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Abstract12
The main objective of this work comprises the investigation of biodiesel production from13
rapeseed oil using potassium impregnated Fe3O4-CeO2 nanocatalyst. The various14
concentration of potassium impregnated Fe3O4-CeO2 was screened for catalytic15
conversion of rapeseed oil to triglyceride methyl ester. The 25 wt % potassium16
impregnated Fe3O4-CeO2 nanocatalyst showed best biodiesel production.  Nanocatalyst17
was characterized by FTIR, XRD, SEM, TEM, BET and Hammett indicator for basicity18
test. The characterization of biodiesel was performed with GC-MS, 1H and 13C NMR.19
Moreover,  the  optimum  reaction  parameters  such  as  catalyst  amount  (wt  %),  oil  to20
methanol ratio, reaction time and reaction temperature for transesterification reaction was21
analyzed and yield was determined by 1H NMR. The maximum yield of 96.13 % was22
obtained at 4.5 wt % catalyst amount, 1:7 oil to methanol ratio at 65 °C for 120 minutes.23
The properties of biodiesel such as acid value and kinematic viscosity were observed as24
0.308 mg KOH/g and 4.37 mm2/s respectively. The other fuel parameters such as flash25
point and density were also determined. The reusability of catalyst was observed and it26
showed stability up to five cycles without considerable loss of activity. The recovery of27
excess methanol after transesterification reaction was achieved using distillation process28
setup.29
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1. Introduction34
35
Now a days, the inadequacy of conventional fuels along with global warming and36
direct environmental pollution due to massive utilization of fossil fuels leads to the37
consideration of an alternative fuel for fossil fuels [1,2]. Biodiesel is  fatty acid methyl38
esters obtained after transesterification of oils with methanol [3].39
40
Biodiesel is one of the alternative fuel, which possess all the properties such as41
renewability, accessibility, sustainable nature, and clean fuel that can meet all the42
challenges caused by fossil fuels [4,5]. Furthermore, domestically available numerous43
sources such as vegetable oils, algal oils and animal fat / oils are used as feedstock for the44
biodiesel production [6] .  Various techniques involved in conversion of  oils to biodiesel45
which includes pyrolysis, transesterification, supercritical fluid, and dilution [3,7]. Out of46
these methodologies most commonly and commercially used is transesterification47
techniques with homogeneous catalyst. Moreover, there are various catalyst involved in48
biodiesel production such as homogeneous, heterogeneous and enzyme catalyst [3, 7, 8].49
However, the environmental concern related to usage of homogenous catalyst such as50
huge amount of chemical waste water, whereas solid heterogeneous and enzyme catalyst51
have various challenges such as mass transfer resistant, reusability of catalyst. [7, 9, 10].52
53
In recent times nanocatalyst attained special attention in various process such as water54
treatment, drug delivery, optoelectronics and biodiesel production [4, 8, 11-13].55
Futhermore nanocatlayst plays a major role in biodiesel production due to its various56
features such as high stability, efficient catalytic activity, easy operational procedure,57
reusability, and high surface area [8, 10, 13]. The selection of feedstock for biodiesel58
production is reliant on the region. For example, in Europe and tropical countries major59
3sources for the production of biodiesel are rapeseed oil and palm oil respectively where60
as in soybean oil serves as one of the major sources of biodiesel in the United States [3,61
13].62
63
The focus of this work is to synthesize potassium impregnated nano-magnetic ceria64
and use this catalyst for the production of biodiesel from rapeseed oil. The magnetic65
nanoparticles helps in easy separation of catalyst and increases its reusability [14, 15].66
Nanomagnetic particles has been explored as a catalyst in various fields such as water67
treatment, bio catalysis, photocatalysis but rarely used in field of biodiesel production68
[16- 19]. Furthermore, as far as our knowledge the transesterification using the potassium69
impregnated nano-magnetic ceria has not been reported in the literature. The selection of70
rapeseed oil as a feedstock for biodiesel production is because of its easy availability and71
comparatively low cost oil in Europe. The CeO2 magnetic nanoparticles were72
impregnated with various concentration of potassium ions to determine the doping effect73
of potassium ions on catalytic activity. The cerium oxide was used in combination with74
various metal oxides for transesterification reaction [37, 38]. Moreover, ceria was used75
as catalyst for various catalytic reactions [15, 39]. The characterization of synthesized76
nanocatalyst  was  done  using  FTIR,  XRD,  SEM,  TEM, BET.  Further,  the  nanocatalyst77
has been used for transesterification reaction, where the production conditions such as78
temperature molar ratio of oil and methanol, catalyst amount and time were optimized.79
The biodiesel was analyzed by GC-MS, 1H and 13C NMR.80
81
2. Materials and methods82
83
2.1 Materials84
85
Rapeseed oil (FFA % = 0.442, average molecular weight=892.27), Cerium (III) nitrate86
hexahydrate (Ce (NO3)3.6H2O.),  Ferrous  chloride  tetrahydrate  (FeCl2. 4H2O) Ferric87
chloride hexahydrate (FeCl3.6H2O), Ammonia solution, potassium hydroxide (KOH),88
methanol of analytical grade were purchased from Sigma-aldrich.89
490
2.2 Synthesis and screening of catalyst91
92
  The magnetic nanoparticles loaded with 25 wt % of ceria was synthesized by co-93
precipitation of FeCl2.4H2O, FeCl3.6H2O,  and  Ce  (NO3)3.6H2O using 25 % ammonia94
solution. The resulted solution was centrifuged and washed several times with water. The95
obtained precipitate was dried at 60 °C for 24 h and calcinated at 400 °C in muffle furnace96
(Naberthermb180) for 4 hours. The prepared magnetic nanoparticles loaded with 25 wt97
% ceria was impregnated with different concentration of KOH solution (15, 25, 50 wt %)98
and stirred continuously for 8h and later dried at 50 °C for overnight. The dried samples99
were calcined at 500 °C in muffle furnace for 4 hours. A series of potassium impregnated100
magnetic cerium dioxide nanocatalysts were screened for fatty acid methyl ester (FAME)101
production from rapeseed oil.102
103
2.3 Characterization of catalyst104
105
FTIR peaks and XRD patterns of synthesized catalyst were examined with Vertex 70106
Bruker and PANalytical – Empyrean X-ray diffractometer respectively.  SEM images of107
catalysts were obtained by spreading sample on colloidal graphite with 5 kV accelerating108
voltage (SEM, Hitachi SU3500). TEM images of the samples were captured using109
HT7700 (Hitachi).For attaining TEM images the nanocatalyst was dispersed in ethanol110
and sonicated for 25 minutes and a drop of suspension was added to carbon coated copper111
grid. Surface area of synthesized catalysts were determined using BET surface area112
analyzer (BET, Micromeritics Tristar II plus). Prior to perform BET analysis the catalyst113
samples were degassed at 35 °C for overnight to remove the moisture from the samples.114
The basicity of catalyst was determined with help of Hammett indicator.  For basicity115
test analysis , 350 mg of  each catalyst was  mixed with 1mL of  Hammett indicators such116
as bromothymol blue (H_7.2), phenolphthalein (H_9.8), 2, 4 - dinitroaniline (H_15) and117
4-nitroaniline were diluted separately in 10mL of methanol. Later all the samples were118
kept for 3hours to settle. The catalyst colour was observed after equilibration time. The119
catalyst experience colour change indicates that the basicity of catalyst was greater than120
5the weakest indicator whereas no colour change shows that the basic strength of catalyst121
lower than the strongest indicator.  [20, 21].122
123
2.4 Biodiesel production using potassium impregnated Fe3O4-CeO2124
125
126
Rapeseed oil was used as feedstock for biodiesel production. The fatty acid methyl127
ester production from rapeseed oil using different catalyst was done by mixing methanol128
to oil in 7:1 molar ratio and with 3wt % of each catalyst. The best catalyst for biodiesel129
production was selected by conducting all the reactions in a 250mL three neck round130
bottom flask with mechanical stirrer and reflux condenser at 60 °C for 120 minutes. The131
separation of fatty acid methyl ester as well as recovery of excess methanol and catalyst132
by centrifugation of samples after each reaction. The biodiesel was analyzed by GC-MS133
(Agilent-GC6890N, MS 5975) with agilent DB-wax FAME analysis GC column134
dimensions 30 m, 0.25 mm, 0.25 µm. The inlet temperature was 250 °C and oven135
temperature was programmed at 50 °C for 1 minute and it raises at the rate of 25136
°C/minute to 200 °C and 3 °C /minute to 230 °C and then it was held for 23 minute.137
Besides, esters of rapeseed oil after transesterification reaction was analyzed by 1H and138
13C  NMR  (Bruker).  For  NMR  analysis,  fatty  acid  methyl  esters  were  analyzed  by 1H139
NMR and 13C NMR at 400 MHz with CDCl3 as solvent .The percentage of conversion of140
rapeseed oil to fatty acid methyl esters (C %) and percentage of biodiesel yield are141
determined by the equation (1) and equation (2)  respectively [9, 13, 20, 22].142
143
ܥ(%) = 2 × ܫ݊ݐ݁ݎ݃ݎܽݐ݅݊ ݒ݈ܽݑ݁ ݂ ݎݐ݊ݏ ݂ ݉݁ݐ݄ݕ݈ ݁ݏݐ݁ݎ3 × ܫ݊ݐ݁ݎ݃ݎܽݐ݊ ݒ݈ܽݑ݁ ݂ ݉݁ݐ݄ݕ݈ ݎݐ݊ݏ × 100 (ܧݍ. 1)144
145
ܤ݅݀݅݁ݏ݈݁ ݕ݈݅݁݀ (%) = ݉ܽݏݏ ݂ ܾ݅݀݅݁ݏ݈݁
݉ܽݏݏ ݂ ݈݅
 × 100      (ܧݍ. 2)146
147
148
6     Moreover, the transesterification reaction was sustained with the best catalyst attained149
after screening process.  However, the biodiesel production was also effected by reaction150
parameters such as amount of catalyst oil to methanol ratio, temperature and reaction151
time.152
153
3. Results and discussion154
155
3.1. Screening and selection of nanocatalyst for biodiesel production from rapeseed oil156
157
The  catalytic  performance  of  different  catalyst  such  as  15,  25,  50  wt  %  potassium158
impregnated Fe3O4-CeO2 were analyzed for the selection of nanocatalyst for the biodiesel159
production from rapeseed oil at 60 °C by using 3 wt % catalyst and 1:5 oil to methanol160
molar ratio within120minutes of reaction time. The catalytic activity of each catalyst was161
indicated in Fig1. This is due to the optimum loading of potassium ions to Fe3O4-CeO2,162
which offers sufficient active sites for the fatty acids to bind with the catalyst as well as163
the basic nature of the catalyst. Moreover the increased amount of KOH above the164
optimum value, basicity probably decrease the surface basic sites which led to a fall in165
the catalytic activity of the catalyst with subsequent reduction in yield [21, 23, 24]. The166
25 wt % potassium impregnated Fe3O4-CeO2 [named as Fe3O4-CeO2-25K] showed best167
result on preliminary examination on conversion rapeseed oil to biodiesel and hence168
selected for the optimization studies. Furthermore, reaction parameters for the chosen169
catalyst was optimized to obtain high yield of fatty acid methyl esters (FAME).170
7171
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173
174
Fig. 1.  The efficiency of various catalyst for transesterification of rapeseed oil175
176
3.2. Characterization of catalyst177
178
The FTIR peaks of Fe3O4-CeO2, Fe3O4-CeO2-25K and regenerated Fe3O4-CeO2-25K179
were shown in Fig.2. The FTIR spectrum observed in region of 3286 cm-1 and 1624 cm-180
1  is  due  to  stretching  of  the  –OH  group  and  bending  vibration  of  water  molecule181
respectively[15]. FTIR bands at around 1370 cm-1 and 1009 cm-1 are due to vibration of182
CeO2. The FTIR peaks detected in the range of 500 cm-1 to 700 cm cm-1 represents Fe–O183
metal-oxygen bond which indicates the existence of Fe3O4 [15].  New peaks at around184
833 cm-1 and 1390 cm-1indicates impregnation of potassium to the catalyst.185
186
8187
188
Fig. 2. FTIR spectra of Fe3O4-CeO2, Fe3O4-CeO2-25K and regenerated Fe3O4-CeO2-25K189
190
 The  Fig.  3  shows the  XRD pattern  of  Fe3O4-CeO2, Fe3O4-CeO2-25K and regenerated191
Fe3O4-CeO2-25. The regenerated catalyst was obtained by separating catalyst after192
transesterification. The catalyst was with methanol and heptane to remove impurities and193
dried at 60 °C and calcined at 500 °C for 4 hours to reactivate the catalyst. X-ray194
diffraction patterns of Fe3O4-CeO2 depicts peaks at 35.36 º, 41.51 º, 50.8 º, 63.6 º, 67.7 º,195
74.7 º. XRD pattern of Fe3O4-CeO2-25K and regenerated Fe3O4-CeO2-25K showed new196
peaks at 38.72 º, which is due to the impregnation of potassium ions to Fe3O4-CeO2197
9nanocatalyst [15, 25]. Table 1 shows the crystallographic parameters of Fe3O4-CeO2-25K198
and regenerated Fe3O4-CeO2-25K after five cycles of transesterification.199
200
201
202
Fig. 3. XRD pattern of Fe3O4-CeO2, Fe3O4-CeO2-25K and regenerated Fe3O4-CeO2-25K203
Table 1.204
Catalyst Crystal
structure
a b c Į ȕ Ȗ
(nm) (nm) (nm)
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The crystallographic parameters of Fe3O4-CeO2-25K and regenerated Fe3O4-CeO2-25K205
The TEM image of Fe3O4-CeO2 and Fe3O4-CeO2-25K were depicted in Fig. 5a and 5b206
respectively. The Fe3O4-CeO2 and Fe3O4-CeO2-25K catalyst have a particle size of 20-207
33.9 nm which was confirmed with help of TEM images. Further after impregnation of208
potassium ions the flat covered surface was observed. The flat covered surface imply to209
potassium impregnation. The extension of potassium covering depends on the weight210
percentage of potassium used for impregnation.211
212
213
Fe3O4-CeO2 Hexagonal 0.48 0.48 0.4 90 90 120
Fe3O4-CeO2-25K. Hexagonal 0.84 0.84 1.2 90 90 120
(a)
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Fig. 4. TEM image of (a) Fe3O4-CeO2 and (b) Fe3O4-CeO2-25K214
215
The composition and surface structure of nanocatalyst were analyzed by SEM. SEM216
image and EDS graph of Fe3O4-CeO2 and Fe3O4-CeO2-25K provides information about217
its morphology and elemental composition respectively. By comparing two images, it218
was observed that there was a coating on the catalyst due to doping of potassium. It also219
confirms the existence of Fe (34.9 wt %), Ce (13.5 wt %), O (28.8 wt %) and K (16.4 wt220
%) in the nanocatalyst. The elemental distribution in regenerated catalyst obtained after221
5 cycles was found to be Fe (33.5 wt %), Ce (12.9 wt %), O (27.7 wt %) and K (15.4 wt222
%) in the nanocatalyst.223
(b)
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224
Fig 5. (a) SEM image and EDS of Fe3O4-CeO2 (b) SEM image and EDS of Fe3O4-CeO2-225
25K226
227
The surface area, pore volume and pore size of Fe3O4-CeO2 and Fe3O4-CeO2-25K were228
determined  by  BET  analysis.  The  results  of  BET  analysis  of  Fe3O4-CeO2 and Fe3O4-229
CeO2-25K as summarized in Table 2. The BET surface area and pore volume reduced230
due to loading of potassium and this behavior was quite common with potassium [21, 24,231
26].The N2 adsorption-desorption isotherm for Fe3O4-CeO2 and Fe3O4-CeO2-25K from232
BET analysis were shown in Fig.6. The hysteretic loop isotherm indicates the presence233
of mesoporous materials. The pore width and pore volume distribution of Fe3O4-CeO2234
and Fe3O4-CeO2-25K depicted in Figure S1.235
236
237
Table 2 .238
The results of Brunauer-Emmett-Teller surface area analysis239
13
240
Parameters Fe3O4-CeO2  Fe3O4-CeO2-25K
Surface area BET surface area (m2/g) 80.37  72.84
Pore volume Single point adsorption total pore volume of
pores (cm3/g)
0.177  0.18
Pore size Adsorption average pore width (nm) 8.81  9.99
241
242
243
244
Fig. 6. N2 adsorption-desorption isotherm plot of Fe3O4-CeO2 and Fe3O4-CeO2-25K245
246
The magnetic properties were measured using SQUID magnetometer (Cryogenic247
S700X-R, UK). The magnetization versus magnetic field dependencies at 300 Kelvin was248
obtained for Fe3O4-CeO2-25K shown in Fig.7. The remanent magnetization for Fe3O4-249
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CeO2-25K sample is 0.75 emu/g. Fig 7 also demonstrates the recovery of catalyst from250
the reaction mixture.251
252
253
254
255
256
257
Fig. 7. The magnetization versus magnetic field of Fe3O4-CeO2-25K at 300 K258
259
260
3.3.Characterization of biodiesel261
262
The quality of synthesized biodiesel should satisfy the criteria determined by263
ASTM/EN 14214 limits. The fatty acid methyl esters made from the rapeseed oil was264
characterized by GC-MS, 1H NMR and 13C NMR.265
266
The  chemical  composition  of  biodiesel  was  demonstrated  with  the  help  of  GCMS267
chromatogram and National Institute of Standards and Technology (NIST) 2014 MS268
library. The fatty acid methyl esters obtained after transesterification of rapeseed oil with269
15
Fe3O4-CeO2-25K illustrated in Fig S2. Each FAME peak in the sample was identified270
with the help of library match and represented in Table S1.271
272
273
274
275
276
3.3.2 1H and 13C NMR spectroscopy277
1H and 13C NMR spectroscopy was used for the analysis of fatty acid methyl esters278
derived from rapeseed oil. The conversion was calculated using the equation 2, which279
was already mentioned above.  With the help of 1H NMR, FAME percentage of sample280
obtained after transesterification of rapeseed oil with Fe3O4-CeO2-25K was found to be281
96.13 %.  Fig. S3a and S3b demonstrates the 1H NMR and 13 C spectrum of fatty acid282
methyl esters sample obtained with help of Fe3O4-CeO2-25K catalyst respectively. It283
helps to characterize FAME and can be used to conform the existence of methyl esters in284
the biodiesel.285
In 1H NMR the signal at 3.64 ppm indicates methoxy group (A ME) of FAME and signal286
at 2.27 ppm corresponding to methylene group (ACH2). The presence of these signal in287
the biodiesel sample verifies the presence of methyl ester. Apart from the signal used for288
the quantification, there are other identifiable peaks such as signal at 0.87 to 0.97 ppm for289
CH2-CH3 or for latter methyl group.  The peaks in the range of 1.24 to 2.3 represents CH2290
(methylene group).  The signals at 5.3 range indicates presence of CH=CH (double bond)291
groups or olefinic groups[27]. In 13C NMR the signal at the range of 174 ppm and 51 ppm292
indicates existence of ester carbonyl –COO- and C-O respectively. The unsaturation in293
biodiesel sample was confirmed with help of signals at 132.11 ppm and 126.89 ppm. The294
presence of -CH2 group was showed with help of signals in the region of 21-35 ppm [27].295
296
297
298
299
300
301
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3.4.  Influence of various parameters on biodiesel production302
303
The higher yield of biodiesel was achieved by optimizing the reaction conditions such304
as oil to methanol ratio, temperature, time, catalyst amount. Based on the preliminary305
screening of catalysts, the Fe3O4-CeO2-25K catalyst was found to be more capable306
catalyst for the conversion of rapeseed oil to biodiesel. Series of transesterification307
reactions were performed using Fe3O4-CeO2-25K in order to achieve the reaction308
parameters for optimization.309
310
3.4.1 Effect of catalyst amount (weight %) in biodiesel production311
312
The effect of catalyst concentration on biodiesel production was investigated by313
performing reactions at various catalyst concentration from 1.5 wt % to 6 wt % of oil.314
The 96.13 % of biodiesel yield was obtained within 120 minutes of reaction time at 65315
°C by using 4.5 wt % catalyst and 1:7 oil to methanol molar ratio (Fig. 8a). The conversion316
of oil to biodiesel raises with increase in amount of catalyst up to 4.5 wt % and extra rise317
in catalyst concentration beyond the optimum value showed reduction in biodiesel yield318
due to decrease in the availability of active sites.  The additional amount of catalyst aids319
to saponification of oil which will finally inhibits the reaction[20, 21].320
321
3.4.2 Effect of temperature in biodiesel production322
323
The influence of temperature for high yield reaction which was investigated by324
conducting reaction at various temperatures using 4.5 wt % catalyst, 1:7 oil to methanol325
molar ratio for 120 minutes reaction time (Fig. 8b). The yield of biodiesel increased326
gradually up to 65 °C and resulted in maximum yield of fatty acid methyl esters. After327
65 °C biodiesel yield reduced with rise in temperature, which is due to the fact that328
elevated temperature favors methanol vaporization as well as saponification reaction [20,329
28, 29]. Alkaline catalyst favor the saponification of the triglycerides at elevated prior to330
the completion of the transesterification process [40, 41].331
332
3.4.3 Effect of oil to methanol ratio in biodiesel production333
17
334
The biodiesel conversion significantly increases as oil to methanol molar ratios were335
raised from 1:5 to 1:11 illustrated in Fig. 8c. The reaction was carried out at 4.5 wt %336
catalyst  at  65  °C  for  120  minutes  of  reaction  time.  The  biodiesel  yield  was  adversely337
affected on rising methanol concentration above the optimum amount (1:7) which was338
due to the higher solubility of glycerol to ester phase resulting in difficulty in separation339
of biodiesel. The excess amount of methanol than optimum limit leads to increasing the340
solubility of glycerol into the ester phase thereby encouraging the reverse reaction341
between glycerol and ester which reduces the yield of biodiesel[30, 31].342
343
344
3.4.4 Effect of reaction time in biodiesel production345
346
The effect of reaction time on transesterification reaction was observed by executing347
reactions for various time intervals using 4.5 wt % catalyst, 1:7 oil to methanol molar348
ratio at 65 °C depicted in Fig. 8d. The fatty acid methyl ester content rose with increase349
in reaction time up to 120 minutes and reached at its maximum. After 120 minutes FAME350
percentage remains almost constant, without much reduction in ester content.351
352
18
353
354
Fig. 8. (a). Effect of catalyst amount (weight %) on FAME  yield (b). Effect of reaction355
temperature on FAME yield (c). Effect of oil to methanol molar ratio on FAME  yield356
(d). Effect of reaction time on FAME  yield.357
358
3.5.  Properties of synthesized biodiesel from rapeseed  oil359
360
The properties of rapeseed oil methyl esters were determined using EN 14214 method361
as presented in Table 3. All these features play a key role in biodiesel quality.  The acid362
value of rapeseed oil methyl ester was found to be 0.32 mg KOH/g and it was within the363
limits of European International standard organization (EN ISO) method. The increase in364
acid value can results in difficulties like corrosion of rubber parts of engine and filter365
clogging[32].  The density and kinematic viscosity are other two main fuel features which366
19
influence the fuel injection operation.  Higher values of this factors can negatively affect367
fuel injection process and leads in the formation of engine deposits[33, 34]. The density368
and kinematic viscosity of rapeseed oil methyl esters were 880.30 kg/m3 and 4.37 mm2/s369
respectively. The other factor is flash point which specifies the minimum temperature at370
which fuel starts to ignite. It is vital to know flash point value for fuel handling and storage371
[35].372
373
Table 3.374
Properties of rapeseed oil methyl esters (Fe3O4-CeO2-25K catalyst at concentration of 4.5375
wt %, 1:7 oil to methanol ratio, reaction temperature 65 °C, reaction time 120 minutes)376
Property EN 14214 test
method
Limits Methyl ester from
rapeseed oil
Acid value (mg
KOH/g)
Pr EN14104 0.5 max 0.308
Density at 15°C
(kg/m3)
EN ISO 12185 860-900 880.30
Kinematic viscosity at
40°C mm2/s
EN ISO 3104 3-5 4.37
Flash point (°C) EN ISO 2719 - 171°C
377
3.6.  Reusability of catalyst378
379
For an environmental friendly biodiesel production process, the concept of reusability380
of catalyst is a vital element. The deposition of impurities or oil on catalyst surface and381
thermal deactivation are typical reasons for catalyst deactivation. The cleaning of catalyst382
with suitable solvent and calcination helps in its regeneration [36]. To analyze the383
reusability of Fe3O4-CeO2-25K nanocatalyst,  firstly  it  was  separated  from rapeseed  oil384
methyl esters and glycerol. After transesterification, the separated catalyst was washed385
with methanol and heptane to remove impurities. The washed catalyst was dried at 60 °C386
and calcined at 500 °C for 4hours to reactivate the catalyst. It was detected that activity387
of catalyst decreased continuously up to the five runs (Fig.9a).  It indicates that catalyst388
activity decreased from 96.13 % to 80.94 % in five cycles. In comparison with earlier389
20
reported magnetic nanocatalyst, the synthesized catalyst showed greater yield in biodiesel390
production [16, 42].391
The leaching test was performed to determine the cause of the decrease in activity of392
synthesized nanocatalyst and its stability. Figure 9b represents the concentration of393
leached metal ion determined using inductively coupled plasma (ICP, Agilent 5110) after394
different cycles. The concentration of potassium and cerium in the solution after each395
cycle were less than 0.56 mg/L and 0.038 mg/L respectively.396
397
398
399
400
Fig. 9. (a)Reusability analysis and (b) leaching test of Fe3O4-CeO2-25K catalyst up to401
five transesterification reactions402
403
4. Conclusion404
405
The transesterification of rapeseed oil to biodiesel was successfully done with help of406
Fe3O4-CeO2-25K. The catalytic activity of different weight percentage of potassium407
impregnated Fe3O4-CeO2 was investigated and best activity was attained at optimum408
loading of KOH (25wt %) to Fe3O4-CeO2. The characterization of synthesized catalyst409
and integration of potassium ions to Fe3O4-CeO2 nanostructure confirmed by FTIR, XRD,410
SEM, TEM. The nanocatalyst showed 96.13 % fatty acid methyl ester content using 4.5411
21
wt % catalyst amount, 1:7 oil to methanol ratio at 65 °C with in a reaction time of 120412
minutes. The properties of biodiesel such as acid value, density, kinematic viscosity and413
flash point were within the EN 14214 limits. All these results, indicates Fe3O4-CeO2-25K414
is an efficient catalyst for the production of superior quality biodiesel from rapeseed oil415
as a feedstock. The reusability of catalyst also exhibited favorable result, which makes it416
cost effective and more eco-friendly. Moreover, the synthesized catalyst was nontoxic417
and resulted in higher conversion rate of rapeseed oil to biodiesel compared to other418
magnetic nanocatalyst.419
420
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Table S1.603
 The composition of biodiesel obtained after transesterification with Fe3O4-CeO2-25K604
605
Peak Retention
time(min
utes)
Library match
(%)
Mass spectrum with compound
1 8.35 91.77
28
2 9.87 92.74
3 10.09 93.73
4 10.51 96.67
5 11.19 92.22
6 12.02       88.15
29
7 12.25 92.08
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Fig. S1. Pore volume and pore width distribution of Fe3O4-CeO2 and Fe3O4-CeO2-25K645
646
647
31
648
649
Fig. S2. Illustrates GC-MS spectrum of biodiesel obtained after transesterification with650
4.5 wt % Fe3O4-CeO2-25K, 1:7 oil to methanol molar ratio at 65 °C for 120 minutes.651
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Fig. S3 a. The 1H NMR for the biodiesel sample obtained with Fe3O4-CeO2-25K654
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Fig. S3 b. The 13C NMR for the biodiesel sample obtained with Fe3O4-CeO2-25K658
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