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9 Abstract

10 More than 95% of biodiesel production feedstocks come from edible oils, however it may 

11 cause some problems such as the competition of land use between food production 

12 and biodiesel production. The waste cooking oils (WCO) are an alternative feedstock for 

13 biodiesel production; its usage reduces significantly the cost of biodiesel production and has 

14 environmental benefits, e.g., a waste recovery instead of its elimination. This work aims to 

15 produce a low-cost efficient solid catalyst for fatty acid methyl esters (FAME) production 

16 using mixtures of refined palm oil (RPO) and WCO. Four low cost catalysts were prepared 

17 (biomass fly ashes, natural dolomite rock, chicken eggshells and polyethylene terephthalate 

18 - PET), characterized (by SEM, EDX, XRD, BET, FT-IR and Hammett indicators) and tested 

19 regarding their performance in FAME production. The maximum yield of FAME achieved 
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20 was around 96%wt. for biomass fly ashes catalyst at 60 ºC, 9:1 (mol/mol) of methanol to oil 

21 mixture, 10%wt. catalyst to oil mixture, over 180 min in batch reactor. The results point out 

22 for promising bifunctional catalysts able to achieve also conversion of free fatty acids up to 

23 100% using mixtures of RPO and WCO.

24

25 Keywords: waste materials, FAME, solid catalyst, bifunctional catalysts, waste cooking oil, 

26 refined palm oil.

27 1 Introduction

28 Energy is a basic requirement for human existence. The total world energy consumption will 

29 grow by 56% between 2010 and 2040 [1]. In the current situation, the foremost amount of 

30 primary and useful energy is supplied by the conventional fossil fuel resources, such as 

31 gasoline, liquefied petroleum gas, diesel fuel, and natural gas. However, the use of fossil 

32 fuels has several influences on the environment, such as large greenhouse gas emissions, acid 

33 rain, resources depletion, etc. In addition to serious environmental issues, dwindling reserves 

34 of crude oil, fluctuating petroleum fuel prices, have made today's need to find alternative 

35 “green” sources of energy, which are sustainable, environmentally compatible, economically 

36 competitive, and easily available. One of the most promising sources is biodiesel, an 

37 alternative diesel fuel derivate from renewable sources with high quality, which allows the 

38 replacement of fossil diesel oil [2]. Usually the biodiesel production is a catalyzed process 

39 where alkali or acid compounds are used, respectively, for the conversion of triglycerides 
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40 (transesterification reaction) and free fatty acids – FFA (esterification reaction) into fatty acid 

41 methyl esters (FAME), when methanol is used in the synthesis.  In line with the circular 

42 economy principles, the development of solid catalysts from waste sources could be a 

43 promising way for reducing the environmental burdens of the process and the production 

44 costs. Some research works [3,4] have focused on the exploitation of waste materials (e.g. 

45 shells, ashes, rocks and bones), due to their abundance and low cost, for solid catalysts 

46 preparation.

47 Globally, the cost of production has been the main barrier in commercializing biodiesel. In 

48 the literature, it is consensual that the oily feedstock is the major contributor, about 80% [5], 

49 for the total production costs. The use of edible oils sparks concern in terms of food security 

50 while the non-edible oils need additional pre-treatment steps. On the other hand, the wide 

51 availability of edible oils guarantees the supply while the alternative of non-edible oils is 

52 subject to an intermittent supply [6].

53 The waste cooking oils (WCO) are some vegetable oils that have been previously used for 

54 frying or cooking and can constitute an additional source of raw material for biodiesel 

55 production. This feedstock can be two to three times cheaper that virgin vegetable oils [7]. 

56 Furthermore, it is generally accepted that reusing used cooking oil for human consumption 

57 is harmful to health [8] and the WCO is difficult to manage.

58 In the research that focuses on the biodiesel production process there is a new trend of 

59 bifunctional heterogeneous catalysts that, if used properly, can catalyze both 

60 transesterification and esterification reactions simultaneously. This ability is due to the 

61 presence of both basic and acidic sites on the same catalysts. Additionally, this kind of 
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62 catalysts can be modified to introduce/improve certain physicochemical properties needed to 

63 handle with low grade feedstocks (e.g. some WCO). Usually these raw-materials have high 

64 FFA and/or water contents, which are undesirable for transesterification reaction [9]. 

65

66 This work aims to produce an efficient solid bifunctional catalyst from residual materials for 

67 FAME production using mixtures of refined palm oil (RPO) and WCO in different ratios. 

68 Thus, this work tackles two current environmental concerns giving an alternative for 

69 recovering some important wastes fluxes (WCO, fly ashes, dolomite, eggshells and 

70 polyethylene terephthalate (PET) plastic garbage containers), aligned with the principles of 

71 circular economy, and for reducing the dependence of fossil fuel, through the production of 

72 biofuel mainly from waste materials feedstocks. 

73 2 Materials and Methods

74 Solid catalysts were prepared and characterized in terms of some of their chemical, physical 

75 and structural properties. The raw-material for FAME synthesis consisted of a mixtures of 

76 WCO and RPO in different ratios. The adopted procedures are described in next sections. 

77 The experimental plan for assessing the performance of the catalysts in the FAME production 

78 will be presented later as well as the analytical methods used.

79 2.1 Materials

80 Waste cooking oil for FAME production was provided by a local collecting company (Bioils) 

81 in Bogotá, Colombia. The WCO was pre-treated by filtration and heating (at 110°C for 1h) 
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82 to remove suspended particles and traces of water, respectively.  The RPO was purchased at 

83 a local store in Bogotá. The solid waste materials for catalyst preparation were obtained from 

84 the following sources:

85   biomass fly ashes – collected at the electrostatic precipitator of a thermal power-plant 

86 using residual forest biomass (derived from eucalyptus) as fuel, located in the Centre 

87 Region of Portugal;

88  natural dolomite rock- the mining industry in Colombia;

89  eggshells- several restaurants of Bogotá;

90  PET- plastic bottles picked from garbage containers at the University Jorge Tadeo 

91 Lozano, Bogotá.

92 All the chemicals used were analytical grade except n-hexane (GC grade) and methyl 

93 heptadecanoate (analytical standard) from Sigma-Aldrich and Merck.

94 2.2 Oil mixtures (RPO and WCO) characterization

95 Five feedstocks were prepared using different mass ratios of RPO and WCO: M1 (100% 

96 RPO), M2 (75% RPO, 25% WCO), M3 (50% RPO, 50% WCO), M4 (25% RPO, 75% WCO) 

97 and M5 (100% WCO).

98 These mixtures were characterized in terms of: acid value (NTC 218 [10]), density (NTC 336 

99 [11]), saponification number (NTC 335 [12]), viscosity (ASTM D445 and ASTM D446 

100 [13,14]), and moisture content (Karl Fisher, Coulometer 831-Metrohm). The saponification 

101 number (SN) was used to calculate the molecular mass (MW) according to Eq. 1[5].
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102 (1)
SN

.MW 31000156 


103  The FFA content was calculated from the acid value (AV, mgKOH/g) using Eq. 2 [5]

104 (2)2
FFA AV



105

106 2.3 Catalysts preparation and characterization

107 Eight catalysts were prepared using low cost feedstocks, implementing the procedures 

108 summarized in Table 1. The sulfonation or the addition of silicon to some catalysts aimed to 

109 enhance their acid strength.

110 Table 1: Solid catalysts preparation procedures.

Catalyst reference Preparation procedure

FAD Dry at 120°C for 5h.Biomass fly 
ash FAC Calcine FAD at 700°C for 5h.

Dolomite C Mill and sieve at 45µm and calcine at 800°C for 2h.
Natural 
dolomite rock Dolomite CSC

Impregnate dolomite C with H2SO4 2M for 6h at room 
temperature. Then, filter and dry for 12h at 110°C. 
Finally, calcine at 500°C for 4h.

CaO-SiO2

Wash with water and dry at 120°C for 3h. Then, sieved 
at 63μm and calcine at 800°C for 4h. Impregnate with 
Na2SiO3 0.4 M aqueous solution at room temperature 
for 4h. Finally dry at 100°C for 12h and calcine at 
800°C for 4h.Eggshells

CaO-S-SiO2

Impregnate CaO-SiO2 with H2SO4 2M for 6h at room 
temperature, dry at 110°C for 12h and calcine at 500°C 
for 3h.
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CA-PET

Reduce (cut) the PET containers to small pieces 
(<1cm2) and heat 10°C/min for 2h from room 
temperature up to 450oC under a nitrogen atmosphere. 
Impregnate the resulting product with H2SO4 98% 
(1.5:1 v/w, H2SO4: PET) at 150°C for 2h. Then, wash 
with water and dry at 120°C for 6h. Mill and sieve at 
106μm, and finally dry at 105°C for 24h.PET

CA-PET-S

Impregnate CA-PET with fuming sulfuric acid 
(5:1v/w, H2SO4:CA-PET) at 150°C for 10h under a 
nitrogen atmosphere. Wash with water (until no sulfate 
ions are detected, using turbidimetric method) and dry 
at 105°C for 24h.

111

112 The solid catalysts were characterized in terms of: (i) crystallographic structures, by powder 

113 X-ray (XRD, PAN analytical Empyrean X-ray diffractometer equipped with Cu-Kα radiation 

114 source λ= 1.54178Å at 45kV/ 40mA); (ii) surface area, pore size and pore volume, by  

115 Brunauer-Emmet-Teller sorption isotherm (BET, using N2 at  -196oC in Micromeritics ASAP 

116 2020); (iii) surface morphology and quantitative elemental composition analysis, by surface 

117 scanning electron microscopy (SEM, using FEG-SEM Hitachi S4100 microscope operated 

118 at 25kV) and energy dispersive X-ray spectroscopy (EDX, using a HR-FESEM Hitashi SU-

119 70 operated at 15kV, equipped with a Bruker Quantax 400 EDS system); (iv) surface 

120 functional species by Fourier transform infrared  (FTIR, Agilent CARY 630 with wave 

121 number range from 400 to 4000cm−1); and (v) basic and acid strength by using Hammett 

122 indicators (indicators for basic strength: neutral red (pKa = 6.8), bromothymol blue (pKa = 

123 7.2), phenolphthalein (pKa = 9.3), indigo carmine (pKa = 12.2) and 2,4-dinitroaniline (pKa 

124 = 15.0); indicators for acid strength: bromothymol blue (pKa = 7.2), neutral red (pKa = 6.8), 

125 bromocresol purple (pKa = 6.1), bromocresol green (pKa = 4.7) and bromophenol blue (pKa 

126 = 3.8)).  The latter method was carried out by dispersing about 25mg of the sample in 5.0mL 
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127 of a solution of Hammett indicators (0.5mg of indicator in 10mL of methanol for basic 

128 strength or 10mL of benzene for acid strength), and left for 2h in order to attain the 

129 equilibrium. After reaching equilibrium, the color on the catalyst and solution were 

130 identified.

131 2.4 FAME synthesis

132 The experiments for FAME production were carried out in batch reactor (in stainless steel, 

133 1L of capacity, equipped with temperature control and mechanical agitator) at 60ºC, 9:1 

134 (mol/mol) of methanol to oil mixture, 10%wt. catalyst to oil mixture and over 180min. After 

135 the pre-defined reaction time, for each essay, the catalyst and methanol were separated from 

136 the reaction mixture by centrifugation and evaporation, respectively. Then, the supernatant 

137 was placed into a separating funnel over 12h for phase separation. The upper layer was dry 

138 with anhydrous sodium and weighed. The resulting mixture, hereafter is so-called purified 

139 final mixture, was analyzed by gas chromatography for FAME determination and was titrated 

140 with a KOH solution for final acid value quantification [10].

141  The Shimadzu G-C 2014 chromatograph was equipped with a flame ionization detector and 

142 a capillary column SGEBP-20 60m x 0.25mm i.d. x 0.25µm film thickness with a stationary 

143 phase of polyethylene glycol; the carrier gas was helium with a flow rate of 16.7mL/min and 

144 a pressure of 36.1psi; the injector (AOC-20i) was operated at 200ºC and an injection volume 

145 of 2.0µL in Split mode. Methyl heptadecanoate was used as internal standard and hexane the 

146 solvent. The content of methyl esters was calculated based on the standard method UNE-EN 

147 ISO 14103:2011 [15] and expressed as concentration of FAME using the Eq. 3:
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148 (3)W
W

A
AA

C EI

EI

EI 


 

149 Where is the concentration of FAME in the purified final mixture (w/w),  is the total C  A

150 peak areas of the methyl ester from C14 until C24:1,  is the peak area corresponding to EIA

151 methyl heptadecanoate,  is the mass (mg) of methyl heptadecanoate used and  is the EIW W

152 mass (mg) of the sample used in the analysis.

153 The catalysts performance was expressed in terms of FAME yield, Eq. 4, and FFA 

154 conversion, Eq. 5 [16-17].

155 (4)
100

experimentin theusedoilofMass
mixturefinalpurifiedofmassTotal(%)yieldFAME 




C

156 (5)
1001(%)conversionFFA 










i

f

AV
AV

157 Where and correspond to the acid value of the initial oil mixture and of the purified iAV fAV

158 final mixture, respectively.

159 3 Results and discussion

160 3.1 Oil mixtures characterization

161 The results of the characterization of the oil mixtures prepared for this study are shown in 

162 Table 2.
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163 Table 2: Properties of the oil mixtures used.

Mixture reference

M1 M2 M3 M4 M5

%WCO 0 25 50 75 100
%RPO 100 75 50 25 0

Moisture 
(%wt.) 0.067 0.010± 0.141 0.017± 0.170 0.003± 0.177 0.013± 0.197 0.012±

Density 
(g/mL) 0.908 0.008± 0.907 0.004± 0.913 0.010± 0.905 0.007± 0.906 0.003±

AV 
(mgKOH/g) 0.307 0.004± 1.249 0.061± 2.458 0.082± 3.873 0.088± 4.934 0.252±

FFA
(%wt.) 0.172 0.0048± 0.622 0.0512± 1.240 0.012± 1.917 0.048± 2.453 0.056±

MW 
(g/mol) 843.152 9.522± 875.173 10.285± 864.038 9.208± 855.507 ±

3.69 857.825 4.014±

Viscosity 
(mm2/s) 14.902 0.193± 17.069 0.137± 17.122 0.123± 17.717 ±

0.150 19.185 0.392±

164

165 The properties of the mixture M1 (i.e., 100% RPO) are similar to those reported by Jibrail et 

166 al. [18] and by Singh et al., [19]. Concerning the waste cooking oils properties, they are quite 

167 dependent of the vegetable oil feedstocks and their frying practices and conditions. The WCO 

168 (M5) used in this work has properties similar to those reported by Wan et al. [20] and Man 

169 et al. [21] and it can be categorized as yellow grease (FFA <15%) [22]. 

170 Regarding the mixtures prepared with RPO and WCO, one observes that the density and the 

171 molecular weight are not affected by the blending ratio. On the other hand, the properties 

172 related to acidity of the mixtures (AV and FFA) rise significantly as the percentage of WCO 

173 increases in the blend. The water content and the viscosity are properties that increase slightly 

174 by increasing the WCO percentage in the blend.

175 3.2 Catalysts characterization
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176 The solid catalysts prepared by the methods shown in Table 1 were characterized in terms of 

177 some textural properties such as surface area, crystalline structure, but also their basic and 

178 acid strength, etc. The results are shown and discussed below.

179 3.2.1 BET surface area and Hammett indicators analyses

180 The BET surface area, pore volume, pore diameter, basic and acid strength of catalysts are 

181 shown in Table 3. 

182 Table 3: Textural properties of the catalysts prepared in this work.

Catalyst

Specific 
surface 

area
(m2/g)

Pore 
volume
(cm3/g)

Pore 
diameter

(Å)
Basic strength Acid strength

FAD 9.0280 0.01055 77.188 9.3≤ pKa <12.2 6.8≤ pKa <7.2

FAC 5.1750 0.00791 101.849 9.3≤ pKa <12.2 6.8≤ pKa <7.2

Dolomite C 12.0113 0.04145 136.908 12.2≤ pKa <15 6.8≤ pKa <7.2

Dolomite CSC 15.2617 0.05291 113.689 9.3≤ pKa <12.2 6.1≤ pKa <6.8

CaO-SiO2 6.6112 0.01285 56.874 7.2≤ pKa <9.3 3.8≤ pKa <4.7

CaO-S-SiO2 12.6773 0.04330 109.925 9.3≤ pKa <12.2 6.8≤ pKa <7.2

CA-PET 1105.2 0.85871 14.983 ND 6.1≤ pKa <6.8

CA-PET-S 624.3 0.54221 14.871 ND 3.8≤ pKa <4.7
183 ND – not detected

184 The calcination of fly ashes seems to reduce the surface area (ca 40%) and pore volume (ca 

185 25%), which can be due to sintering of the compounds on the solid matrix surface [24]. 

186 Nevertheless, this thermal treatment does not affect both basic and acid strength of this 

187 catalysts. Both ash based catalysts have an intermediate basic strength (9.3≤ pKa <12.2) and 

188 a low acid strength (6.8≤ pKa <7.2). 
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189 The sulfonation of Dolomite increases both surface area (ca 30%) and pore volume (ca 30%), 

190 but reduces the pore diameter (ca 20%). These physical changes may have effects on the 

191 performance of these materials in the catalysis of FAME production reactions. On one hand, 

192 higher surface area and pore volume will have a positive effect on the catalysis, but on the 

193 other hand, a decrease of pore diameter increases the diffusion limitations especially for 

194 molecules having long alkyl chain [25].  Jacobson et al. [26] identified the pore structure as 

195 the primary requirement for an ideal solid catalyst in the biodiesel production (via 

196 transesterification) since a typical triglyceride molecule has a diameter of approximately 

197 58Å.  As foreseen, sulfonating the Dolomite C increases its acid strength (6.8≤ pKa <7.2 to 

198 6.1≤ pKa <6.8) and decreases the basic strength (12.2≤ pKa <15 to 9.3≤ pKa <12.2), values 

199 close to those found by Boonyawan et al. [27]. However, Dolomite CSC has both acid and 

200 basic strength which, a priori, gives it a bifunctional character.

201 The sulfonation of CaO-SiO2 catalyst enhances considerably the three textural properties: 

202 surface area, pore volume and pore diameter but decreases the acid strength (3.8≤ pKa <4.7 

203 to 6.8≤ pKa <7.2) and increases the basic strength (7.2≤ pKa <9.3 to 9.3≤ pKa <12.2). The 

204 effect of sulfonation and calcination on these strengths could be due to the formation of new 

205 phases of basic character such as calcium sulfate and calcium silicate [28].

206 In regard to the catalysts prepared from PET both have an acid character being CA-PET-S 

207 the strongest (3.8≤ pKa <4.7), and the basic strength was not detected in none. The acid 

208 character of this carbon catalyst may promote the esterification reaction of FFA but not the 

209 transesterifcation of triglycerides [29, 30]. The sulfonation treatment performed on the PET 
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210 catalyst reduced its specific surface area (ca 44%) and pore volume (ca 37%), which should 

211 be ascribed to the modification of a large number of – SO3H groups in the carbon framework.

212 In short, all catalysts prepared in this work could be classified as mesoporous catalysts since 

213 the pore diameters are within the intermediate range (20 - 500Å) [31], except for the 

214 carbonaceous catalysts (PET) which is microporous (< 20Å). This feature may influence the 

215 catalysts’ performance in the transesterification reaction since, as stated before, a typical 

216 triglyceride molecule has a diameter of around 58Å. Hence, as larger are the porous higher 

217 is the accessibility of those molecules to the inner pore structure network.

218 3.2.2 SEM and EDX analyses

219 The SEM images for characterizing the morphological characteristics and EDX for elemental 

220 analysis or chemical characterization of the catalysts were obtained. Figure 1 shows the 

221 morphological and the elemental composition of FAD and FAC catalysts. All particles of 

222 both ash catalysts have uniform distribution of agglomerates with irregular shapes, and the 

223 morphological sizes of the particles were reduced by the calcination treatment (Figure 1 

224 a&e), possibly due to sintering processes, which decreases the surface area [32,33]. The 

225 results of EDX show as predominant elements in these catalysts:  Ca, Mg, Si, Al, O, K, S, 

226 Na, Cl and P. These elements remained on the solid surface after calcination, as shown in 

227 Figure 1 b&c and Figure 1 d&f for FAD and FAC, respectively. 
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(a) (b)

(c) (d)
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(e) (f)

228 Figure 1 - FAD catalyst: SEM (a) and EDX (b and c); FAC catalyst: SEM (e) and EDX (d 
229 and f).

230

231 Figure 2 displays the morphology of solid catalysts Dolomite C (Figure 2a) and Dolomite 

232 CSC (Figure 2 b&c). The Dolomite C has a dense surface with heterogeneous distribution of 

233 particle sizes (i.e., irregular size) and smooth appearance, which should be derived from 

234 decarbonation process (calcination) of dolomite rock [27,34]. Sulfonation caused the 

235 elongation of the crystalline structures as fibers due to sulfur compounds formation, as 

236 depicted in Figure 2  b&c.

(a) (b) (c)

237 Figure 2 - Dolomite C: SEM (a); Dolomite CSC: SEM (b) and EDX (c).

238 The catalyst prepared from eggshells CaO-SiO2 exhibits large and regular blocks particles 

239 (Figure 3a). The same was observed in the CaO-S-SiO2 catalyst (image not shown) and one 

240 infers that this morphology could be owed to the coverage of Si compounds on the CaO 

241 surface (see Figure 3 b&c). More, the same effect was observed by Guanyi et al. (2015) [35]. 

242 As in the dolomitic catalysts, the sulfonation of CaO-SiO2 solid also originated the formation 

243 of crystalline structures as flat elongated fibers (Figure 3c) in this eggshells based material. 

244 This phenomenon was also observed by Nurul et al. (2016) [36].
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(a) (b) (c)

245 Figure 3 - CaO-SiO2: SEM (a); CaO-S-SiO2: EDX (b) and (c).

246 The images taken for catalysts prepared from PET are shown in Figure 4, where it can be 

247 seen irregular and flat surface with crevices. The sulfonation does not generate observable 

248 significant differences in the morphology of this material, since particles have similar shapes 

249 in both photos (a) and (b) of Figure 4. Similar behavior was observed in other studies 

250 [29,37,38].

(a) (b)

251 Figure 4 - SEM images of CA-PET (a) and CA-PET-S (b) catalysts.

252 3.2.3 XRD analyses

253 The XRD diffractograms of the fly ash catalysts are depicted in Figure 5a. The structure and 

254 crystalline compounds of FAD and FAC are similar, being only their main differences the 
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255 area and the intensity of the peaks after calcination. The XRD pattern for FAD catalyst shows 

256 clear diffraction peaks corresponding to calcium oxide (CaO) phase detected at 2=32.2o, 

257 37.4o, 53.8o, 65.2o, and 67.5o, calcium carbonate (CaCO3-major component) phase detected 

258 at 2=23.3o, 29.6o, 36.2o, 39.7o, 43.4o, 47.8o, 48.8o, 56.9o, 61.0o and 65.0, potassium chloride  

259 (KCl) phase detected at 2=28.5o, 40.5o, and silicon dioxide (SiO2) phase detected at 

260 2=20.9o, 26.7o, 36.38o, 39.46o, 40.28o, 50.2o, 60.2o and 68.5o, among other components. 

261 After the ash calcination, i.e. for FAC catalyst, CaCO3 was transformed into CaO [17, 24, 

262 28, 39, 40] and this is evident by the higher intensity of the corresponding peak. This latter 

263 is the major component in FAC followed by the silicon dioxide (SiO2).

(a) (b)

(c) (d)
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264 Figure 5 -   XRD patterns of catalysts: FAD and FAC (a), Dolomite C and Dolomite CSC 
265 (b), CaO-SiO2 and CaO-S-SiO2 (c), and CA-PET and CA-PET-S (d). (• SiO2, ■ CaCO3, ♦ 
266 CaO, ▲ CaSO4, ■ CaCO3, ▼ Ca(OH)2, ♦ CaO, □ Ca2SiO4 and ★ MgO).
267

268 Figure 5b shows the XRD of Dolomite C and Dolomite CSC catalysts. The presence of both 

269 phases: CaO (2=32.2o) and MgO (2=42.7o) in the Dolomite C could promote the 

270 transesterification reaction. Ca(OH)2 (2=34.1o) is part of the chemical composition of these 

271 catalysts, its formation occurs readily upon an exposure of CaO to humidity of ambient, 

272 resulting in a significant loss of the transesterification activity [34, 41]. It seems that 

273 calcination time of dolomite rock was sufficient to decompose MgCO3 in to MgO, but not 

274 enough to convert completely the CaCO3 in to CaO, since CaCO3 is present (2=29.3o) in 

275 this catalyst after that thermal treatment; similar result was observed by Chawalit et al. (2010) 

276 [42]. The sulfonation of Dolomite C originated new peaks in the diffractogram (of Dolomite 

277 CSC), corresponding to calcium sulfate (CaSO4-major component) at 2=25.6o, 31.3o, 38.6o, 

278 40.9o, 48.6o, 52.2o, 55.8o, and 65.0o. As discussed previously, this treatment had also effects 

279 on the basic and acid strengths of the solid catalyst due to the replacement of calcium 

280 carbonate by calcium sulfate, which in turn could affect its catalytic activity.

281 The XRD patterns of the catalysts produced from eggshells are shown in Figure 5c. For CaO-

282 SiO2 catalyst the peaks at 2 =37.2o, 64.2o, 76.1o and 2Ɵ=20.2o, 33.4o, 39.7o, 55.3o, 59.8o 

283 correspond to CaO and Ca(OH)2, respectively. Besides, calcium silicate compounds 

284 (Ca2SiO4) peaks appear at 2 = 23.3o, 26.2o, 28.0o 32.9o, 35.1o, 41.2o due to the reaction of 

285 Na2SiO3 with CaO and Ca(OH)2 during the catalyst preparation process [28,43]. For the CaO-

286 S-SiO2 catalyst new peaks have arose at 2 =25.6o, 31.3o, 48.6o and at 2 =29.3o, 



ACCEPTED MANUSCRIPT

19

287 corresponding to CaSO4 and CaCO3, respectively [44]. There are the three main compounds 

288 that can be identified in the CaO-SiO2 catalyst, namely: CaO, Ca(OH)2 and Ca2SiO4. The 

289 latter two are the most abundant, which means that part of the calcium existing in the 

290 eggshells has reacted with Na2SiO3 to form calcium silicate [28, 43]. After CaO-SiO2 

291 sulfonation, the hydroxides and silicates of calcium were mainly converted into CaSO4, the 

292 predominant compound in this catalyst.

293 Finally, the XRD diffractograms of catalysts prepared from PET are depicted in Figure 5d. 

294 Both diffractograms exhibit a broad diffraction peaks indicating an amorphous carbons, 

295 C(002) and C(101),  which is composed of the oriented random fashion of carbon sheets. 

296 Thus, a high content of non-graphitic carbon structure is comprised of both samples. Fadhil 

297 et al. (2016) [29] and Chang et al. (2015) [45] observed that these kind of carbons have 

298 oriented random fashion sheets. In short, both catalysts prepared from PET have high content 

299 of non-graphitic carbon.

300 3.2.4 FTIR analyses

301 The FTIR spectra of all catalysts prepared in this work are shown in Figure 6. The FTIR 

302 spectrum of FAD (Figure 6 a) shows the major absorption broad band at 1408.1 cm-1 and 

303 minor absorption bands at 875.5 and 711.2 cm-1, which correspond to the asymmetric 

304 stretching and to out-of-plane band and in-plane band vibration modes of carbonate (CO3
-2) 

305 group, respectively. This result confirms the presence of CaCO3 in FAD, detected by XRD.  

306 PO4
-3 and Si-O components (silica phosphates) show broad bands in the region between 

307 1100.5 and 911.6 cm-1; the same was observed by Maneerung et al. (2015) and Sharma et al. 

308 (2012) but using bottom ash waste arising from woody biomass gasification and wood ash 
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309 from the Acacia nilotica (babul), respectively. Moreover, the absorption sharp band at 3643 

310 cm-1, which is attributed to -OH band, was observed for both catalysts (calcined and 

311 uncalcined). This band is an evidence of water absorption on the CaO surface producing 

312 Ca(OH)2 [46].

(a) (b)

(c) (d)

313 Figure 6 -    FTIR spectra of catalysts: FAD and FAC (a), Dolomite C and Dolomite CSC 
314 (b), CaO-SiO2 and CaO-S-SiO2 (c), and CA-PET and CA-PET-S (d).
315

316 The typical transmittance FTIR spectra of the Dolomite C and Dolomite CSC are shown in 

317 Figure 6b.  The bands at 1442.2 and 1438 cm-1 can be assigned to the symmetric and 

318 asymmetric stretching vibrations of O–C–O bonds of unidentate carbonate at the surface of 

319 the calcium–magnesium oxide in both dolomitic catalysts [34, 47]. The band 872.2 cm-1 
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320 arises also from these carbonates groups. For the Dolomite CSC, the peaks at 1098.9, 672.6, 

321 611.2 and 593.8 cm-1 are attributed to the functional group SO4
-2 of calcium sulfate (major 

322 component) [48, 49].

323 Regarding the FTIR spectra of CaO-SiO2 and CaO-S-SiO2 catalysts (Figure 6c), one 

324 observes nearby absorption bands, such as at 3641.9 and 3653.8 cm-1 that correspond to the 

325 stretching O-H due to physisorption of water on the solid surface.  The spectra show 

326 matching bands namely at 937.5 and 938.9 cm-1, which belong to Si-O symmetric elongation 

327 vibrations and Si–O–Ca [50, 51]. The absorption band at 1128.6 cm-1 could be attributed to 

328 O–Si–O bond of silicate compounds [52]. For CaO-S-SiO2 catalyst, the bands at 1095.7, 

329 672.6, 610.3 and 592.8 cm-1 are attributed to the stretching vibrations of S=O on the group 

330 SO4
-2 of calcium sulfate [48, 49].

331 Concerning the FTIR spectra of CA-PET and CA-PET-S catalysts (Figure 6 d), both are 

332 similar in respect to the position of their bands. The absorption bands observed at 1008, 1030 

333 and 1120 cm-1 are assigned to the symmetric stretching vibrations of S=O as result of 

334 inducing the SO3H group [45, 53]. These evidences indicate a successful incorporation of 

335 SO3H functional groups in the carbon framework.

336 3.3 Catalysts performance

337 The performance of the catalysts prepared from waste materials was assessed through the 

338 esterification and transesterification reaction yields, in the conversion of RPO and WCO 

339 mixtures to FAME. The results are plotted in Figure 7 for FAME yield (Eq.4) and FFA 
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340 conversion (Eq.5). As the WCO percentage in the reaction mixture increases two main 

341 conclusions are withdrawn by an overview of Figure 7, namely:

342  A decrease of FAME yield for catalysts with moderate or high basic strength. This 

343 can be due to the neutralization of their basic catalyst sites, as stated by Kaur M. et 

344 al. (2011) [54] and  Kouzu M. et al. (2008) [55];

345  An increase (or maintenance, for FAD) of FFA conversion.

346 Thus, the presence of FFA in the reaction mixture favours their conversion to FAME but has 

347 a negative effect on transesterification reaction yield.

348 A more detailed analysis of each catalyst group shows that the fly ash catalysts (Figure 7 

349 a&b) have the highest FAME yield for all oil blends tested. One of the best performances (of 

350 all catalysts) in FFA conversion is also related to one of these catalysts, the FAD, achieving 

351 values above 96% for all mixtures. However, rising the WCO in the reaction mixture 

352 decreases the FAME yield in ca. 30 to 35%, being the FAC performance the most affected. 

353 Among the two ash based catalysts, the FAC is the one that has a worse performance in both 

354 FAME yield and FFA conversion. This evidence may be due to changes in surface 

355 morphology (sintering processes) and decrease of both crystalline phases and active 

356 functional groups on the surface for the calcined catalyst, as observed by XRD and FTIR. 

357 Additionally, the most abundant compound in FAD is CaCO3 and in FAC is CaO, which may 

358 be another reason for the observed differences in performance. However, as the amount of 

359 WCO in the blend increases these differences in performance of the catalyst decrease 

360 significantly.
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361 Despite of the low acid strength of both catalysts (6.8≤ pKa <7.2), the FAD roughly converts 

362 all FFA present in the initial reaction mixture and the FAC increases its performance as the 

363 WCO percentage rises,  achieving ca. 86% of conversion for 100%wt. of WCO (M5). 

364 Summing up, it is reasonable to conclude that these catalysts have a bifunctional character, 

365 especially the FAD which enables attaining FAME yield and FFA conversions around 95% 

366 for WCO blends of 25%wt. (M2). 

367

(a) (b)

(c) (d)
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(e) (f)

(g) (h)

368 Figure 7 - Performance in terms of FAME yield and FFA conversion of catalysts: FAD and 
369 FAC (a) and (b), Dolomite C and Dolomite CSC (c) and (d), CaO-SiO2 and CaO-S-SiO2 (e) 
370 and (f), and CA-PET and CA-PET-S(g) and (h), for several RPO:WCO mixtures.
371

372 The FAME yields and FFA conversions attained using Dolomite catalysts are summarized 

373 in the Figure 7c and Figure 7d, respectively.  Dolomite C has the highest basic strength (12.2≤ 

374 pKa <15), but this is not reflected in higher FAME yields. Furthermore, in comparison to ash 

375 catalysts, Dolomite C has higher surface area, pore volume and pore diameter, and all these 

376 features do not seem to be sufficient to give a better performance to this catalyst. Thus, 

377 chemical composition of the catalyst could have a stronger influence than those physical 

378 characteristics. The highest FAME yield achieved by this catalyst is ca. 88% for M1, and 

379 decreases 37% for the mixture with higher acid value (M5). With regard to FFA conversion, 

380 the values attained are consistent with the low acid strength exhibited by this catalyst, i.e., 

381 Dolomite C has a low acid strength and consequently is a weak catalyst of esterification 

382 reaction, so the FFA conversion values reached are one of the lowest registered (for each oil 

383 mixture).
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384 The sulfonation and subsequent calcination of Dolomite C, giving rise to Dolomite CSC, has 

385 strongly affected its ability to catalyze the transesterification reaction, nearly annulling it. 

386 This could be due to the decrease of basic strength (by neutralization) and/or to the decrease 

387 of pore diameter, which in turn increases the diffusion limitations for long alkyl chain 

388 molecules (e.g., triglycerides). However, this treatment has improved the performance of this 

389 material for catalyzing the esterification reaction, reaching conversions of 100% for oil 

390 mixtures with the highest acid values (M4 and M5) tested in this work. The moderate acid 

391 character of this catalyst (6.1≤ pKa <6.8) and the functional groups on its surface (group SO4
-

392 2) could be the driving force of its performance in converting FFA to FAME.

393 The data concerning the performance eggshell catalysts (CaO-SiO2 and CaO-S-SiO2) are 

394 plotted in the Figure 7 (e and f). The FAME yield are negatively affected by the initial acid 

395 value of the oil mixtures, achieving the lowest values (of all catalysts) for M5. The highest 

396 yield levels reached was 70% for M1 in CaO-SiO2 catalyst and 40% for M2 in CaO-S-SiO2; 

397 similar results were obtained by Guanyi C. et al. (2015) [28].  The sulfonation and calcination 

398 of Ca-SiO2 material increases the FAME yield, possibly due to the formation of new active 

399 phases such as calcium sulfate (CaSO4) and calcium carbonate formed from calcium 

400 hydroxide (Ca(OH)2) and calcium silicate (Ca2SiO4), as shown in the Figure 5c, which have 

401 low activity towards the transesterification reaction. Relating to the performance of eggshells 

402 based catalysts to converting the FFA to FAME, one can say that as WCO percentage in the 

403 oil mixture increases the higher is the conversion, being the Ca-SiO2 catalyst the best one. 

404 This finding is in agreement with the acid strength of that catalyst (Ca-SiO2), which is one of 

405 the highest (3.8≤ pKa <4.7) observed in this work.
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406 Compared to the several catalysts discussed above, those produced from PET exhibit an 

407 inverse trend over the FAME yield (Figure 7 g). It was registered an increase of yield as the 

408 amount of FFA in the oil mixtures rises, but the higher values attained were low, i.e., ca. 25% 

409 and 39% for M5 in CA-PET and CA-PET-S, respectively. This result can be explained 

410 considering the lack of basic strength in these catalysts (see Table 3). In fact, PET catalysts 

411 only have an acid character, being CA-PET-S the catalyst with the most acidic character 

412 produced in this work (3.8 ≤pKa <4.7). Though, they do not have the best performance in the 

413 esterification reaction catalysis. In Figure 7 h one observes that the FFA conversions 

414 increases as the acid value of oil mixture rises, achieving the maximum values of ca.71% and 

415 87% for M5 in CA-PET and CA-PET-S, respectively. Thus, although these catalysts have 

416 the largest specific surface area, the largest pore volume and one of the highest acidic 

417 strenghts, this does not seem to be enough to make them the best catalysts for the 

418 esterification reaction. A plausible reason for this may lie in the fact that they have the 

419 smallest pore size observed among the catalyst developed in this work. In addition, among 

420 the two PET catalysts, CA-PET-S is the one that has a better performance in the catalysis of 

421 both esterification and transesterification reactions.

422 4 Conclusions

423 In the present study, efficient heterogeneous catalysts were successfully prepared from solid 

424 waste materials for biodiesel production by transesterification and esterification, using 

425 mixtures of refined palm oil and waste cooking oil in different ratios and methanol.  The 

426 results demonstrate that all the catalysts evaluated have different catalytic performances. The 
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427 better catalyst for catalyzing simultaneous both transesterification and esterification 

428 reactions, i.e., having a bifunctional character, was biomass fly ash dried (FAD), achieving 

429 yields and conversions above 95% for a blend of up to 25%wt. of WCO. 

430 The catalyst produced from dolomite rock did not have a strong bifunctional character. They 

431 showed good performances in catalyzing the transesterification and esterification reactions, 

432 but not simultaneously. Indeed, the sulfonation of Dolomite C was aimed at increasing its 

433 acidic strength so as to give it the potential to catalyze the esterification reaction. However, 

434 that treatment strongly affected that ability, practically canceling it. In further procedures, 

435 the sulfonation stage should be more lenient.

436 The sulfonation of material prepared from eggshells improved its ability for catalyzing the 

437 transesterification reaction, however the maximum values attained do not exceed 70% of 

438 yields. On the other hand, this treatment worsened the performance of this catalyst in FFA 

439 conversion.

440 Regarding the catalysts produced from PET, the results showed that they are good candidates 

441 for catalyzing the esterification reaction of high acid value feedstocks.

442 In short, none of the catalysts produced in this work has both high basic and acidic strengths 

443 and the only one that has these two strengths balanced (on a moderate level) is the Dolomite 

444 CSC. However, the catalyst that exhibited a bifunctional character was undoubtedly FAD, 

445 which means this material can be directly and immediately used from the electrostatic 

446 precipitator equipment located at the biomass thermal power-plant, as its moisture content is 

447 very low, with subsequent economic benefits.
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448 By the exploitation of residual feedstocks (e.g., WCO) and the use of waste based catalysts, 

449 this work gives a contribution to make the biodiesel production a low cost, affordable and 

450 sustainable process, and simultaneously minimizing the environmental burdens traditionally 

451 inherent to the management of those wastes. Therefore, an awareness should be created so 

452 that any material that is deemed to be waste could be exploited for usage in this or other 

453 applications, thereby implementing the principles of circular economy.
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 Dried biomass fly ash is a bifunctional character catalyst in the FAME 

production

 Dolomite based catalysts are good in trans/esterification reactions 

(separately)

 Sulfonation of eggshells improves its performance in transesterification 

catalysis

 Activated carbon produced from PET are able  to catalyze  esterification 

reaction


