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This study demonstrates the potential of Na-silica waste sponge as a source of low cost catalyst in the
transesterification of waste cooking oil aided by ultrasound. In this work an environmentally friendly
and efficient transesterification process using Na-loaded SiO2 from waste sponge skeletons as a solid cat-
alyst is presented. The results showed that the methyl esters content of 98.4 ± 0.4 wt.% was obtainable in
less than an hour (h) of reaction time at 55 �C. Optimization of reaction parameters revealed that MeO-
H:oil, 9:1; catalyst, 3 wt.% and reaction duration of 30 min as optimum reaction conditions. The catalyst is
able to tolerant free fatty acid and moisture content up to 6% and 8%, respectively. In addition, the catalyst
can be reused for seven cycles while maintaining the methyl esters content at 86.3%. Ultrasound
undoubtedly assisted in achieving this remarkable result in less than 1 h reaction time. For the kinetics
study at 50–60 �C, a pseudo first order model was proposed, and the activation energy of the reaction is
determined as 33.45 kJ/mol using Arrhenius equation.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Concerns about the depleting of the fossil fuel and the demand
for fossil fuel have attracted attentions for new and renewable
energy such as biodiesel. Producing biodiesel from low cost feed-
stock and a catalyst from waste source is one of the ways to reduce
the production cost. Annually, the EU recorded 0.7–1.0 MT of waste
oil, Turkey 0.35 MT and Canada 0.12 MT, in addition to those
uncollected oils, which goes as waste trough into soil and water
[1]. Waste cooking oil (WCO) is one of the low cost feedstock [2],
readily available, and the utilization offers benefits on environ-
mental conservation. Unfortunately, waste oil contains high free
fatty acid (FFA) and moisture. Therefore, a two-step transesterifica-
tion process (acid esterification followed by base transesterifica-
tion, e.g. ferric sulphate–potassium hydroxide) was developed to
remove the high FFA content and to improve the biodiesel yield.
The disadvantages of this process are that it is more costly, because
of the use of an extra catalyst, high energy-intensive nature of the
process, longer reaction time and lower catalyst recovery [3,4].
Recently, the production of biodiesel using heterogeneous base
catalyst has become more favorable compared to biocatalyst and
ready to be scaled up to an industrial level. Therefore, a process
using heterogeneous catalysts has been developed for environ-
mental benefits and reduction on production cost. Many types of
heterogeneous catalysts, such as CaO from mud crab shells and
cockle shells [5], mix-metal oxide [6], and metal supported in
matrix (MSM) [7] have been studied in the literature. MSM, as a
catalyst, is an interesting area for the researcher owing to its
advantages of reproducibility and long lasting catalyst usage. Sev-
eral studies on the usage of silica as precursor/support in heteroge-
neous base catalyst for biodiesel production are published [7,8].
Castro et al. [9] loaded Li on four supports (SiO2, MgO, Al2O3, and
Mg(Al)O) and they concluded that Li impregnation onto Mg(Al)O
as the most active catalyst and generate higher conversion. Kumar
et al. [10] successfully converted Jatropha curcas oil using Na/SiO2

and ultrasonication at reduced reaction time comparing to the con-
ventional batch processes with 98.53% biodiesel yield. Guo et al.
[11] soybean oil using calcined sodium silicate at 400 �C with
96% yield while the catalyst is reused for five times. The utilization
of catalyst from waste sources could also counter the environmen-
tal damage, highly effective, and cost effective. Among the catalysts
that have been studied so far, impregnation metal onto silica as a
support promising for the transesterification reaction.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ultsonch.2014.04.011&domain=pdf
http://dx.doi.org/10.1016/j.ultsonch.2014.04.011
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The current work focuses on production of biodiesel using ultra-
sound as an eco-extraction process. Ultrasound-aided transesterifi-
cation is reported previously in the production of biodiesel using
vegetable oil, WCO and spent bleaching clay [12–14] as feedstock.
The use of ultrasound promises simpler process with higher prod-
uct purity and the process can be completed in shorter reaction
time as well as reducing the amount of solvent being used as com-
pared to the conventional extraction methods and with lower
energy consumption. According to Gude et al. [15], transesterifica-
tion using a hot plate requires much more energy than ultrasonic
process. The reduction of energy consumption is one of the
advantages of ultrasound technique in ME production. This study
demonstrates the potential of Na-waste marine sponge as a low
cost source of catalyst in a transesterification reaction aided by
ultrasound. Waste marine sponge skeletons are high in natural sil-
ica [16] and can be found at seaside area easily; unfortunately with
no or less application. To validate the characteristic of this new
catalyst, kinetic study is performed to predict the extent of the
reaction at any time under particular conditions. Many of such
kinetic study were done with basic homogeneous transesterifica-
tion in the methanol/oil system using conventional method
[17,18]. To the best of our knowledge, there is no published report
on kinetics of Na-loaded waste marine sponge as a solid catalyst in
transesterification using ultrasound as compared to mechanical
stirring as a control. The reaction rates at different temperatures
were determined, and the activation energy was established.
Several parameters were investigated including catalyst amount,
reaction time, tolerant toward FFA, moisture/water content and
reusability of the catalyst.
2. Experimental and mathematical modeling

2.1. Materials

The WCO was collected from local hawker in Gambang, Malay-
sia (acid value was found to be 3.54 ± 0.05 mg KOH/g, equivalent to
1.77% FFA (as oleic acid) and 0.28% ± 0.04 of moisture content).
Waste sponge (WS) was collected from Tanjung Lumpur shore in
Kuantan, Malaysia, and were cut into small pieces (0.5–1.0 cm3),
cleaned with water several times and air-dried for 24 h. The WS
fragment was then calcined at 500 �C in air, the calcined WS is
labeled as silica waste sponge (SWS). The chemicals purchased
from Sigma–Aldrich (Switzerland) include sodium hydroxide (ana-
lytical grades), phenolphthalein (H_ = 8.2), 2,4-dinitroaniline
(H_ = 15.0) and 4-nitroaniline (H_ = 18.4), and methyl heptadecan-
oate (as an internal standard) GC grades (>99.1%). Methanol (anhy-
drous, P99.8%), and hexane (anhydrous, P99.8%) were purchased
from Hamburg (Germany).

2.2. Preparation of catalyst (silica waste sponge with sodium)

Silica waste sponge with sodium (SWSS) was prepared using
impregnation method. SWS was suspended in water in the first
step. An aqueous solution of sodium hydroxide was then slowly
added to the suspension. All reactions were performed at Na+:Si
molar ratio of 2:1. The mixture obtained was then stirred and
heated at 90 �C for 2 h. Lastly, the mixture was dehydrated at
200 �C for 30 min, and then calcined at 500 �C for 3 h.

2.3. Material characterization

The SWS and SWSS were identified by X-ray diffraction (Rigaku)
with Cu Ka X-ray as a source. FTIR (PerkinElmer Spectrum 100)
spectrophotometer was used to characterize the chemical struc-
ture of catalyst and support at 400–4000 cm�1 range. The catalyst
was examined by thermogravimetric analysis (TGA) using Mettler
Toledo TGA instrument, from 25 to 900 �C with 10 �C heating rate.
Surface analysis of the catalyst was examined by using Micromer-
itics ASAP 2000. Prior to the analysis, all the samples were
degassed at 105 �C and the adsorption of N2 was measured at
�196 �C. The size and morphology of the catalyst were observed
by FE-SEM (JSM-7800F). The basicity of catalyst (H_) was deter-
mined by using Hammett indicators. The following Hammett indi-
cators were used: phenolphthalein (H_ = 8.2), 2,4-dinitroaniline
(H_ = 15.0) and 4-nitroaniline (H_ = 18.4). About 5.0 mL of a
solution of Hammett indicator diluted with methanol and mixed
with 25 mg of catalyst, and left to equilibrate for 2 h. After the
equilibration, the color change of the solution was noted.

2.4. Experimental setup

The transesterification reaction was carried out in a 250 ml two
neck round-bottom glass flask equipped with a condenser to
reduce the loses of methanol due to the evaporation and thermo-
couple thermometer. The ultrasonic reaction was performed using
Branson (USA) ultrasonic bath (42 kHz) with the power dissipation
100 W and the exact power dissipation at 40 W determined calori-
metrically [19–21]. The bath was filled with distilled water up to 1/
3 of its volume. The temperature was controlled and maintained at
desired level (±0.1 �C) by water circulating from a thermostated
bath by means of a pump. A constituent of 50 ml oil [22] with
desired amount of catalyst and methanol, was immersed in an
ultrasound (US) waterbath. The effect of catalyst amount
(0–9 wt.%), reaction duration (0–80 min), addition of water
(0–17%) and FFA (0–9%, oleic acid) on the conversion of triglycer-
ides to biodiesel were investigated, with the temperature ranging
from 50 to 60 �C. The conversion of WCO to methyl esters (ME)
by mechanical stirring (MS) was performed in a 250 ml 2-neck
round bottom flask equipped with a reflux condenser and magnetic
stirrer at 300 rpm. The transesterification reaction between oil and
methanol was carried out in liquid phase under atmospheric pres-
sure, at temperature ranging from 50 to 60 �C with continuous stir-
ring. After the transesterification, the reaction mixture was
allowed to cool. Then, to further separate the product (ME and
glycerol) and the catalyst centrifugation at 4000 rpm for 5 min
was performed. The excess methanol was evaporated before the
chromatographic analysis.The reaction was carried out three times
in order to reflect the precision and errors of the results.

2.5. Analysis

The concentration of ME in the sample was determined by fol-
lowing the European regulation procedure EN 14103. In this study,
GC–MS (Agilent Technologies,7890A GC-System) with capillary
column DB-wax (length 30 � diameter 0.25 mm � film thickness
0.25 lm) using methyl heptadecanoate as an internal standard.
Helium was used as a carrier gas with a linear velocity of 40 cm/
s. The oven temperature was programmed at 190 �C, held for
2 min, then ramped at 10 �C per min until it reached 230 �C, and
with a final hold time of 8 min. The sample volume of 0.6 lL was
injected into GC. The peaks of ME were identified by comparing
them with their respective ME standards and the ME content
was quantified using the following formula:

ME content ð%Þ ¼ ð
P

AÞ � AISTD

AISTD
� CISTD � V ISTD

m
� 100

Where
RA = total peak area of ME from C12:0 to C18:1
AISTD = peak area of methyl heptadecanoate
CISTD = concentration, in mg/mL, of the methyl heptadecanoate

solution
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VISTD = volume, in mL, of the methyl heptadecanoate solution
m = mass, in mg, of the sample
The concentration of methyl heptadecanoate solution (CISTD) is

at 10 mg/ml (in heptane) whereas the volume (VISTD) is at 0.5 ml.
In order to examine the potential of catalytic reutilization, a

used catalyst was subjected for subsequent reactions. For the
purpose, the used solid catalyst that recovered by centrifugation
was then regenerated by washing with methanol and then with
n-hexane. The dried used catalyst was directly used as a catalyst
for the repeated reactions. The final product was tested for viscos-
ity, acid number, free fatty acid (FFA) and density following the EN
14214 method.

2.6. Determination of transesterification kinetics

Generally, ME can be produced from transesterification reaction
of triglyceride (TG) (the main component of vegetable oils or ani-
mal fats) with short chain alcohol (mainly methanol) and with
the presence of catalyst. In general, the overall transesterification
reaction stoichiometrically can be written as:

Aþ 3B�
k2

k1

Cþ 3D

where A is the waste cooking oil; B is the methanol; C is the glycerol
and D is the ME.

The rate determination step in transesterification reaction starts
with the attacks on the carbonyl carbon atom of TG, diglyceride
(DG), and monoglyceride (MG) molecules by methoxide ions
(CH3O�). The elementary reaction step is methanol (B) adsorbed
on the active site of catalyst. The base catalyst can drive the reac-
tion with a shorter reaction time because of the cation that is very
reactive to drive methanol to form the active species (CH3O�).
Then, the nucleophilic attack of CH3O� on the carbonyl carbon of
triglyceride (A) forms a tetrahedral intermediate structure (one
ME and diglyceride). Afterwards, the protons from the cation were
transferred to diglyceride anions to generate diglyceride. The rear-
rangement of the structure (diglyceride further reacted with meth-
anol to generate monoglyceride, then monoglyceride reacted with
adsorbed methanol) resulted in the formation of ME (D) and glyc-
erol (C) [23]. It was reported by Noureddini et al. [18], from the rate
determination step of the transesterification reaction, it shows that
the reaction of TG with alcohol was slower than those of di- and
monoglyceride. In their studies the k1 values were lower than
others. The subsequent reactions with di- and monoglyceride are
faster, until equilibrium is achieved.

The schematic in the transesterification reaction of the overall
transesterification reaction as shown above requires three moles
of methanol to react with one mole of oil. Transesterification reac-
tion is reversible, so if alcohol is in excess, it can drive the equilib-
rium towards the formation of esters. The kinetic equation for the
transesterification reaction is:

r ¼ � d½A�
dt
¼ k1½A�½B�3 � k2½C�½D�3 ð1Þ

As methanol is normally used in excess, therefore, the reverse
reaction can be ignored and the reaction rate is zero at the start
(t = 0). The conversion of TG follows the pseudo-first order reaction
kinetic and, the mass balance for the oil can be written as follows:

r ¼ � d½A�
dt
¼ k½A� ð2Þ

d½A�
½A� ¼ �kdt ð3Þ

k = pseudo-first order reaction constant, where, t is the time (min),
[A0] is the concentration of WCO in the first reaction and x is the
total conversion, the reaction equation may be written as:
d½A0�ð1� xÞ
½A0�ð1� xÞ ¼ �kdt ð4Þ

Z x

0

d½A0�ð1� xÞ
½A0�ð1� xÞ ¼

Z t

0
�kdt ð5Þ

ln ½A0�ð1� xÞjx0 ¼ �ktjt0 ð6Þ

ln ½A0�ð1� xÞ � ln ½A0� ¼ �kt þ 0 ð7Þ

ln
½A0�ð1� xÞ
½A0�

¼ �kt ð8Þ

ln ð1� xÞ ¼ �kt

k ¼ � ln ð1� xÞ
t

ð9Þ

The rate constant (k) can be determined based on the decreased
amount of one reactant e.g. WCO or it could be based on the
increased amount of the ME that occurs at reaction time interval
[24]. From the Eq. (9), x is the ME content, t is the reaction dura-
tion, and the rate constant can be readily obtained from the slope
of –ln(1 � x) vs. t.

3. Results and discussion

3.1. Characterization of catalyst

The FTIR spectra of silica waste sponge without sodium (SWS)
and silica waste sponge with sodium (SWSS) are shown in Fig. 1.
The typical one, with the broadband at about 3410–3470 cm�1 is
due to the stretching vibration of the O–H bond from the silanol
groups (Si–OH) and is due to the adsorbed water molecules on
the silica surface, the band at 1654 cm�1 is due to bending H–OH
bond of adsorbed water molecules. The sharp peaks (Fig. 1a and
b) 1020–1100 cm�1 are Si–O–Si bending. The bands (Fig. 1a) at
786 and 973 cm�1 are attributed to symmetric O–Si–O stretching
and Si–O bending, respectively. Fig. 1b shows, the characteristic
absorption peaks at 503–687 cm�1 are attributed to the vibration
of the Na+–O bond structure, and the characteristic absorption
band from deformation of Na+OH become Si–O–Na+ are shown at
865 and bands at 1440 cm�1 is attributed to Si–O–Si stretching.
Summarizing the FTIR results, it can be concluded that the sodium
on silica waste sponge was successfully bound.

The powder XRD pattern of SWS and SWSS are shown in Fig. 2.
The diffractograms of SWS (Fig. 2a) showed a hump at 2h ranging
from 16� to 40�, and the presence of large reflection at 22.45�, indi-
cates the presence of amorphous silica particles. The results are
similar with reported work by Kalapathy et al. [25] indicating the
disordered structure mainly due to amorphous SiO2. In Fig. 2b,
the intense diffraction peaks found at 25.26–65.93� correspond
to the Miller indexes (100), (101), (110), (200), (111), (002),
(112), (300) and (302) were confirmed as Na2SiO3 (SWSS).

A thermogravimetric analysis (TGA) is an analytical technique
used to determine materials’ thermal stability, as a function of
increasing temperature (with constant heating rate), or as a func-
tion of time (with constant temperature and/or constant mass
loss). The TGA curve of sodium silicate is shown in Fig. 2c. In the
first one, ranging from 50 to 175 �C, weight loss (4.25%) was attrib-
uted to the release of physically bound water on the surface of
Na2SiO3 particles. The second region, the weight loss (4.66%) at
temperature around 180–380 �C is attributed to the removal of
organic compound from the SWS and the decomposition of sodium
hydroxide (melting point = 318 �C). The third endothermic region,
the ranging from 650 to 850 �C, has a weight loss of 8.81%. The



Fig. 1. FTIR spectra of (a) silica waste sponge without sodium and (b) silica waste sponge with sodium; d: Na–O, 4: O–Si–O, h: (Si–O–Si)–(Na+–O), }: Si–O, w: Si–O–Si
bending, s: Si–O–Si stretching, j: –OH.

Fig. 2. XRD pattern of (a) silica waste sponge without sodium and (b) silica waste sponge with sodium; (c). DTG/TGA of silica waste sponge with sodium.

N. Hindryawati, G.P. Maniam / Ultrasonics Sonochemistry 22 (2015) 454–462 457
weight loss was attributed to water loss from the condensation of
adjacent silanol group to form siloxane and sodium silicate bond.

The values of specific surface area and pore volume of consider-
ably decrease after modification of SWS with sodium. The loading
of the sodium with SWS resulted in decrease in both the BET sur-
face area from 11.77 to 5.08 m2/g and the pore volume from 0.15 to
0.08 cm3/g of the SWS and SWSS, respectively. The morphology of
SWSS shows the homogenous surface (Fig. 3b), having a smooth



Fig. 3. SEM micrograph of (a) silica waste sponge without sodium and (b) silica waste sponge with sodium.

Fig. 4. Effect of reaction duration (0–80 min) on methyl esters content (reaction
conditions: catalyst amount, 3 wt.%; MeOH:oil molar ratio, 9:1; reaction temper-
ature 55 �C; US: ultrasound, MS: mechanical stirring).

Fig. 5. Effect of catalyst amount (0–9 wt.%) on methyl esters content (reaction
conditions: MeOH:oil molar ratio, 9:1; reaction duration 80 min; reaction temper-
ature 55 �C; US: ultrasound, MS: mechanical stirring).
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surface and similar to each other. In contrast, the SWS showed a
bulky substance. The skeleton consisted of needle shaped spicules
that are bundled together (Fig. 3a). SWSS could change the color
from colorless to pink (phenolphthalein) and from yellow to
mauve (2,4-dinitroaniline) but failed to change the color of 4-nitro-
aniline. The basic strength SWSS is in the range of 15 < H_ < 18.4.
On the other hand, SWS has failed to change the color of all Ham-
mett indicators. Therefore, SWS does not have basic properties and
suitable to be used as a support material.

3.2. Effect of reaction duration

The effect of the reaction duration as shown in Fig. 4 is one of
the critical parameters for biodiesel production. The reaction dura-
tion was varied from 0 to 80 min. As can be observed, at the opti-
mum reaction conditions of 3 wt.% catalyst and methanol to oil
molar ratio of 9:1 at 55 �C, ME content under US increased within
the first 10 min. At 30 min, the ME content increased to above 90%
and remained almost constant as a result of near equilibrium at
98.2 ± 0.4%. Any further time increase has no appreciable changes
in the content probably due to equilibrium. On the other hand, it
is noted that by using MS, the ME content, reached the peak
(87.7 ± 0.6%) at 80 min. The transesterification reaction using US
is the most efficient reaction.

The difference of ME content between MS and US is about 38%
as noted at 30 min. According to the results, the optimal method
for ME formation is the transesterification using ultrasound. The
ultrasound could affect the content ME in shorter reaction time,
due to the acoustic cavitations mixing the oil and methanol mole-
cules to form the microscale fine emulsions that enhance the inter-
facial area for the reaction [26], causing the oil and methanol
molecules easily suspend into each other. The increasing of the
interfacial area of medium will accelerate the reaction and provide
necessary activation energy for the reaction compare to the con-
ventional process.

3.3. Effect of catalyst amount

The amount of catalyst was varied in the range of 0–9 wt.%. As
shown in the Fig. 5, a plot of catalyst amount vs. ME content for the
reaction conducted under US and MS is illustrated (under the
following constant reaction conditions: methanol to oil molar ratio
of 9:1 and reaction temperature at 55 �C, for 80 min). The



Table 1
Reaction rate constant for the transesterification of WCO using ultrasound and
mechanical stirring.

Temperature (�C) Ultrasound Mechanical stiring

k (min�1) R2 k (min�1) R2

50 0.073 0.968 0.020 0.927
55 0.099 0.981 0.031 0.984
60 0.106 0.943 0.039 0.971

N. Hindryawati, G.P. Maniam / Ultrasonics Sonochemistry 22 (2015) 454–462 459
transesterification depends on the amount of catalyst used,
increasing the catalyst from 1% to 3%, increases ME content signif-
icantly. This is because the contact opportunity of the catalyst and
the reactant, directly affect the reaction speed. In line with the col-
lision theory, lesser energy is needed for chemical transformation
when there is a direct contact between catalyst and reactant mol-
ecule. More and more molecules will have sufficient energy to
react and therefore the reaction rate is increased. Furthermore,
the addition of a large amount of catalytic material (above 3%)
had not lead to an increase in ME content. This is probably because
of the demand of higher power consumption to compensate for an
adequate stirring speed, and the solution becoming more viscous.
This trend is in agreement with previous reports in which the
researcher found that catalyst amounts leads to stirring complica-
tion, increasing viscosity and ultimately limits the mass transfer
[13,27]. Other researchers also found that the excess solid catalyst
reacted with the oil, resulting in emulsion formation between
soaps and water molecules, thus leading to low yields of ME and
the separation of esters became difficult [28,29]. Therefore, the cat-
alyst concentration is an influencing factor on the amount of meth-
oxide ions formed. By using ultrasound, it enhances the mass
transfer between catalyst and reactants as well as maintains the
required kinetic energy in the reaction media. The ME content
under US (98.4 ± 0.4%) is higher than that of MS (87.9 ± 0.6%) at
3 wt.% catalyst. Dispersion due to ultrasonic sound increases the
surface area of catalyst available to the reactants [30,31]. Another
explanation is due to the wetting of the pores within the catalytic
material, hence more surface area is exposed to the reactant. As
such, the use of ultrasound promotes the efficiency of acyl conver-
sion in a shorter reaction time.
3.4. Kinetic studies

The experiment was carried out at three different temperatures
50, 55, and 60 �C tested for pseudo-first order kinetic. The experi-
mental data fitted well for pseudo-first order kinetic. As seen in
Fig. 6, with increasing reaction temperature and reaction duration,
higher ME content is achieved. The average overall reaction rate
constant at different temperatures can be calculated according to
Fig. 6. (a) Plot of �ln(1 � x) vs. time for the ultrasound, (b) Plot of �ln(1 � x) vs. time
(d) Arrhenius plot of lnk vs. 1/T � 10�3 for mechanical stirring (reaction conditions: cat
the experimental data shown in Table 1. The result of k values
which clearly shows that the reaction rate under US method has
higher value compared to the MS. For the reaction at 55 �C, kinetic
parameter obtained with US (42 kHz) and MS were 0.099 and
0.031 min�1, respectively. It was observed in this study, that US
significantly improve the mass transfer of the reaction.

The possibility of a reaction was determined from the thermo-
dynamic parameters. The reaction rate constant is highly depend-
ing on the temperature. Arrhenius equation was used to study the
influence of temperature on the specific reaction rate as follow:

k ¼ Ae�ðEa=RTÞ

where Ea is the activation energy (J/mol), define as the minimum
energy required to start a chemical reaction, R is the gas constant
(8.314 J.mol�1.K�1), T is the absolute temperature (K), A is the fre-
quency factor (collision factor) and k is the reaction rate constant.
The slope and intercept of the graph between lnk vs. 1/T give the
values of activation energy and frequency factor, respectively. The
activation energy and frequency factor determined from Fig. 6b.
Accordingly, the values of Ea and A ultrasound and mechanical
stirring were determined as 33.45 kJ/mol; 1.95 � 104 min�1 and
59.81 kJ/mol; 9.70 � 107 min�1, respectively. The result under het-
erogeneous catalyst is comparable to Ea of homogeneous catalysts
under mechanical stirring, ranging from 33 to 84 kJ/mol [17]. The
activation energy of 33.45 kJ/mol was suggesting a lower energy
barrier is required for the proposed reaction, and indicating that
the reaction can be carried out under mild temperature and
pressure conditions.
for the mechanical stirring, (c) Arrhenius plot of lnk vs. 1/T � 10�3 for ultrasound,
alyst concentration 3%; MeOH:oil molar ratio (9:1); T = 50, 55, 60 �C).



Table 2
Comparative study of reaction rate constant and activation energy between different techniques under the optimum conditions for methyl ester conversion.

Technique Oil Catalyst Optimum condition k (min�1) Ea (kJ/mol) aConv. (wt.%) Refs.

Catalyst wt.%
of oil

MeOH:oil
molar ratio

Reaction time
(min)

T (�C)

Ultrasound Soybean Ca(OCH3)2 1 9:1 90 60 0.0033 71.25 >90 [32]
Jatropha NaOH 1 9:1 30 50 0.0910 16.95 >93 [33]
Sunflower KOH 0.7 7.5:1 50 40 – 46.20 >90 [34]
Waste cooking Na/SiO2 3 9:1 30 55 0.0990 33.45 98.4 This study

Mechanical stirring Palm KOH 8.5 9:1 480 65 0.0008 79.1 96.2 [35]
Jatropha NaOH 21:1 60 105 152 >80 [36]
Waste frying CaO 2 6.03:1 480 60 79 99.5 [37]
Waste cooking K/CaO 7.5 12:1 70 65 0.0620 54 98 [38]
Soybean CaO–La2O3 5 20:1 60 58 49.3 94.4 [39]

a Conv = methyl ester conversion.
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Ultrasound increases the frequency of collisions between reac-
tant molecules that accelerate the reaction to occur perfectly. In
accordance with Arrhenius equation, greater the collisions, greater
the reaction rate constant, thus, US is meaningful since oil and
methanol are not readily miscible solutions. ME content and Ea
that were reported from previous studies are presented in Table 2
[32–39]. As presented in our study, higher ME content is achieved
with lower activation energy and in shorter reaction time as
compared to previous studies. Much lower Ea is observed in the
previous study using US, however, the work utilized NaOH as a
homogeneous catalyst, whereas in our work, we used heteroge-
neous catalyst. Moreover, much higher Ea is observed under
mechanical stirring. Generally reaction rate (k) is dependent on
the reaction temperature, methanol/oil ratio, and catalyst amount.
Since there are many variables involved in determining the k, it is
somehow difficult to perform a direct comparison between
reactions. Nevertheless, the transesterification of WCO under
ultrasound technique provides a possibility for producing cheap
and efficient alternative biofuel, which will reduce the energy
consumption and at the same time reduces the environmental
pollution.
3.5. Tolerance towards water and free fatty acid of SWSS

The presence of water and FFA in base-catalyzed transesterifica-
tion inhibits the reaction by promoting saponification. Triglyceride
hydrolyzes into FFA and glycerol in the presence of water while
Fig. 7. Effect of (a) water content and (b) FFA toward the methyl esters content (reactio
9:1).
FFA reacts with basic catalyst to form soap. Soap formation compli-
cates ME separation thereby lowering the content. In order to
examine the effect of water and FFA on the activity of SWSS, 0–
17 wt.% water and 0–9 wt.% of FFA were added and the results
were recorded. Fig. 7a indicates that the addition of water slightly
decreased the content of ME. As indicated by Fig. 7a where the ME
content is still high (92.8 ± 0.5%) even in the presence of 8% water.
The result indicates that SWSS has a remarkable tolerance to water
in the transesterification of waste cooking oil, indicates that H2O
up to 8% has little effect on the total basicity of the catalyst. Effect
of FFA on ME content using SWSS catalyst is shown in Fig. 7b. It
was found that with increasing FFA, the ME content is decreasing.
For the oil with 6% of FFA, the content of ME was at 78 ± 0.5%, how-
ever, at 9% FFA content reduced to about 29 ± 0.6% (This observa-
tion indicates that at higher FFA content (9%), saponification
takes place). Soap formation complicated the mixing and product
separation process, meanwhile water accelerated formation of
FFA from the remaining triglycerides [40].
3.6. Reusability of catalyst

Reusability is one of the factors in the economical application of
SWSS as the solid base catalyst. The catalyst was reused without
any further activation. The results provided in Fig. 8, show that
the SWSS can be used up to seven cycles while maintaining the
activity at considerable ME content (86.3%). After the transesterifi-
cation reaction is completed, the SWSS was decanted with simple
n conditions: catalyst concentration 3%; temperature 55 �C; MeOH:oil molar ratio,



Fig. 8. Reusability of the catalyst (reaction conditions 3% catalyst; MeOH:oil molar
ratio (9:1); 30 min at 55 �C).

Table 3
Properties of biodiesel from waste cooking oil.

Parameters Unit Na-sponge catalyst Biodiesel specification
EN14214

Ester content wt.% 98.4 ± 0.4 96.5 (min)
Density kg m�3 874 860–900
Viscosity mm2 s�1 3.8 3.5–5.0
Acid value mg KOH g�1 0.3 0.5 (max)

N. Hindryawati, G.P. Maniam / Ultrasonics Sonochemistry 22 (2015) 454–462 461
washing using hexane and can be directly reused for subsequent
reactions. This experiment shows that a simple regeneration
method could recover the active sites of the catalyst and the activ-
ity of regenerated catalyst has a good reproducibility.

3.7. Biodiesel properties

EN 14214 as used in order to assess the quality of the final prod-
uct (Table 3). The result of the evaluation shows that the final prod-
uct meets all the tested parameters (ester content, density, viscosity,
and acid value). The ester content catalyzed by SWSS (3 wt.%) is
recorded the highest value of 98.4 ± 0.4%. The output of GC analysis
proved that waste cooking oil mainly comprises of ME of myristic
acid 0.92%, palmitic acid 34.46% followed by 0.91% palmitoleic,
3.95% stearic, 46.40% oleic, and 12.34% linoleic and traces of other
acids. Although many other parameters need to be analyzed in order
to confirm the final product as a fuel, these four parameters can serve
as preliminary indicators of the product to be used as a fuel.

4. Conclusion

In this work, silica waste sponge with sodium (SWSS) was suc-
cessfully utilized as a low-cost feedstock to produce ME (biodiesel)
via ultrasound aided in situ transesterification. The highest ME
content of 98.4 ± 0.4 wt.% was obtainable in an hour reaction time
at 55 �C. Optimization of reaction parameters revealed that MeO-
H:oil, 9:1; catalyst, 3 wt.% and reaction duration 30 min as the
optimal reaction conditions. The catalyst is tolerant toward FFA
and water at 6% and 8%, respectively. The catalyst can be reused
seven cycles maintaining 86.3% content. The use of ultrasound
undoubtedly assisted in achieving this remarkable result in less
than 1 h reaction time with the activation energy of 33.45 kJ/mol.
Materials derived from waste sources, as used in this work, should
be given a priority for a sustainable biodiesel production.
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