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27In this study, a, b and d phases of layered sodium disilicates were synthesized and used as heterogeneous
28catalysts for transesterification of rapeseed oil with methanol to methyl esters (biodiesel). The catalysts
29were characterized by X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM)
30technique, Fourier transform infrared spectroscopy (FT-IR), N2 adsorption-desorption, and thermogravi-
31metric analysis (TGA-DTA). d-Na2Si2O5 showed better catalytic efficiency than the other two phases of
32sodium disilicate, and showed excellent activity at the optimized conditions. The transesterification con-
33ditions, such as the catalyst dosage, molar ratio of methanol to oil, reaction temperature and reaction
34time were investigated. The results revealed that with a catalyst loading of 4 wt%, methanol to oil ratio
35of 30:1, reaction temperature of 65 �C and reaction time of 3 h, conversion of biodiesel reached 97.8%.
36� 2018 Published by Elsevier B.V. on behalf of The Society of Powder Technology Japan. All rights
37reserved.
38

39
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41 1. Introduction

42 In recent years, the use of biodiesel as a replacement of fossil
43 fuels has drawn great attention due to diminishing petroleum
44 reserves and environmental concerns [1–3]. Biodiesel, a mixture
45 of mono alkyl (normally methyl) ester of long chain fatty acids, is
46 a clean, renewable, biodegradable and non-toxic fuel. Biodiesel is
47 usually produced through transesterification of edible or non-
48 edible vegetable oils with methanol in the presence of an appropri-
49 ate catalyst. The transesterification reaction can be catalyzed by an
50 acid, a base or an enzyme [4,5]. Basic catalysts including homoge-
51 neous and heterogeneous catalysts are more widely used due to
52 their better catalytic performance compared to acid and enzyme
53 catalysts [6]. Homogeneous liquid base catalysts, such as alkaline
54 metal alkoxides (CH3ONa and CH3OK) and alkaline hydroxides
55 (NaOH and KOH) have shown high catalytic activity under mild
56 reaction conditions. However, these catalysts require additional
57 neutralization and separation steps from the final reaction mix-
58 ture, thus leading to a series of environmental problems related
59 to using excessive amounts of water and energy [7,8].
60 On the other hand, heterogeneous catalysts can be easily sepa-
61 rated by filtration, reused and recycled several times and require
62 no neutralization processes. In addition, they can also produce a
63 high purity glycerol by-product. Hence, heterogeneous-catalysis

64is an efficient and more cost-effective tool to produce biodiesel
65[9,10]. A lot of research has been done in this direction. Commonly
66used solid base catalysts are alkaline earth metal oxides, Mg-Al
67hydrotalcites, supported solid base catalysts and anion-exchange
68resins [11–15]. The relevant key limitations of using these cata-
69lysts, from an industrial perspective, involve the surface active
70sites being rapidly poisoned upon exposing the catalysts to ambi-
71ent air. Few minutes are enough for CaO to chemisorb significant
72amount of carbon dioxide and water to form carbonates and
73hydroxyl groups. Therefore, it is critical to avoid the catalyst direct
74exposure to air while handling and transferring the catalyst from
75the activation unit to the reactor [16,17].
76Alkaline metasilicates i.e. Li2SiO3, Na2SiO3 and K2SiO3, and Li4-
77SiO4 orthosilicate have been previously used as solid base catalysts
78for biodiesel production. They have appeared to be promising can-
79didates to replace alkaline earth oxides due to their low reaction
80times and air-insensitivity [18–24]. Layered sodium disilicates
81(Na2Si2O5) have a polymeric layered bidimensional crystal struc-
82ture. At least six different modifications have been reported as a
83function of temperature, pressure, and synthesis conditions,
84though the common framework phases are a, b and d [25]. Their
85foundations are built from the condensation of silicate tetrahedral
86into a single sheet, with interlamination achieved through sodium
87cations. This makes them structurally similar to the natural min-
88eral bentonite, and they therefore have the potential for applica-
89tion as an adsorbent, ion exchanger, or catalyst/catalyst support
90[26,27].
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91 In this study, we report the synthesis of a-, b-, and d-phase lay-
92 ered sodium disilicates. The effect of changing the reaction time
93 and temperature is studied. Structure and morphology of the
94 as-synthesized disilicates are investigated, and then the catalytic
95 performances of these solid base catalysts are evaluated for trans-
96 esterification of rapeseed oil with methanol.

97 2. Experimental

98 2.1. Materials

99 Commercial edible rapeseed oil was obtained from a local
100 grocery store. Methanol, sodium hydroxide, silicon dioxide and
101 n-heptane were purchased from Merck chemical company. Methyl
102 heptadecanoate as the standard of GC was purchased from
103 Sigma-Aldrich. All chemical materials were used without further
104 purification.

105 2.2. Catalyst preparation

106 Layered sodium disilicates were prepared by modifications of
107 the method described by Beneke and Lagaly [28]. In a typical
108 experiment, 0.2 mol SiO2 was dispersed in 30 mL methanol and
109 then cold NaOH solution (0.2 mol NaOH in 7 mL H2O) was slowly
110 added. The mixture was stirred for 5 h. The resulting slurry was
111 dried at 100 �C for 24 h. Crystallization was achieved by calcination
112 at various temperatures (500–800 �C) for different periods of time
113 (30–300 min). A representative diagram is shown in Scheme 1.

114 2.3. Catalyst characterization

115 The X-ray diffraction (XRD) patterns were obtained using a Phi-
116 lips X-ray diffractometer (model D8 Bruker) with Cu Ka radiation
117 (k = 1.5418 Å). Morphological characterization was performed by
118 scanning electron microscopy (SEM, TESCAN MIRA 3). Textural
119 analyses were carried out with a BELSORP mini apparatus by deter-
120 mining the nitrogen adsorption/desorption isotherms at �196 �C.
121 Prior to the measurements, the samples were outgassed for 3 h
122 at 300 �C. The specific surface area was determined by the BET
123 method. The total pore volume and the pore size distribution were
124 assessed by BJH method. FT-IR spectra of the samples were col-
125 lected on a Bruker FT-IR instrument using KBr pellet technique in
126 the range of 4000–400 cm�1. Thermogravimetry analyses (TGA)
127 and differential thermal analyses (DTA) were carried out on a LIN-
128 SEIS model STA PT 1600 instrument under air atmosphere at a
129 heating rate of 5 �C min�1.

130 2.4. General procedure for transesterification reaction

131 Transesterification reactions were carried out in a 50 mL flask
132 equipped with a reflux condenser. The catalyst was dispersed in
133 the desired amount of methanol with magnetic stirring. The rape-
134 seed oil was then added and the mixture was heated at reflux for
135 appropriate time. The average molecular weight of the used rape-
136 seed oil (872 g mol�1) was calculated from the saponification value
137 (s.v. = 193 mg KOH/g) (ASTM D94). After the reaction, the catalyst
138 was separated by filtration and then methanol was recovered by
139 rotary evaporator at 60 �C. At last, the biodiesel and glycerol were
140 separated within a separation funnel.
141 The FAME content of the prepared biodiesel sample was quan-
142 tified by GC-17A Shimadzu gas chromatography equipped with a
143 BP10 capillary column (25 m � 0.32 mm; phase thickness: 0.5
144 µm) and FID detector according to the standard test methods EN
145 14103. Methyl heptadecanoate was used as the internal standard.

146The conversion of the produced biodiesel was calculated with the
147following Eq. (1):
148

conversionð%Þ ¼ ðPAÞ � AIS

AIS
� CIS � VIS

m
� 100 ð1Þ 150150

151where
P

A is the total peak area of rapeseed oil methyl esters, AIS is
152the peak area of internal standard, CIS is the concentration of the
153internal standard solution, VIS is the volume of the internal standard
154solution and m is the mass of sample [29]. Scheme 2 shows a rep-
155resentative illustration of the transesterification reaction.

1563. Results and discussion

1573.1. Catalyst characterization

1583.1.1. Thermogravimetric analysis
159Thermogravimetric analysis and differential thermal analysis
160were conducted on the amorphous sodium disilicate precursor to
161find suitable calcination temperature for the synthesis of a-, b-,
162and d-phase sodium disilicate, and the results are shown in
163Fig. 1. The first mass loss (�9%) occurs below 120 �C, and a corre-
164sponding endothermic peak is observed on the DTA curve, which
165is caused by the dehydration of sample. Upon heating the sample
166further from 120 �C to 350 �C, �10% weight lost was observed, con-
167sistent with the theoretical weight loss calculated from the follow-
168ing formula:
169

2SiO2 þ 2NaOH ¼ Na2Si2O5 þH2O ð2Þ 171171

172The DTA curve presents an exothermic peak around 670 �C,
173attributed to the crystallization of d-Na2Si2O5 and an endothermic
174effect around 850 �C, corresponding to the melting of silicate
175[26,30].
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Scheme 1. Preparation process for different polymorphs of Na2Si2O5.
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