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Abstract11

The main objective of the present paper comprises the investigation of biodiesel12

production from low-cost feedstock such as lard oil and waste cooking oil (WCO) using13

Sr-Al double oxides. Nanocatalyst was characterised FTIR, XRD, SEM, TEM, BET and14

XPS. The Sr:Al with 3:1 molar ratio showed the best catalytic activity in the conversion15

of both oils to fatty acid methyl ester. The effect of acetone and tetrahydrofuran (THF) as16

a co-solvent for transesterification were compared and the best result was obtained with17

5 % THF. The mutual effect of the nanocatalyst and co-solvent on biodiesel production18

was investigated. The characterisation of biodiesel synthesised from lard oil and WCO19

was performed with GC-MS, 1H and 13C NMR. Moreover, the optimum reaction20

parameters for transesterification reaction was analysed and the yield was determined by21
1H NMR. The maximum yield of 99.7% and 99.4% of lard oil methyl ester and WCO22

biodiesel were observed with a 0.9 wt% catalyst amount, 1:5.5 oil to methanol ratio in a23

reaction time of 45 minutes at 50°C and 60°C, respectively. The properties of biodiesel24

from lard oil and WCO were determined by the EN 14214 method. The regeneration,25

characterization and reusability of regenerated catalyst was observed.26

27

Keywords: Biodiesel, lard oil, transesterification, Sr-Al double oxides, waste cooking28

oil29

1. Introduction30

31
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Currently, the perpetual concern is the depletion of conventional fuels due to the32

massive  utilisation  of  fossil  fuels.  Moreover,  the  excessive  use  of  petroleum  products33

leads to global warming and environmental pollution. Due to these issues, there is a need34

for an alternative fuel [1,2]. Biodiesel is a suitable alternative fuel due to its35

biodegradability, non-toxicity, renewability, lower emission of sulfur and carbon dioxide36

and eco-friendly nature [3-5].37

38

Biodiesel comprises fatty acid methyl esters, commonly produced by the39

transesterification of fats or oils using methanol in the presence of a catalyst [3,6,7]. The40

bottleneck issues associated with the transesterification process are the selection of41

suitable feedstock, catalyst and an efficient method for the biodiesel production [2],[8-42

10]. The selection of feedstock for biodiesel production plays an important role in the43

determination of fuel cost. Hence, keeping this point in mind the raw materials used in44

the present work includes lard oil and waste cooking oil. Furthermore, the application of45

nanocatalytic technology for biodiesel production helps to improve catalytic activity,46

reusability and stability [2, 5, 11]. The problems involved in the transesterification47

reaction such as a lower rate of reaction, poor phase separation and soap formation can48

be resolved with the help of the co-solvent method [8-10] [12].49

50

The present work was targeted to synthesise Sr-Al double oxides with four different51

molar ratios metal ions. The application of Sr-Al double oxides for biodiesel synthesis is52

rather scanty and not well explored. Moreover, heterogeneous catalyst offers better53

stability and reusability with lower cost in comparison with homogenous or biocatalyst54

[11]. Later, synthesised Sr-Al double oxides were screened for biodiesel production and55

the catalyst showed the best catalytic activity when used for the further reaction.56

Furthermore, as the co-solvent plays an important role in the enhancement of biodiesel57

yield and, therefore, the role of a different co-solvent with Sr-Al nanocatalyst in biodiesel58

synthesis was also studied in the present work. The combined effect of the nanocatalyst59

and co-solvent in biodiesel production from different feedstock was investigated.60

Furthermore, to the best of our knowledge, the transesterification of lard oil and waste61

cooking oil (WCO) using Sr-Al nanocatalysts and co-solvent have not been investigated.62

The selection of oil was due to its low cost and availability.63
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64

 The characterisation of synthesised nanocatalyst was done using Fourier transform65

infrared spectroscopy (FTIR), Scanning electron microscopy (SEM), X-ray diffraction66

(XRD), Transmission electron microscopy (TEM) and Brunauer-Emmett-Teller (BET)67

and X-ray photoelectron spectroscopy (XPS). The biodiesel obtained after a68

transesterification reaction was analysed by gas chromatography with mass spectrometry69

(GC-MS), 1H and 13C nuclear magnetic resonance (NMR).  The reaction parameters such70

as co-solvent percentage, reaction temperature, molar ratio of oil and methanol, catalyst71

amount and reaction time were analysed. The physic-chemical properties of obtained72

biodiesel was determined using EN 14214 method.73

74

2. Experimental75

76

2.1 Chemicals77

78

Lard oil (FFA%= 0.423) and waste cooking oil (FFA%= 0.634) were obtained from79

Sigma-Aldrich and household oil waste, respectively. The aluminium nitrate80

nonahydrate, citric acid monohydrate acs reagent, methanol, acetone, tetrahydrofuran81

(THF) anhydrous and heptane were purchased from Sigma-Aldrich. The strontium nitrate82

was obtained from VWR International. All the chemicals were of analytical grade.83

84

2.2 Synthesis and screening of the catalyst85

86

  Four different samples of Sr-Al mixed oxides were synthesised using the sol-gel87

citrate method. The samples were prepared by mixing metal nitrate of Sr / Al in different88

molar ratios of  1:1, 1:0.51, 1:0.33, and 1:0.25 respectively and stirred for 1 h. Thereafter,89

stoichiometric amount of citric acid was added to metal nitrate solution followed by90

additional stirring for 1 h [45]. The molar ratios of citric acid to total metal cations91

concentration were kept 2[46]. The mixture was then heated over 100°C until a clear92

transparent gel was obtained. The resultant gel was dried at 110°C overnight and then93

dried gel was grounded to get fine powder which was further calcined at 700°C for 5 h.94
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The catalysts were screened for fatty acid methyl ester (FAME) production from lard oil95

and WCO.96

97

2.3 Characterisation of catalyst98

99

XRD patterns of synthesised catalyst were captured with PANalytical – Empyrean X-100

ray diffractometer over a 2  range of 10-120º with an X-ray source Co-K  of 0.178 nm101

at 40 mA and 40 kV. FTIR (Vertex 70 model by Bruker) used to analyse functional groups102

of synthesised catalyst by capturing IR spectra from 400 to 4000 cm-1. SEM images of103

nanocatalysts were obtained by spreading the sample on colloidal graphite with 5 kV104

accelerating voltage (SEM, Hitachi SU3500). TEM images of the samples were captured105

using HT7700 (Hitachi). For attaining TEM images, the nanocatalyst was dispersed in106

ethanol and sonicated for 25 min and a drop of suspension was added to the carbon coated107

copper grid. Surface area, pore diameter and pore volume of synthesised catalysts were108

determined using BET surface area analyser (BET, Micromeritics Tristar II plus). Prior109

to  performing  BET  analysis,  the  catalyst  samples  were  degassed  at  35°C  overnight  to110

remove the moisture from the samples. The surface composition and the binding energies111

of elements in nanocatalysts were examined by ESCALAB 250 model XPS with an Al-112

K X-ray source of 1486.6 eV.113

114

2.4 Reaction procedure115

116

   Lard and waste cooking oil were used as feedstock for biodiesel production. The117

fatty acid methyl ester production from each oil using different ratios of Sr-Al double118

oxides was done in a 250 ml three neck round bottom flask with mechanical stirrer and119

reflux condenser at 60°C by mixing methanol to oil in a 5:1 molar ratio and with 2.5wt%120

of each catalyst for 120 min. The various methanol to oil ratios were reported for121

transesterification studies and theoretically 3: 1 molar ratio is enough for122

transesterification reaction [11, 35, 36, 37]. All the reactions were conducted in triplicates.123

The phase separation of fatty acid methyl ester, glycerol and catalyst were achieved by124

the centrifugation of the samples after each reaction. The selection of the best catalyst for125

further studies was completed by analysing the obtained FAME concentration. In126
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addition, excess methanol in ester phase and catalyst after the reaction were recovered127

after the transesterification reaction. The separated catalyst was washed with methanol128

and heptane to remove impurities. After washing, the catalyst reactivation was achieved129

by drying the recovered catalyst at 60°C followed by calcination at 700°C for 5 h.130

131

132

As an extension of this work, the influence of a different co-solvent like acetone and133

THF on biodiesel production was investigated. The transesterification reactions were134

conducted for the comparison of co-solvents by varying its amount from 5 to 20 wt % in135

each reaction with the best catalyst obtained after the screening procedure. The resulting136

optimised amount of the best co-solvent with the greatest performing nanocatalyst was137

used for further biodiesel production studies.138

139

140

2.5 Analytical methods141

142

The biodiesel attained after the transesterification reaction of lard and WCO was143

analysed by GC-MS (Agilent-GC6890N, MS 5975) with Agilent DB-wax FAME144

analysis GC column dimensions 30 m, 0.25 mm, 0.25 µm. The inlet temperature was145

250°C and the oven temperature was programmed at 50°C for 1 min and it raises at the146

rate of 25°C/min to 200°C and 3°C/min to 230°C and then it was held for 23 min.147

Moreover, 1H and 13C NMR (Bruker) were used for the estimation of fatty acid esters148

content and conformation of esters in each sample, respectively. For NMR analysis, fatty149

acid methyl esters were examined by 1H NMR and 13C NMR at 400 MHz with CDCl3 as150

a solvent. The percentage conversion of oil to fatty acid methyl esters (C%) and biodiesel151

yield are determined by equation 1 and 2, given below [11,37].152

153

(%) =
2 ×

3 × × 100 ( . 1)154

155

(%) =  × 100      ( . 2)156

157
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158

     However, the biodiesel production was also affected by the reaction parameters159

such as the amount of catalyst, oil to methanol ratio, reaction temperature and reaction160

time.161

3. Result and discussion162

163

3.1. Screening and selection of nanocatalyst for biodiesel production164

165

The catalytic performance of different molar ratio of Sr:Al  catalyst was analysed for166

the biodiesel production from waste cooking oil and lard oil. The catalytic activity of each167

catalyst and the viscosity of different FAME samples was indicated in Table 1. The high168

catalytic activity of Sr:Al with 1.0.33 molar ratio is due to the optimum loading of169

aluminium  ions  and  strontium  ions  to  nanocatalyst,  which  offers  a  proper  interaction170

between the components of the catalyst. Hence, the appropriate structure of the catalyst171

provides sufficient active sites for the fatty acids to bind with the nanocatalysts.172

Moreover, only the biodiesel obtained using Sr:Al with  molar ratio 1:0.51  and 1:0.33173

were within the EN ISO 3104 limits. Considering the following results, Sr:Al with molar174

ratio 1:0.33 catalyst was chosen for further optimisation studies. Thereafter, Sr:Al with175

molar ratio 1:0.33 denoted as Sr: 0.33Al.176

177

178

Table 1. The efficiency of various catalyst for transesterification179

180

181

No. Catalyst Molar ratio Biodiesel yield% Viscosity at 40°C

mm2/s

Lard oil WCO  Lard oil

(FAME)

WCO

(FAME)
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1 Sr :Al 1:1 71.25 66.98 5.02 5.77

2 Sr:Al 1:0.51 80.93 79.89 4.82 4.76

3 Sr:Al 1:0.33 85.09 83.41 4.37 4.56

4 Sr:Al 1:0.25 69.42 62.23 5.96 6.23

182

183

3.2. Characterisation of catalyst184

185

The IR bands of Sr: 0.33Al and regenerated Sr: 0.33Al were  shown  in  Fig.  1.  The186

spectra clearly demonstrate the intensity of the IR band and were lower in regenerated Sr:187

0.33Al compared to Sr: 0.33Al . The FTIR peaks in the region of 445 cm-1 to 602 cm-1 of188

the spectrum indicates the frequency vibrations of AlO6 groups. Moreover, the peaks189

observed around 723 cm-1 to 872 cm-1 corresponding to the stretching and vibration of190

AlO4 [13,14]. The band at 1440.64 cm-1 indicates the presence of Sr-O vibrations.  The191

bending vibrations of OH groups and water molecule crystallisation correspond to the IR192

spectra of about 3,400 cm-1, 3,600 cm-1 and 1,640 cm-1, respectively [13, 15].193
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194
Fig. 1. FTIR spectra of Sr: 0.33Al and regenerated Sr: 0.33Al195

196

 Fig. 2 shows the strong and fine XRD pattern of Sr:Al double oxides and regenerated197

Sr:0.33Al over the 10-120º attribute to the crystalline nature of the synthesised198

nanocatalyst. The X-ray diffraction patterns at 37.1º, 45.8º, 56º, 57.1º, 58.6º, 67.1º were199

consigned to the typical peaks of Sr3Al2O6 and show as a match to the earlier report in200

JCPDS file No. 24-1187. The Sr3Al2O6, termed as a superstructure of the nanocatalysts,201

ABO3 [41]. The less intense diffraction patterns around 18º, 24.3º, 29.9º, 34.9º 40.5º,202

49.9º, 53.6º, 60.5º, 70.24º indicate the slight existence of SrCO3 [13,16]. Concisely, the203

diffractogram shows that a clear difference happened to Sr: 0.33Al after204

transesterification. In comparison with Sr: 0.33Al, XRD patterns at 18º, 24º, 40.5º, 58.6º205

and 70.2º disappeared in the regenerated Sr: 0.33Al and the intensity of rest of the peaks206

was reduced. This might be due to slight leaching of Sr and Al ions after reuse of the207

catalyst.208

500 1000 1500 2000 2500 3000 3500 4000
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00 ----Sr-0.33Al

Tr
an

sm
itt
an

ce
(%

)

Wavenumber (cm-1)

500 1000 1500 2000 2500 3000 3500 4000
0.5

0.6

0.7

0.8

0.9

1.0 ----Regenerated Sr-0.33Al

Tr
an

sm
itt
an

ce
(%

)

Wavenumber (cm-1)



9

209

210

211

212

Fig. 2. XRD pattern of Sr: Al double oxides and regenerated Sr: 0.33Al213

214

The SEM images of Sr: 0.33Al and regenerated Sr: 0.33Al are shown in Fig. 3, which215

provide information about the surface structure of the nanocatalyst and the morphological216

alterations which occurred to the catalyst after biodiesel production. The SEM image of217

Sr: 0.33Al shows more similar morphology of particles throughout the image with slight218

agglomeration.  The  minor  distortion  in  the  Sr:  0.33Al  morphology  of  the  catalyst  is219

directly visible from the SEM images. The EDS graph of Sr: 0.33Al and regenerated Sr:220

0.33Al  shows  the  elemental  composition  of  the  catalyst  before  and  after  the  reaction,221

respectively. The minor variation in the composition of catalyst possibly due to slight222

leaching of Sr and Al ions after regeneration and reuse of catalyst.223
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224

Fig 3. (a) SEM image and EDS of Sr: 0.33Al (b) SEM image and EDS of regenerated  Sr:225

0.33Al226

227

228

The TEM image of Sr: 0.33Al and regenerated Sr: 0.33Al were depicted in Fig. 4a and229

4b, respectively. The TEM images are strong agreement with the SEM results. The Sr:230

0.33Al and regenerated Sr: 0.33Al catalyst have a particle size of 57-100 nm, which was231

confirmed with help of TEM images.  The slight variation in particle form of Sr: 0.33Al232

and regenerated Sr: 0.33Al were also visible in TEM images.233
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234
Fig. 4. TEM image of (a) Sr: 0.33Al and (b) Regenerated Sr: 0.33Al235

236

237

The specific surface area, pore volume and pore size of Sr: 0.33Al and regenerated Sr:238

0.33Al were summarised in Table 2. The BET surface area and average adsorption pore239

width and pore volume were reduced after the reaction procedure. This result explains240

one of the reasons for the slight reduction in catalytic activity of the regenerated Sr:241

0.33Al. The N2 adsorption-desorption isotherm for Sr: 0.33Al and regenerated Sr: 0.33Al242

from BET analysis is shown in Fig.5. The hysteresis loop of isotherm indicates the243

presence of mesoporous materials.244

245

Table 2.246

The results of Brunauer-Emmett-Teller surface area analysis247

248

Parameters Sr:

0.33Al

Regenerated Sr: 0.33Al

Surface

area

BET surface area (m2/g) 0.95 0.50

BJH adsorption cumulative surface area of

pores (m2/g)

0.49 0.20

BJH desorption cumulative surface area of

pores (m2/g)

0.60 0.26
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Pore

volume

Single point adsorption total pore volume

of pores (cm3/g)

0.002 0.0009

BJH adsorption cumulative volume of

pores (cm3/g)

0.0052 0.0027

BJH desorption cumulative volume of

pores (cm3/g)

0,0056 0.0030

Pore size Adsorption average pore width (nm) 8.5 6.2

BJH adsorption average pore diameter

(nm)

43.1 53.2

BJH desorption average pore diameter

(nm)

37.1 44.8

249

250

251

252

253

254

Fig. 5. N2 adsorption-desorption isotherm plot of Sr: 0.33Al and regenerated Sr:255

0.33Al256

257
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258

259

XPS was applied to examine the surface properties and binding energies (BE) of260

elements  in  Sr-Al  double  oxides.  The  chemical  environment  of  Sr,  Al,  O,  C  were261

simulated by Gaussian curve-fitting of the Sr 3d, Al 2p, O 1s and C 1s spectra. Fig. 6 (a)262

and (b) depicts XPS fitted spectra of Sr: 0.33Al and the regenerated Sr: 0.33Al263

nanocatalyst. The Sr-Al double oxides depicts Sr3d signals with two peaks at binding264

energies of 133.1 and 134.9 eV assigned to Sr 3d5/2 and 3d3/2, respectively[17]. The Al 2p265

spectra of Sr: 0.33Al and regenerated Sr: 0.33Al shows binding energy at 73 eV, which266

corresponds to pure Al. The pure Al helps in the formation of defective oxides that helps267

in trapping charges [18]. The presence of weakly adsorbed oxygen, stronger binding with268

adsorbed oxygen and aluminium atoms was described by a signal at 531 eV represented269

in O 1s spectra of Sr: 0.33Al  and regenerated Sr: 0.33Al correspondingly [19]. The270

binding energies at 284.6 eV and 289eV in C 1s core level spectrum of Sr: 0.33Al271

consigned to C–C, C=O respectively. Furthermore, the C 1s spectra of regenerated Sr:272

0.33Al indicates only the presence of C-C binding energies [20, 21].273

274
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275



15

276

277

Fig. 6. XPS spectra of (a) bare Sr: 0.33Al and (b) regenerated Sr: 0.33Al nanocatalyst278

279

280

3.3.Characterisation of biodiesel281

282

The fatty acid methyl esters made from the lard oil and WCO were characterised by283

GC-MS, 1H NMR and 13C NMR. The quality of the produced biodiesel should satisfy the284

criteria determined by ASTM/EN 14214 limits.285

286

The  chemical  composition  of  biodiesel  was  demonstrated  with  the  help  of  GC-MS287

chromatogram and National Institute of Standards and Technology (NIST) 2014 MS288

library. The fatty acid methyl esters obtained after the transesterification of lard oil and289

waste cooking oil with Sr: 0.33Al illustrated in Fig 7. Each FAME peak in the sample290
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was recognised with the help of a library match and the obtained outcomes were291

represented in Table 3.292

293

294

295

296

Fig. 7. Illustrates the GC-MS spectrum of biodiesel obtained from (a) lard oil and (b)297

waste cooking oil, after transesterification with 0.6 wt Sr: 0.33Al , 1:4.5 oil to the298

methanol molar ratio at 40°C for 30 min.299

300

Table 3.301

The composition of biodiesel obtained after transesterification with  Sr: 0.33Al.302

303

304

Peak              Lard oil FAME Compound name

Retention time

(min)

Library match (%)

1 7.3 92.6 methyl 12-methyltridecanoate

2 8.4 91.5 methyl hexadecanoate

3 8.5 94.4                 methyl (Z)-hexadec-9-enoate

4 9.9 93.5 methyl octadecanoate

5 10.1 96 methyl (E)-octadec-13-enoate

6 10.5 96.5 methyl (11E,14E)-octadeca-11,14-dienoate
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305

306

The yield of fatty acid methyl esters derived from lard and waste cooking oil was307

estimated using 1H and 13C NMR spectroscopy. The conversion was calculated using308

equation 2, which was already mentioned hereinabove. With the help of 1H NMR, FAME309

percentage of sample obtained after transesterification of lard oil and waste cooking oil310

with Sr: 0.33Al was found to be 99.7% and 99.4% correspondingly. Fig. 8a and 8b311

demonstrates the 1H NMR spectrum of fatty acid methyl esters sample obtained from lard312

and  waste  cooking  oil  with  help  of  Sr:  0.33Al  as  catalyst,  respectively.  It  helps  to313

characterise FAME and can be used to conform the existence of methyl esters in the314

biodiesel.315

316

In 1H NMR, the signal at 3.63 ppm indicates methoxy group (A ME)  of  FAME and317

signal at 2.27 ppm corresponding to the methylene group (ACH2). The presence of these318

signal in the biodiesel sample verifies the presence of methyl ester. Apart from the signal319

used for the quantification, there are other identifiable peaks such as the signal at 0.83 to320

7 11.2 89 methyl (9Z,12Z,15Z)-octadeca-9,12,15-trienoate

Waste cooking oil FAME Compound name

Retention time

(min)

Library match

(%)

1 5.4 89.9 methyl decanoate

2 6.4 84.6 methyl dodecanoate

3 7.3 92.9 methyl 12-methyltridecanoate

4 8.4 90.3 methyl hexadecanoate

5 8.8 85 methyl 14-methylpentadecanoate

6 10.1 96.8 methyl (E)-octadec-13-enoate

7 10.5 96.4 methyl (11E,14E)-octadeca-11,14-dienoate

8 11.2 93.2 methyl (9Z,12Z,15Z)-octadeca-9,12,15-trienoate



18

0.86 ppm for CH2-CH3 or for latter methyl group. The peaks in the range of 1.22 to 2.3321

represents CH2 (methylene group). The signals at 5.3 range indicates the presence of322

CH=CH (double bond) groups or olefinic groups [22, 23] The 3.45ppm corresponds to323

solvent residual signal[42]. Fig S1 (a) and S1 (b) represents 13C NMR spectra of biodiesel324

obtained after transesterification of lard and waste oil with Sr: 0.33Al as nanocatalyst. In325
13C NMR, the signal in the range of 174 ppm and 51 ppm indicates the existence of ester326

carbonyl –COO- and C-O, respectively. The unsaturation in biodiesel sample was327

confirmed with help of signals over the ppm range 126-132 ppm. The presence of the -328

CH2 group was shown with the help of the signals in the region of 21-35 ppm [23]The329

peaks 0-55 ppm corresponds to aliphatic carbon in fatty acid esters [43,44].330

331

332

333

334

Fig. 8 a. The 1H NMR for the biodiesel sample obtained from lard oil with  Sr: 0.33Al335

336
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337

338

Fig. 8 b. The 1H NMR for the biodiesel sample obtained from waste cooking oil with  Sr:339

0.33Al340

341

342

3.4. Influence of various parameters on biodiesel production343

344

The higher yield of biodiesel was achieved by optimising the reaction conditions such345

as the amount of co-solvent, oil to methanol ratio, reaction temperature, reaction time and346

catalyst amount. Based on the preliminary screening of catalysts, the Sr: 0.33Al catalyst347

was found to be a more capable catalyst for the conversion of lard and waste cooking oil348

to biodiesel. A series of transesterification reactions were performed using Sr: 0.33Al and349

optimised in order to achieve the reaction parameters for optimisation.350

351
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3.4.1  Effect of various co-solvents on biodiesel production352

353

 Fig 9. (a) shows the influence of various co-solvent on biodiesel production from354

different oils. The quantity of co-solvent varied over the range of 5-20 wt% based on355

the weight of oil used for the transesterification reaction. Based on reported studies co-356

solvent enhance interaction between reactants in presence of minimum amount of357

catalyst and oil to methanol ratio[8-10]. Therefore slightly higher theoretical minimum358

of oil to methanol ratio is used to determine effect of co-solvent on transesterification359

reaction. The evaluation of the effect of the co-solvent on the biodiesel production360

procedure was attained by performing the transesterification of each oil at 40°C by361

using 0.6 wt% catalyst and 1:3.5 oil to the methanol molar ratio for 40 min in the362

presence of various weight percentage of acetone and THF, respectively. Generally,363

the co-solvent helps to increase the miscibility of reactants in a transesterification364

reaction and thereby results in a higher yield of fatty acid methyl esters. On the365

contrary, a larger amount of co-solvent above the optimum value hinders the phase366

separation of biodiesel and glycerol [8-10]. In the present study, it was observed that367

the samples with 5 wt% of THF resulted in the maximum yield of FAME from both368

lard and waste cooking oil. This can be interpreted to means 5 wt% of THF is enough369

and efficient to enhance the following factors such as the solubility of methanol and370

oil, phase separation of FAME and glycerol and for separation of glycerol from371

reaction mixture.372

373

374

3.4.2 Effect of temperature on biodiesel production375

376

The influence of temperature on transesterification reaction was investigated by377

conducting a reaction at various temperatures using 0.9 wt% catalyst, 5 wt% THF, 1:5.5378

oil  to  methanol  molar  ratio  for  45  min  reaction  time (Fig.  9b).  The  temperature  range379

chosen for the reaction was lower than the boiling point of THF. The yield of biodiesel380

from lard oil and WCO increased gradually up to 99.7% and 99.4% at 50°C and 60°C,381

respectively, and resulted in the maximum yield of fatty acid methyl esters. Moreover,382

the temperature has a direct effect on the rate of the reaction but elevation in temperature383
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after the optimum value decreases the yield of biodiesel which is due to the fact that an384

elevated temperature favours methanol or co-solvent vaporisation [10, 24, 25]. Further385

experiments were conducted at 50°C and 60°C for lard and WCO, respectively.386

387

3.4.3 Effect of the reaction time on biodiesel production388

389

The effect of the reaction time on the transesterification reaction of lard oil and WCO390

was observed by executing reactions for various time intervals using 0.9 wt% catalyst,391

1:5.5 oil to methanol molar ratio at 50°C and 60°C correspondingly were depicted in Fig.392

9c. The present investigation was employed to represent the effect of THF on the rate of393

the transesterification reaction. The fatty acid methyl ester content rose with the increase394

in reaction time and reached its maximum with a shorter interval of time in the reaction395

mixtures with the co-solvent. This is due to the reduction of the phase boundary in396

reactants and a faster separation of biodiesel and glycerol.397

398

3.4.4 Effect of the catalyst amount (weight%) in biodiesel production399

400

Fig 9d was applied to determine the effect of the catalyst concentration on biodiesel401

production by performing reactions at various catalyst concentration from 0.2% to 1.2402

wt% of oil. The 99.7% and 99.4% of biodiesel yield was obtained from lard oil and waste403

cooking oil using 0.9 wt% catalyst, 5 wt% THF as the co-solvent and 1:5.5 oil to methanol404

molar ratio within 45 min of the reaction time at 50°C and 60°C correspondingly. The405

conversion of oil to biodiesel raises with an increase in the amount of catalyst up to 0.9406

wt% and extra rise in the catalyst concentration beyond the optimum value showed407

reduction in biodiesel yield due to a decrease in the availability of active sites and408

hindrance to phase separation [9, 26, 27].409

410

411

3.4.5 Effect of oil to methanol ratio in biodiesel production412

413

The biodiesel conversion significantly increases as oil to methanol molar ratios were414

raised from 1:3.5 to 1:6.5 as illustrated in Fig. 9e. The lard oil and waste cooking oil415
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transesterification process was carried out with 0.9 wt% catalyst for 45 min of reaction416

time at 50°C and 60°C, respectively. The biodiesel yield was negatively affected by a417

rising methanol concentration above the optimum amount (1:5.5) which was due to the418

higher  solubility  of  glycerol  to  ester  phase  resulting  in  difficulty  for  the  separation  of419

biodiesel. It may also support a reverse reaction than the production of biodiesel [28, 29].420

421

422

423

424



23

425

426

427

428

429

430

431

432

433

434

435

436

Fig. 9. (a). Effect of various co-solvents on the biodiesel yield (b). Effect of the437

reaction temperature on the biodiesel yield (c). Effect of the reaction time on the biodiesel438

yield (d) Effect of the catalyst amount (weight %) on the biodiesel yield (e) Effect of the439

oil to methanol molar ratio on the biodiesel yield.440

441

3.5. Properties of synthesised biodiesel442

443

The properties of fatty acid methyl esters were determined using the EN 14214/ASTM444

D6751 method as shown in Table 4. All of these features play a key role in the biodiesel445

quality. The acid value of lard oil methyl ester and WCO methyl ester were found to be446

0.29 mg KOH/g and 0.31 mg KOH/g, respectively. The resulted acid values were within447

the limits of the European International standard organisation (EN ISO) method. The448

increase in acid value can result in difficulties like corrosion of rubber parts of engine and449

filter clogging [30]. The density and kinematic viscosity are other two main fuel features450

that influence the fuel injection operation. Higher values of these factors can negatively451

affect the fuel injection process and leads in the formation of engine deposits [31, 32].452

The density and kinematic viscosity of both methyl esters were within EN ISO 12185 and453

EN ISO 3104 limits correspondingly. The other factor is flash point, which specifies the454

minimum temperature at which fuel starts to ignite. It is vital to know the flash point value455

for fuel handling and storage [33]. Cloud point is important when fuel is exposed to lower456
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temperature where as cetane number directly connects to quality of fuel. The rest of the457

preferred features such as calorific value, cloud point, cetane number, and pour point are458

also within EN ISO/ASTM limits.459

460

Table 4.461

Properties of fatty acid methyl esters from different feedstocks462

Property EN 14214/

ASTM D6751

test method

Limits Methyl ester

from Lard oil

Methyl

ester from

WCO

Acid value (mg

KOH/g)

Pr EN14104 0.5 max 0.29 0.31

Density at 15°C

(kg/m3)

EN ISO 12185 860-900 882.1 885.6

Kinematic

viscosity at 40°C

mm2/s

EN ISO 3104 3-5 3.98 4.01

Calorific value

(MJ/kg)

D6751 39.92 40.45

Flash point (°C)  EN ISO 2719 - 131°C 138°C

Cetane number  EN ISO 5165 51  63 67

Cloud point (°C)   D2500  8 9

Pour point (°C)   ISO 3016  5 7

463

464

3.6.  Reusability of catalyst465

466

The concept of catalyst reusability plays a vital role in an environmentally friendly467

biodiesel production process. Therefore, the catalyst recovered after the468

transesterification reaction was subjected to a cleaning process to remove the deposited469

oil, products or glycerol. The cleaning of the catalyst with a suitable solvent and470

calcination helps in its regeneration [11,34]. The catalytic reusability of the Sr-0.25Al471

nanocatalyst was analysed by the separation of the catalyst from fatty acid methyl esters472
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and glycerol. The catalytic reusability Sr: 0.33Al over lard oil and waste cooking oil using473

0.9 wt% catalyst, 5 wt% THF as co-solvent and 1:5.5 oil to methanol molar ratio within474

45 min of reaction time at 50°C and 60°C correspondingly depicted in Fig. 10. Lard oil475

and WCO biodiesel yields were decreased from 99.7% to 95.1% and 99.4% to 93.7%,476

respectively, in four cycles. Compared to other reported studies the current catalyst477

showed higher stability and better biodiesel yield even after five cycles of reaction[11,26,478

38,39,40]. The minor changes in the catalyst structure and composition, reduction in BET479

surface area illustrated in catalyst characterisation findings agrees with the drop in480

catalytic activity. The reusability test showed that the regenerated catalyst was quite481

efficient even after four cycles with the significant conversion of oil into biodiesel. The482

nanocatalyst stability after various cycles were evaluated based on the the leached metal483

ion concentration. The Agilent 5110 Inductively coupled plasma (ICP) was used to484

measure metal concentration. It was detected that from cycle 1 to cycle 5, the Al and Sr485

concentrations in solution were less than 0.0072 and 0.024mg/L.486

487

488

489
Fig. 10. (a) Reusability analysis of Sr: 0.33Al catalyst and (b) Stability of Sr: 0.33Al490

catalyst up to four transesterification reactions491

492

4. Conclusion493

494
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The Sr-Al doubleoxides were synthesised and employed for the transesterification495

reaction of lard and waste cooking oil to biodiesel. The influence of acetone and THF as496

a co-solvent on biodiesel production were investigated. The combined effect of a co-497

solvent and nanocatalyst on lard and waste cooking oil were examined. The best catalytic498

activity  was  attained  with  Sr:  0.33Al  as  a  nanocatalyst  and  THF  as  a  co-solvent.  The499

characterisation of synthesised catalyst and regenerated catalyst were performed by FTIR,500

XRD, SEM, TEM, XPS and BET. It helps to determine the morphology, composition and501

stability of the catalyst before and after the transesterification reaction. The factors502

affecting biodiesel production were optimised. The maximum yield of 99.7% and 99.4%503

of  lard  oil  methyl  ester  and  WCO  biodiesel  was  observed  with  5  wt%  THF,  0.9  wt%504

catalyst amount, 1:5.5 oil to methanol ratio with in a reaction time of 45 minutes at 50°C505

and 60°C, respectively. The presence of the co-solvent increases the reaction rate and506

reduction in methanol consumption compared to the usual transesterification reaction.507

The reusability of the catalyst also exhibited a favourable result, which makes it cost508

effective and eco-friendlier. The properties of biodiesel such as acid value, density,509

kinematic  viscosity  and  flash  point  were  within  the  EN 14214 limits.  All  these  results510

summarise the efficiency of Sr-Al nanocatalysts as a potential catalyst and THF as a better511

co-solvent for the production of superior quality biodiesel from different feedstock.512
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Fig S1 (a). The 13C NMR for the biodiesel sample obtained from lardoil with Sr:705

0.33Al706
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Fig S1 (b). The 13C NMR for the biodiesel sample obtained from waste cooking oil712

with Sr: 0.33Al.713
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