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Abstract
Fe3O4 nanoparticles were modified with tetraethylorthosilicate (TEOS) and (3-chloropropyl)trimethoxysilane (CPTMS) 
followed by immobilization with different amines such as guanine, piperazine, methylamine, morpholine, aniline, ethylen-
ediamine, 3-aminopropyltriethoxysilane, and melamine, designated as Fe3O4@SiO2@CPTMS@amine (nanocatalyst). The 
prepared nanocatalysts were characterized by means of FTIR, XRD, VSM, SEM, and TEM. Trans-esterification reactions 
of soybean oil with methanol were then carried out in the presence of the Fe3O4@SiO2@CPTMS@amine as a nanocatalyst. 
Optimization of the reaction parameters revealed that the fatty acid methyl esters (FAMEs or biodiesel) is obtained in 6–96% 
yields by using methanol to oil molar ratio of 36 in the presence of 6% of nanocatalysts containing melamine and guanine, 
respectively, at 160 °C within 3 h. The stability and reusability of the catalyst as well as the effect of reaction parameters on 
the FAME yield are described in this paper.

Keywords  Modified magnetic nanoparticles · Amines · Biodiesel production

Introduction

Magnetic nanoparticles with uniform size distribution are 
of interest because of their extensive applications in mag-
netically controlled drug delivery, memory storage devices, 
MRI, sensors, and catalysis [1–4]. In fact, the immobiliza-
tion of the catalytically active species on the surface of mod-
ified magnetic nanoparticles is a suitable method because of 
the easy catalyst separation by applying an external magnetic 
field [5–8]. Recovery and reuse of catalysts after catalytic 
reactions are also important factors for sustainable process 
management. Directed functionalization of the surfaces of 
nanosized magnetic materials is an elegant way to bridge the 
gap between heterogeneous and homogeneous catalysis sys-
tems. Several organic reactions such as olefin epoxidation, 
decarboxylative coupling, and hydrogenation reactions have 

been carried out using catalysts immobilized on nanomag-
netic particles as support [9–14]. In this study, attempt has 
been made on the modification of nanomagnetic particles 
with different amines for biodiesel production.

Biodiesel is a mixture of fatty acid methyl esters 
(FAMEs), produced by trans-esterification of triglycerides 
with methanol or other short-chain alcohols in the presence 
of an appropriate catalyst [15–18]. Due to the cost of fossil 
fuels to energy crisis as well as environmental pollutions, 
global warming, and greenhouse gas emission, an alternative 
and renewable source of energy has become more attractive 
in recent years. Not only biodiesel is a biodegradable fuel, 
non-toxic, and free of sulfur and carcinogenic compounds, 
it is also is a cleaner burning fuel than petrol and diesel. 
Trans-esterification reactions for production of biodiesel are 
commonly catalyzed by acids or bases in homogeneous or 
heterogeneous systems [19]. It was found that the biodiesel 
production in basic media is more common than acidic 
[20–23]. Heterogeneous catalysts with high catalytic perfor-
mance in the synthesis of biodiesel are also environmentally 
friendly and are removable and reusable [24]. Nowadays, a 
wide variety of heterogeneous catalysts including micropo-
rous [25–27], or mesoporous materials [28], heteropolyacids 
[29], coordination polymers [30], metal organic frameworks 
[31–33], and finally oxides or mixed oxides nanocomposites 
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have been investigated as catalyst for production of biodiesel 
using trans-esterification reactions [34–36].

Experimental

Materials and physical measurements

All materials were of commercial reagent grade and used 
without further purification. Methanol, tetraethyl orthosili-
cate, sodium chloride, ferric chloride, ferrous chloride tet-
rahydrate, ammonia (25% in water), glycerol, acetic acid, 
ethanol, potassium chloride, (3-chloropropyl)trimethox-
ysilane, guanine, melamine, morpholine, ethylenediamine, 
methyl amine, aniline, piperazine, diethyl ether, sodium 
hydride, and 3-aminopropyltrimethoxysilane were obtained 
from Merck Chemical Company. Commercial edible soy-
bean oil was obtained from local grocery store with the 
average molecular weight of 881 g/mol (calculated from 
the saponification value S.V. = 190 mg KOH/g, with acid 
value and water contents of 0.4 mg KOH/g and 96.7 mg/
kg, respectively).

The X-ray diffractions (XRD) were recorded on a 
Siefert 3003 PTS diffractometer using Cu Kα radiation 
(k = 0.15406 nm). FTIR spectra were recorded by Bruker 
Tensor 27 FTIR spectrometer device in the range of 
4000–400 cm−1 with KBr pellet (5 mg sample with 100 mg 
KBr). Vibrating sample magnetometer (VSM) using the 
(BHV-55, Riken, Japan) with magnetic fields in the range 
− 8000 to 8000 Oe was conducted at room temperature. To 
see the reaction efficiency, GC Agilent 6890 series equipped 
with a flame ionization Detector FID detector, HP-5, 5% 
phenylmethylsiloxane capillary was used. Biodiesel com-
posite was determined by Agilent 5973 network, mass 
selective detector, HP-5 MS 6989 network GC system. The 
morphology and particle size of the prepared nanocom-
posites were determined by scanning electron microscopy 
(SEM) images with model KYKY-EM3200-26 kV. Trans-
mission electron microscopy (TEM) images were taken by 
Zeiss-EM10C-100 kV.

Preparation of Fe3O4@SiO2@CPTMS

Silica-coated Fe3O4 magnetic nanoparticles (SCMNPs) were 
prepared according to the previously reported procedure [37] 
(see also supplementary materials). The silica-coated mag-
netic nanoparticles SCMNPs (2 g) were suspended in etha-
nol (100 mL), and then (3-chloropropyl)trimethoxysilane 
(CPTMS) (2 mL) was added under nitrogen atmosphere. The 
mixture was heated at reflux for 12 h. The resultant solid was 
magnetically separated, washed with methanol in order to 
remove the unreacted residue of silylation reagent [37, 38].

Preparation of Fe3O4@SiO2@CPTMS@ amines

To a suspension of Fe3O4@SiO2@CPTMS (2 g) in ethanol 
(100 mL) were added amine (2 mmol) and KOH (0.1 g) 
dissolved in H2O (10 mL). The mixture was heated at reflux 
under nitrogen atmosphere for 12 h. The resultant solid was 
then magnetically separated, washed with methanol in order 
to remove the unreacted residue of silylation reagent.

Trans‑esterification of soybean oil, general 
procedure

Trans-esterification reactions with different amines immo-
bilized on modified magnetic nanoparticles were carried 
out in an autoclave with a mechanical stirrer. The catalyst 
(0.06 g) was dispersed in MeOH (3.2 mL), followed by the 
addition of soybean oil (5 mL) with the average molecular 
weight of 881 g/mol to the reaction mixture. After stirring 
for 2 h at 160 °C, the reaction mixture was cooled to room 
temperature. The catalyst was then separated using a magnet 
and washed with n-hexane. After evaporation of the solvent 
under reduced pressure, the two layers containing methyl 
esters, soybean oil, mono- and diglycerides in the upper, and 
glycerol in the lower phases were separated by a decanter. 
The FAME content was then determined by GC and GC/
Mass analysis [39].

Results and discussion

Fe3O4@SiO2@CPTMS@amines were prepared according 
to the procedure presented in Scheme 1.

Magnetic nanoparticles (MNPs) were initially prepared 
by precipitation of iron (II) and iron (III) ions in a basic 
solution. Subsequently, silica was coated on Fe3O4 to form 
Fe3O4@SiO2 core–shell particles using TEOS in acidic solu-
tion to prevent the aggregation and increase in the stability 
of Fe3O4 nanoparticles [37]. The modification of magnetic 
nanoparticles surface is generally carried out by functionali-
zation with desired organic groups [38, 39]. Therefore, after 
the surface functionalization with CPTMS, different amines 
such as guanine, piperazine, methylamine, morpholine, ani-
line, ethylenediamine, 3-aminopropyltriethoxysilane, and 
melamine were immobilized and designated as Fe3O4@
SiO2@CPTMS@amines (Scheme 1).

The FTIR spectra of Fe3O4@SiO2@CPTMS, guanine, 
and Fe3O4@SiO2@CPTMS@guanines are presented in 
Fig. 1a–c, respectively. As indicated in Fig. 1a, the bands 
appearing at 448 and 579 cm−1 are attributed to the Fe–O 
vibrations and the band displaying at 1090 cm−1 is due to 
Si–O vibration. Two obvious bands appearing at 2870 and 
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2920 cm−1 are associated with C–H stretching vibrations of 
CPTMS immobilized on nanomagnet consistent with the 
predicted structure of Fe3O4@SiO2@CPTMS (Fig. 1c) [40]. 
Appearance of two bands around 3422–3100 cm−1 is due to 
the NH stretching vibrations of guanidine (Fig. 1b). A strong 
peak displaying at 1700 cm−1 due to the C=O vibrations is 
observed for guanine spectra before and after immobiliza-
tion (Fig. 1b, c) [40–44]. The FTIR spectra for other amines 
such as piperazine, methylamine, morpholine, aniline, eth-
ylenediamine, 3-aminopropyltriethoxysilane, and melamine 
are included in supplementary (Fig. S1). Comparison of the 
amines vibrations before and after immobilization confirmed 
the presence of immobilized amines (see supplementary 
Fig. S1a–h).

The XRD patterns of the prepared Fe3O4, Fe3O4@
SiO2, Fe3O4@SiO2@CPTMS, Fe3O4@SiO2@CPTMS@
guanine before and after the reaction are shown in Fig. 2. 
The diffraction peaks with 2θ values at 22°, 35°, 42°, 54°, 

57° observed for Fe3O4 nanoparticles are related to the 
220, 311, 411, 422, and 522, respectively. These results 
are consistent with those of the standard JCPDS card No. 
190629 for iron oxide. The similarity observed in the XRD 
patterns of Fe3O4@SiO2@CPTMS and Fe3O4@SiO2@
CPTMS@guanine indicates no change after immobiliza-
tion of the amines (Fig. 2c, d).

The nanomagnetic properties of the prepared catalyst 
containing a magnetite component were studied by a VSM at 
300 °K. The magnetization curves of Fe3O4, Fe3O4@SiO2@
CPTMS, Fe3O4@SiO2@CPTMS@guanine before and after 
using as catalyst are shown in Fig. 3a–d, respectively. It was 
found that the magnetization saturated with iron oxide which 
was determined as 61 emu/g reduced to 57 emu/g when it 
was coated with silica. This reduction is due to coated with 
the silica. Before and after reaction, the magnetization is 
reduced to 42 and then 32 emu/g, which indicates that the 
catalyst has still superparamagnetic character.

Scheme 1   Preparation steps 
of Fe3O4@SiO2@CPTMS@
amines
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The SEM and TEM images of Fe3O4@SiO2@CPTMS@
guanine are shown in Fig. 4a, b, respectively. The SEM 
image shows the formation particles sizes between 45 and 
65 nm (Fig. 4a). The formation of core and shell particles is 
evident in TEM image (Fig. 4b). 

Investigation of the FTIR spectra of piperazine, meth-
ylamine, morpholine, aniline, ethylenediamine, 3-ami-
nopropyltriethoxysilane, and melamine designated as 
Fe3O4@SiO2@CPTMS@amines (Scheme  1) (shown in 

Fig. 1   FTIR spectra of Fe3O4@SiO2@CPTMS, guanine, and Fe3O4@
SiO2@CPTMS @guanine

Fig. 2   XRD patterns for a Fe3O4, b Fe3O4@SiO2, c Fe3O4@SiO2@
CPTMS, d Fe3O4@SiO2@CPTMS@guanine before, e after using as 
catalyst

Fig. 3   Magnetization curves of a Fe3O4, b Fe3O4@SiO2@CPTMS, c 
Fe3O4@SiO2@CPTMS@guanine before, d after using as catalyst

Fig. 4   a SEM, b TEM images of Fe3O4@SiO2@CPTMS@guanine
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supplementary, Fig. S1) indicates that the immobilization 
of these amines has been carried out succesfully. Moreover, 
modification of the iron oxide nanoparticles is confirmed on 
the basis of a decrease in the chlorine amount and the pres-
ence of nitrogen after immobilization of the desired organic 
amines based on the EDX results presented in Fig. 5 and 
Figs. S2–S7. Recall that the amount of nitrogen and chlorine 
depends on the amine type as indicated in supplementary 
(Figs. S2–S7).

Optimization of trans‑esterification reaction 
parameters

In order to optimize the biodiesel yield, the effect of the 
amount of catalyst (based on the soybean oil weight), reac-
tion time, methanol to oil molar ratio, and reaction tem-
perature was investigated. As indicated in Fig. 6, there is a 
direct relation between the oil conversion and the amount 
of catalyst when the reaction is heated at reflux for 6 h. Sig-
nificantly, trans-esterification reaction proceeded with 96% 
oil conversion together with the maximum formation of bio-
diesel in the presence of 6% catalyst.

Reaction temperature is also effective on the reaction 
rate as well as the biodiesel yield because the rate constant 
intrinsically depends on temperature. Notably, an increase 
in oil conversion from 16 to 96% was observed within 3 h 
when reaction temperature was marginally increased from 
80 to 160 °C (Fig. 7).

It was also found that increasing the reaction time from 
30 min to 3 h increased the reaction conversion from 34 to 
96% (Fig. 8).

The effect of methanol to oil molar ratio shown in Fig. 9 
reveals that increasing the molar ratio from 6:1 to 36:1 
enhances the oil conversion from 6 to 96%. Therefore, the 
stoichiometry of trans-esterification reaction requires 3 mol 
of methanol per 1 mol of biodiesel and glycerol. Utilization 
of an excess amount of methanol seems to shift the equilib-
rium toward the product. Moreover, the excess of methanol 
accelerates the removal of the biodiesel product from the 
catalyst surface in order to regenerate the active sites.

The catalytic effect of immobilized amines of guani-
dine, piperazine, methylamine, morpholine, aniline, 

Fig. 5   EDX patterns of Fe3O4@SiO2@CPTMS and Fe3O4@SiO2@
CPTMS@guanine

Fig. 6   Influence of catalysis amount on biodiesel yield at 160  °C 
within 3 h

Fig. 7   Effect of reaction temperature on biodiesel yield. Reaction 
conditions: catalyst amount 6 wt %; methanol/oil ratio, 36:1. Time 3 h
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ethylenediamine, 3-aminopropyltriethoxysilane, and mela-
mine on modified magnetic nanoparticles on the biodiesel 
production is given in Table 1. As seen in this table, the 

yield of reaction depends on the amine basicity (Table 1) 
since catalysts containing the most and least basic amines 
of guanine and melamine afforded the highest and lowest 
yields of biodiesel, respectively.

On the other hand, based on EDX results, no potassium 
ions were detected on the nanocomposite. The other point 
is the chlorine percent decreased after each immobiliza-
tion. In which for immobilization of guanine, about 40% 
of Cl has been exchanged. The total distribution of methyl 
esters is given in Table 1. In fact, the product distribu-
tion of methyl esters in biodiesel production for different 
amines is the same, but the conversions are different.

In order to investigate the heterogeneity character of 
the prepared catalyst, the solid catalyst was recovered by 
external magnet from reaction mixture after completion 
of the first run and reusability of the catalyst was investi-
gated in another run by addition of fresh soybean oil and 
methanol similar to the initial reaction. A little decrease in 
catalyst activity from 98% to the 96% was found. On the 
other hand, the filtrate of the reaction mixture after first 
run did not show any activity, which means no desorption 
was observed due to the course of reaction. The FTIR, 
XRD, and VSM patterns of prepared catalyst before and 
after using as catalyst were similar as shown in Figs. 1c, 
2e, and 3d, respectively.

Reaction mechanism

The proposed mechanism for the Fe3O4@SiO2@CPTMS@
amine-catalyzed trans-esterification reaction of soybean 
oil with methanol is presented in Scheme 2. Addition of 
the initially generated CH3O− via an acid–base reaction 
of CH3OH with catalyst at the triglyceride carbonyl group 
affords a tetracoordinate carbon atom. Protonation of the 
tetracoordinated intermediate by proton donor catalyst-H+ 
followed by proton transfer and alcohol elimination step 
results in the formation of FAME [45].

Fig. 8   Influence of time on biodiesel yield with 6% catalyst, at 
160 °C with methanol/oil molar ratio 36:1

Fig. 9   Influence of methanol/oil molar ratio on biodiesel yield with 
6% catalyst amount (based on the soybean oil weight) at 160 °C

Table 1   Effect of different 
organic amines immobilized 
on Fe3O4@SiO2@CPTMS 
(nanocatalyst)

Reactions conditions: catalyst amount (6 wt%); methanol/oil ratio (36:1); temperature (160 °C); and time 
(3 h)

Immobilized amines Conversion 
(%)

Product distribution (%)

Methyl palmitate Methyl linoleate Methyl oleate

Guanine 96 12.65 84.31 4.93
Piperazine 76 12.93 83.82 3.24
APTMS 64 11.30 83.63 4.36
EDA 80 11.91 83.04 4.75
Methylamine 84 11.60 83.63 4.80
Morpholine 16 12.33 85.68 –
Aniline 18 12.23 85.54 –
Melamine 6 12.11 86.00 –
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Conclusion

In this study, magnetic nanoparticles were modified with 
TEOS and CPTMS followed by immobilization with gua-
nine, piperazine, methylamine, morpholine, aniline, ethyl-
enediamine, 3-aminopropyltriethoxysilane, and melamine. 
The modified nanomagnets were then used as catalyst for 
biodiesel production. It was found that guanidine and mela-
mine show the most and least activity to biodiesel produc-
tion under optimum conditions.
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