using actual values for the
parameters, F2I regression model was developed by the
software to be used for prediction of final temperature by
the ultrasonic as presented in Equation (2).

         T =+44.32436-0.97515P -2 i

1.37816P +0.068462t +0.083344W-o R

0.11691m +0.056641P ×P +0.032812P ×m -Oil i o i Oil

5.46875E-003P ×W+0.020312P ×m (2)o o Oil

The model equation indicates that interaction
between terms P  and T  and also the interaction betweeni R

terms  P   and  W  were  not  significant  and were reducedi



World Appl. Sci. J., 12 (9): 1549-1557, 2011

1553

Table 2: Experimental matrix for central composition design of temperature rise

Final Temperature, T2

-------------------------------
Run Pulse on, P  (s) Pulse off, P , (S) Reaction time, T , (min) Power, W Oil Amount, M , (g) Actual Model Errori o R oil

1 1 1 10 40 30 44 43.91 0.196
2 9 1 10 40 30 45 44.44 1.259
3 1 9 10 40 30 36 36.47 1.279
4 9 9 10 40 30 41 40.62 0.940
5 1 1 50 40 30 46 46.65 1.398
6 9 1 50 40 30 46 47.18 2.499
7 1 9 50 40 30 39 39.20 0.523
8 9 9 50 40 30 44 43.36 1.484
9 1 1 10 140 30 53 51.70 2.512
10 9 1 10 140 30 51 52.23 2.351
11 1 9 10 140 30 40 39.88 0.303
12 9 9 10 140 30 43 44.03 2.341
13 1 1 50 140 30 55 54.44 1.029
14 9 1 50 140 30 56 54.97 1.880
15 1 9 50 140 30 42 42.62 1.449
16 9 9 50 140 30 48 46.77 2.631
17 1 1 10 40 60 43 42.00 2.381
18 9 1 10 40 60 52 50.40 3.171
19 1 9 10 40 60 39 39.43 1.085
20 9 9 10 40 60 52 51.45 1.060
21 1 1 50 40 60 44 44.74 1.651
22 9 1 50 40 60 53 53.14 0.264
23 1 9 50 40 60 43 42.17 1.977
24 9 9 50 40 60 53 54.19 2.201
25 1 1 10 140 60 49 49.79 1.582
26 9 1 10 140 60 57 58.19 2.044
27 1 9 10 140 60 44 42.84 2.707
28 9 9 10 140 60 54 54.87 1.580
29 1 1 50 140 60 52 52.53 1.002
30 9 1 50 140 60 62 60.93 1.760
31 1 9 50 140 60 45 45.58 1.270
32 9 9 50 140 60 58 57.61 0.685
33 3 5 30 90 45 46 46.19 0.412
34 7 5 30 90 45 48 49.33 2.694
35 5 3 30 90 45 48 49.11 2.252
36 5 7 30 90 45 47 46.41 1.264
37 5 5 20 90 45 47 47.08 0.159
38 5 5 40 90 45 50 48.44 3.211
39 5 5 30 65 45 46 46.36 0.776
40 5 5 30 115 45 50 49.16 1.709
41 5 5 30 90 37.5 47 46.64 0.762
42 5 5 30 90 52.5 50 48.87 2.302
43 5 5 30 90 45 48 47.76 0.503
44 5 5 30 90 45 47 47.76 1.591
45 5 5 30 90 45 47 47.76 1.591
46 5 5 30 90 45 46 47.76 3.684
47 5 5 30 90 45 48 47.76 0.503
48 5 5 30 90 45 49 47.76 2.597
49 5 5 30 90 45 47 47.76 1.591
50 5 5 30 90 45 48 47.76 0.503
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Table 3: Analysis of variance for the 2FI model established for temperature prediction of ultrasonic-assisted biodiesel production process

Source Sum of squares DF Mean square F value Prob.> Fa

Yield ,% Model 1269.287 9 141.0318 149.11 < 0.0001(CaO)

Residual 37.83346 40 0.945837

Lack of Fit 31.83346 33 0.96465 1.13 0.4736

Pure Error 6 7 0.857143

Cor Total 1307.12 49

R  = 0.9711, CV  = 2.04%2 b

DF = Degree of freedoma

CV=Coefficient of variationb

from the model for the prediction of final temperature. The Calculation  of  Ultrasonic  Energy:  Specific  heat
terms pulse off (P ) and reaction time (t ) were, in fact, also capacity   is   the   amount   of   heat   required   to  changeo R

not so dominant and was therefore reduced from the a  unit  mass  of  a  substance  by  one  degree in
equation. All the interactions between terms reaction time, temperature. The heat supplied to a unit mass can be
(t ), power (W/h) and oil weight (m ) were removed from expressed as:R oil

the equation due to the relative insignificancy of them.
The significance of each coefficient in Equation (2) Q = mc (T  – T ) (3)

was determined using a Student t-test and P values as
suggested by Jang et al. [28]. It should be noted that as Where,  Q  is  the amount of energy (J) given to the
the temperature rise  occurred  in  the  first  few  minutes system,  m  represents  the  weight  of  the  system  (g)
(< 5 min) and longer the reaction time did not have much and, T  and T  represent the initial and final temperature
influence on the temperature. By removing the term of the system (°C). The transesterification system
reaction time from the model and only measuring the consists  of  3  substances  at the beginning of the
steady state final temperature, a coefficient of reaction  including,  oil,  alcohol  and  a   solid  catalyst.
determination, R  of 0.9244 was achieved. Comparing the For this system, palm oil was used as the vegetable oil2

results obtained including the reaction time, errors of less while methanol and BaO were used as the alcohol and
than 5% were noticed between the predicted and actual catalyst, respectively. In order to find out the energy
values. The comparison between experimentally observed dissipated to the system to heat up the reactor, the energy
and predicted data showed good agreement for the given to all these substances should be considered. Also,
predicted temperature. there would be some heat transfer between the reactor

The analysis of variance (ANOVA) for temperature and the environment. However, due to short time needed
model used to estimate the response as a function of five to reach steady state, it could be neglected in these
variables is presented in Table 3. The regression was calculations. Thus, due to the above assumptions and by
found to be highly significant at 99% confidence level for considering Eq. 3, the energy can be calculated using
the model. The coefficient of determination (R ) was found Equation (4).2

to be 0.9711 and a temperature rise was suggested by the
variation in the model variables. The model F value of  Q = m C (T  + T ) + m C  (T  + T ) + m (T  + T )(4)
149.11 indicated that the model was significant and there
was only a 0.01% chance that a model F value could occur and further,
due to noise as discussed by Zulkali et al. [29].

The ‘Lack of Fit F-value’ of 1.13 implies that it was Q = (m C  + m C  + m C ) × (T  – T ) (5)
not significant relative to the pure error. There was a
47.4% chance that a "Lack of Fit F-value" this large could As the weight of alcohol used is a function of oil
occur due to noise. Non-significant lack of fit was weight by means of molar ratio,
considered good. The significance of the model terms are
proven by the small value of Prob.>F (less than 0.05). The
non-significant value of lack of fit above 0.05 for all the (6)
models suggested that the 2FI model was valid for the
present study. Thus, model equation was successfully Where, R is the ratio of alcohol to oil and Mw is the
formed to predict the output temperature. molecular weight of each substance

p 2 1

1 2

oil poil 2 1 A/c pA/c 2 1 Cal 2 1

oil poil A/c pAlc Cat pCat 2 1
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m  = m  × d (7) By employing the design of experiments (DOE) usingCat oil

in which, d represents the weight percent of the catalyst. developed for the prediction of T  as a function of 5
By replacing Equations (6) and (7) into Equation (5), independent variables. This model was developed by the

loading and methanol to oil ration of 9:1 with an initial

(8)

As the energy equation under these conditions is conditions. The results and the predicted data are
acceptable for the initial temperature of 35°C, the term for tabulated in Table 4. For predicting the final temperature,
initial temperature has been replaced by the actual value. the amount of energy was initially calculated based on

results for the final temperature in Table 4 showed great

(9) conditions, by keeping all  the  terms  related  to  palm  oil

response surface methodology, an equation was
2

software based on experimental data with 1.0% of catalyst

temperature (T ) of 35°C (Equation 2).1

Validation of the Model: In order to validate the model,
different types of oil and catalyst were tested in different

experimental data and physical properties of palm oil. The

agreement with the predicted data. At each varying

Table 4: Predicted versus actual temperatures of the reaction using different oils and catalysts
Pulse Pulse Reaction power, Oil weight, Palm oil Final Temperature
on, P off, P time, T W/h m ------------------------------------------- --------------------------%i o R oil

Actual Temp., T Energy, J/h predicted Actual Error,
SrO Corn oil 1 1 10 40 30 44 775.47 43.668 44 0.75

5 5 30 90 45 48 1680.19 47.520 47 1.11
9 9 50 140 60 58 3963.52 57.152 58 1.46

Canola oil 1 1 10 40 30 44 775.47 44.031 44 0.07
5 5 30 90 45 48 1680.19 48.045 48 0.09
9 9 50 140 60 58 3963.52 58.080 58 0.14

Sunflower oil 1 1 10 40 30 44 775.47 43.786 43 1.83
5 5 30 90 45 48 1680.19 47.691 48 0.64
9 9 50 140 60 58 3963.52 57.453 58 0.94

Used palm oil 1 1 10 40 30 44 775.47 43.846 45 2.56
5 5 30 90 45 48 1680.19 47.778 48 0.46
9 9 50 140 60 58 3963.52 57.606 58 0.68

BaO Corn oil 1 1 10 40 30 44 775.47 43.671 44 0.75
5 5 30 90 45 48 1680.19 47.520 47 1.11
9 9 50 140 60 59 4135.84 58.115 59 1.50

Canola oil 1 1 10 40 30 44 775.47 43.668 44 0.75
5 5 30 90 45 48 1680.19 47.520 48 1.00
9 9 50 140 60 59 4135.84 58.115 56 3.78

sunflower oil 1 1 10 40 30 44 775.47 43.668 44 0.75
5 5 30 90 45 48 1680.19 47.520 47 1.11
9 9 50 140 60 59 4135.84 58.115 57 1.96

Used palm oil 1 1 10 40 30 44 775.47 43.668 45 2.96
5 5 30 90 45 48 1680.19 47.520 48 1.00
9 9 50 140 60 59 4135.84 58.115 58 0.20

CaO Corn oil 1 1 10 40 30 45 861.63 44.621 43 3.77
5 5 30 90 45 49 1809.43 48.469 47 3.13
9 9 50 140 60 59 4135.84 58.090 58 0.15

Canola oil 1 1 10 40 30 45 861.63 45.024 44 2.33
5 5 30 90 45 49 1809.43 49.033 48 2.15
9 9 50 140 60 59 4135.84 59.057 57 3.61

Sunflower oil 1 1 10 40 30 45 861.63 44.621 44 1.41
5 5 30 90 45 49 1809.43 48.469 47 3.13
9 9 50 140 60 59 4135.84 58.090 58 0.15

Used palm oil 1 1 10 40 30 45 861.63 44.621 45 0.84
5 5 30 90 45 49 1809.43 48.469 48 0.98
9 9 50 140 60 59 4135.84 58.090 59 1.54



World Appl. Sci. J., 12 (9): 1549-1557, 2011

1556

Table 5: Error calculation based on varying ranges of physical properties of the transesterification system while other parameters are kept constant at their mean
value of the range studied

Range
----------------------------------------

Parameter Min Max Q Q Error,%min max

Alcohol to oil ratio 6 12 1516.721 1879.546 19.30
Catalyst loading,%w/w 0.5 3 1694.186 1702.081 0.46
C  Oil 1.9 2.1 1640.715 1755.552 6.54p

C  Cat 0.2 0.9 1694.617 1701.651 0.41p

constant and using the final observed temperature, the CONCLUSIONS
energy at each point was calculated using Equation 9. The
results of Q show the amount of energy dissipated to the
system at each varying point to reach the desired
temperature change. Then, this calculated energy and the
physical properties of oil and catalyst were used to
predict the final temperature at each point using Equation
9. The results were then compared to that of experimental
data. The energy loss to the environment was neglected
as similar experimental conditions used throughout the
study.

The results showed great agreement between the
predicted and actual data using different oils and
catalysts with errors of smaller than 4%. This showed that
this model could be sufficiently reliable in predicting the
final temperature of the transesterification systems
assisted by ultrasonic energy under different conditions.
The most promising parameter in the model which directly
affected the energy required was the specific heat
capacity. The heat capacity of methanol is reported to be
2.532 J/gK [26] while the oils used in this study were
reported to have specific heat capacities varying from 1.89
J/gK to 2.0 J/gK in a temperature range of 308-343 K under
atmospheric pressure [30-32]. The specific heat capacities
were reported to be 0.308, 0.427 and 0.752 for BaO, SrO
CaO catalysts, respectively at 300 K and atmospheric
pressure [26]. In order to check for the capability and
robustness of the model for different C  values, errorsp

were calculated by replacing a wider range of C  values inp

the model. The maximum errors for each physical
parameter were within a wider range of C  values while thep

other parameters were kept constant at the mean point of
the range as summarized in Table 5.

The results show that for all parameters, this model
was applicable, except for the alcohol to oil ratio. The
alcohol to oil ratio should be a factor which could cause
significant error in the prediction of the final temperature
which should be considered in actual situation to reduce
the error. It was attributed to significant difference in the
specific heat capacity between the two reactants. The
methanol heat capacity was not used into this calculation
as it remained virtually constant in the transesterification
process.

In this study, ultrasonic energy was successfully
used to replace the conventional heat source for biodiesel
production while at the same time provided mixing effect.
The results were statistically evaluated using Design
Expert software to predict the steady state temperature of
the reaction based on 5 independent variables. A model
based on heat capacities of the substances was
successfully developed to predict the temperature
behavior. It was found that low energy ultrasonic
irradiation could be used as the heat source so that the
need for conventional heating sources could be
eliminated. The model could satisfactorily predict the
steady state temperature of different vegetable oil
systems with errors of less than 5%.
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