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14
15 � Biodiesel was synthesized from WCO using CaDG catalyst in presence of ultrasound.
16 � Biodiesel yield 93.5% in 30 min using 1% catalyst, 9:1 methanol/oil and 60 �C temp.
17 � Biodiesel produced from ultrasound has shown superior properties than conventional.
18 � Ultrasonic method was found more energy efficient than conventional stirring method.
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35This work illustrates ultrasound assisted synthesis of biodiesel from waste cooking oil using calcium
36diglyceroxide as a heterogeneous base catalyst. The effect of different variables such as methanol to oil
37molar ratio, catalyst loading, reaction temperature, ultrasonic power and duty cycle on the progress of
38the reaction was studied. Under the optimal reaction conditions viz. methanol to oil molar ratio 9:1, cat-
39alyst loading of 1% (w/w) of waste cooking oil, temperature 60 �C, low intensity ultrasonic power of
40120 W and 50% duty cycle, a maximum biodiesel yield of 93.5% was obtained. On the other hand, a con-
41ventional stirring method showed 65.6% conversion for the similar reaction time of 30 min (min). It has
42been observed that the ultrasonic method was effective in terms of mass transfer, energy efficiency
43(1.083 � 10�4 g/J), biodiesel yield and time reduction. The reusability of the catalyst under the optimal
44reaction conditions resulted in a decrease in the biodiesel yield. The kinetic studies of transesterification
45reaction have been carried out at different operating temperatures. The results revealed that the reaction
46followed second-order kinetics and the activation energy was found to be 119.23 kJ/mole. The biodiesel
47synthesized from the ultrasonic method has shown superior properties as compared to conventional
48method and also matched with the American Society for Testing and Materials (ASTM) standards.
49� 2015 Published by Elsevier Ltd.
50
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5253 1. Introduction

54 In recent years, a search for alternative fossil fuel has been
55 increased due to the environmental problems like global warming
56 and rapidly exhausting reserves of fossil fuel [1]. Biodiesel is a good
57 alternative to fossil fuel because of non-toxic, renewable,
58 biodegradable, aromatic free clean burning fuel that can be used
59 in compression ignitions (diesel) engines with little or no modifica-
60 tion. It is a mixture of mono alkyl esters of long chain fatty acids
61 which can be produced from the renewable resources like virgin
62 oil or waste oils, animal fats and algae [2,3]. The requirement of
63 costly feedstock is the major problem for commercialization of

64biodiesel. Farooq et al. [4] reported that about 70–95% of total cost
65of biodiesel production is depended on the cost of raw material
66used. The biodiesel production cost might be reduced up to 60–
6770% by using waste cooking oil (WCO) as a raw material which also
68solves the disposal problem. Additionally, it does not compete with
69the same edible oil resources. The most common approach to pro-
70duce biodiesel is the transesterification of vegetable oils and ani-
71mal fats using acid or base or enzyme as a catalyst.
72Homogeneous base catalysts (KOH and NaOH) are commonly used
73in industries for the production of biodiesel because of its high
74activity and low cost. Nevertheless, some drawbacks are also asso-
75ciated with the use of these homogenous catalysts, which includes
76difficulty in catalyst separation, time consuming and generate
77excess wastewater [3]. By using heterogeneous base catalysts
78these problems can be solved. Calcium oxide is one of the most
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79 commonly used heterogeneous base catalysts for the biodiesel pro-
80 duction. It is cheap, highly basic in nature and easy to handle, from
81 this point of view calcium derived base catalysts are most promis-
82 ing catalysts [5,6]. In the calcium oxide catalysed transesterifica-
83 tion reaction, CaO is the active phase at the initial stage of the
84 reaction and once the glycerol is formed, CaO is transformed into
85 calcium diglyceroxide (CaDG) that would possibly function as the
86 solid base catalyst in actual fact [7,8].
87 CaDG shows higher catalytic activity as compared to CaO
88 because of the presence of basic oxygen anion, formed due to the
89 interruption of crystal structure at surface which can easily
90 abstract proton from OH group of methanol and forms methoxide
91 ion on the surface. In the methanolysis of sunflower oil CaDG gen-
92 erated above 80% of biodiesel yield after 2 h at 14:1 methanol to oil
93 molar ratio, 0.7% catalyst loading and 60 �C temperature whereas
94 CaO gave only 20% yield [8].
95 In the heterogeneous reaction condition mass transfer is always
96 a limitation which can contribute to slower rate of reaction.
97 Various researchers have worked to intensify the rate of transes-
98 terification reaction using novel techniques such as supercritical
99 [9], ultrasound [10] and microwave [11]. Ultrasound can enhance

100 the mass transfer and interphase mixing between the phases at
101 mild reaction conditions in terms of temperature and pressure,
102 which can attribute to faster reaction rate, higher product yield
103 and lower alcohol to oil molar ratio and catalyst amount [12,13].
104 This intensification process is based on cavitation phenomenon
105 where a cavity or voids are formed when the ultrasound wave
106 passes through liquid which takes small quantity of vapor from
107 its vicinity and grows to create acoustic cavitation. Cavitation gen-
108 erates very high pressure and temperature locally and remove
109 mass transfer resistances in heterogeneous reaction condition
110 [14,15]. Although researchers are tried to use ultrasound for the
111 enhancement of transesterification reaction, there is practically
112 no information available for its application in the transesterifica-
113 tion of waste cooking oil using CaDG catalyst. Reyero et al. [16] car-
114 ried out the transesterification reaction with conventional
115 approach and reported 83.4% conversion in 2 h using 2.0% of
116 CaDG as heterogeneous catalyst at methanol to oil molar ratio
117 12:1 and 60 �C temperature. Thus, the conventional method con-
118 tributed lower percentage yield and also required longer reaction
119 time and higher molar ratio. Hence, there is a wide scope to reduce
120 both time and molar ratio and improvement in biodiesel yield.
121 The main aim of the present work was to investigate the influ-
122 ence of ultrasound on the transesterification of waste cooking oil
123 and methanol with the use of CaDG as a heterogeneous catalyst.
124 Furthermore, the effects of molar ratio, temperature, catalyst load-
125 ing, ultrasonic power, duty cycle were studied to obtain maximum
126 yield. At optimized reaction conditions we have also determined
127 the reaction rate constant, activation energy of the transesterifica-
128 tion reaction and properties of fatty acid methyl ester (FAME).

129 2. Materials and methods

130 2.1. Materials

131 Waste cooking oil (WCO) was procured from a local restaurant
132 in Mumbai. The received WCO was filtered through normal sieve to
133 remove food debris and heated to evaporate the possible water
134 content. Table 1 shows properties and fatty acid composition of
135 treated WCO. Methanol (99 %) (AR grade), potassium hydroxide,
136 calcium oxide, glycerol, Tetrahydrofuran (THF), hexane used in
137 the experimental work were obtained from S. D. Fine Chem. Ltd.,
138 Mumbai. Acetonitrile and Acetone (HPLC grade) used for high per-
139 formance liquid chromatography (HPLC) analysis were purchased
140 from Thomas Baker (Chemicals) Pvt. Ltd., Mumbai. While methyl

141oleate and methyl linoleate standards were purchased from
142Sigma–Aldrich.

1432.2. Catalyst preparation

144Catalyst used was prepared from protocol given by Reyero et al.
145[16]. As per the protocol, 0.053 mol of CaO was directly poured into
146the flask containing 0.108 mol of glycerol and 1.37 mol of metha-
147nol. This mixture was agitated for 3 h at 60 �C under atmospheric
148pressure. As reaction proceeds, the solid color changed from white
149to pale yellow. This solid was recovered by filtration and washed
150with THF and dried at 60 �C for overnight under vacuum. The resul-
151tant solid, named calcium diglyceroxide was stored in a desiccator
152protected from ambient air.

1532.3. Catalyst characterization

154X-ray diffraction (XRD), Fourier transform infrared spectroscopy
155(FTIR) and Zetasizer were used for catalyst characterization. X-ray
156powder diffraction (XRD) patterns of the calcium diglyceroxide
157was obtained using a Bruker AXS powder diffractometer D8 instru-
158ment, with Cu Ka (1.54 Å) radiation. The XRD patterns were
159recorded by scanning the catalyst sample within the 2h range of
1605–80�. FTIR measurements were performed with an IRAffinity-1
161spectrometer using the KBr pellet technique. The infrared spectra
162were recorded at room temperature (30 ± 2 �C) in the range of
163500–4000 cm�1. Zetasizer analysis for particle size measurement
164were performed using Malvern instrument ver.7.11.

1652.4. Transesterification of WCO with methanol

166Reactions were conducted in 100 mL three neck glass reactor
167equipped with condenser to prevent methanol vapour from escap-
168ing, temperature sensor to monitor the temperature and ultrasonic
169horn with single frequency of 22 kHz, maximum input power of
170120 W and probe diameter 1.2 cm (M/s Dakshin Pvt. Ltd.,
171Mumbai, India). The similar reactor was used by replacing the
172ultrasound horn by overhead stirrer for conventional approach.
173Initially reactor was charged with WCO and heated to desired tem-
174perature. After reaching to desired temperature, the known
175amounts of methanol and catalyst were fed to the reactor and
176ultrasonic horn was then introduced into the reaction mixture.
177At specific interval of time, samples were withdrawn from reaction
178mixture and centrifuged to remove glycerol and catalyst for HPLC
179analysis.
180The operation variables studied during transesterification were
181methanol to oil molar ratio, temperature, catalyst loading, ultra-
182sonic power and duty cycle. All the experiments were repeated
183at least two times and the average results from HPLC analysis were
184reported in the figures.

Table 1
Properties and composition of waste cooking oil.

Waste cooking oil Value

Properties
Saponification value (mg of KOH/g of oil) 204.6
Acid value (mg of KOH/g of oil) 2.24
Density (g/cm3) 0.921
Viscosity (mm2/s) 30.06

Fatty acid composition
Linoleic acid (%) 56.4
Oleic acid (%) 33.7
Palmitic acid (%) 6.8
Stearic acid (%) 3.1
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