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In this work, bio-oil (an organic matrix rich in oxygen functionalities) was used to efficiently 
dissolve and disperse Fe3+ which upon thermal treatment produced a carbon containing dispersed 
and encapsulated Fe oxide magnetic nanoparticles. These materials were prepared by dissolution 
of 8, 16 and 24 wt.% Fe3+ salt in bio-oil followed by treatment at 400, 450, 500 or 600 °C in N2 
atmosphere. X-ray diffraction (XRD), scanning (SEM) and transmission electron microscopies 
(TEM), elemental analysis, thermogravimetric-mass spectrometry (TG-MS), potentiometric 
titration, Raman and Mössbauer spectroscopies showed that Fe3+ species in bio-oil is reduced 
to produce magnetic nanoparticles phases: magnetite Fe3O4 and maghemite γ-Fe2O3. At low 
temperatures, the iron phases were less protected, and the carbon matrix was more reactive, while 
in temperatures above 500 °C, the iron phases were more stable, however, the carbon matrix was 
less reactive. Reaction of these magnetic carbon materials with concentrated H2SO4 produced 
surface sulfonic acidic sites (ca. 1 mmol g−1), especially for the materials obtained at 400 and 
450 °C. The materials were used as catalysts on esterification reaction of oleic acid with methanol 
at 100 °C and conversions of 90% were reached, however, after 2 consecutive uses, the conversion 
decreased to 30%, being required more studies to improve the material stability.
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Introduction

Bio-oil is a renewable and low-cost feedstock, which is 
generated by biomass flash pyrolysis.1,2 It is composed by 
water, alcohols, furans, acids, ketones, carbohydrates,3 and 
usually have highly oxygenated large carbon structures.4,5 
These oxygen groups are considered undesirable since 
they bring some properties such as acidity, corrosion 
and thermal instability.6 Different upgrade processes 
such as cracking,7 decarboxylation,8 decarbonylation,9 
hydrodeoxygenation10 have been investigated to decrease 
the oxygen content to convert bio-oil into fuel,11 
adhesives12 and chemicals.13

On the other hand, very few studies14-16 have taken 
advantage of the oxygen and acidic properties of bio-oil. For 
example, the acidic characteristics of the aqueous fraction 
of bio-oil was used to extract iron from mining tailings to 

produce different materials and fuels14 and derivatization 
of esterification reactions.15 The reactivity of the oxygen 
groups of bio-oil have also been used to produce carbon 
nanostructures such as graphene, nongraphite, nanotubes 
and nanoparticles by the simple reaction with H2SO4.16

In this work, bio-oil structural oxygen acidic 
groups were used to disperse Fe3+ ions. Upon thermal 
decomposition at different temperatures, 400-600 °C,  
Fe3+/bio-oil solution produces a carbon containing Fe 
oxides magnetic nanoparticles due to the carbonization and 
reduction of highly dispersed Fe3+ species. These magnetic 
carbon materials can have several applications in different 
areas such as catalysis,17-19 adsorption,20 drug delivery,21 
hyperthermic materials.22

It is also described the sulfonation of these carbons, 
which showed reactivity dependent of thermal treatment 
temperature to produce magnetic acid materials which 
have potential application in acid-catalyzed reactions.23 
They can be used in hydrogenation,24 photocatalysis,25 
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electrocatalysis,26 dehydration and dehydrogenation of 
alcohols27 and esterification reactions.28

The catalytic esterification of fatty acids was also 
evaluated using sulfonated carbon based on bio-oil, once 
this reaction is an important alternative to convert acid 
vegetable oils into biodiesel. Sulfuric acid has been used 
as homogeneous catalyst,29 however, corrosion problems 
and loss of the catalyst have been considered important 
drawbacks.30,31

Therefore, the sulfonation process of carbon materials 
to develop heterogeneous catalysts to produce biodiesel 
using acidic oils is of considerable importance.32,33 
Biomass incomplete carbonization and sulfonation has 
been done to produce acid catalyst. In literature, it was 
found that corn straw,29 glucose30 and starch of mung 
bean,31 were used as carbon source to produce sulfonated 
carbon materials with 2.64, 1.0 and 1.53 mol g−1 of 
acidity which were used as acid catalysts on esterification 
reactions.

Thus, in this work, a novel application of bio-oil to 
produce an efficient acidic and magnetic carbon-based 
catalysts was investigated.

Experimental

Bio-oil production

Bio-oil was obtained in a plant at Federal University 
of Uberlândia, MG, Brazil, from pyrolysis of sugarcane 
straw at 450 °C. It is composed of carbohydrates, phenols, 
furans, guaiacols, syringols and presented 46% C and 
7% of H.16

Iron impregnation

Bio-oil (5.0138 g) was dissolved in 20 mL of ethanol 
and impregnated with an ethanolic solution of 8, 16 and 
24 wt.% Fe, Fe(NO3)3.9H2O.34,35 The solution remained 
under stirring for 30 min. After this time, the solvent was 
evaporated and the solid obtained were dried for 12 h at 
353 K. The dried sample were named here as B8Fe, B16Fe 
or B24Fe, respective to the Fe percentage.

Pyrolysis

About 800 mg of B8Fe were thermally treated in a 
tubular oven at 400, 450, 500 and 600 °C for 1 h in N2 
atmosphere (50 mL min−1).34,35 The obtained materials 
were named hereon as (B8Fe)400, (B8Fe)450, (B8Fe)500 and 
(B8Fe)600, respective to the thermal treatment temperature.

Sulfonation

0.5000 mg of the pyrolyzed sample was submitted to a 
sulfonation reaction with a ratio 9.2:1 m/m of concentrated 
H2SO4:bio-oil at 120 °C for 2 h, under magnetic stirring.28,36 
After the reaction, the materials were washed with distilled 
water until pH ca. 5.50 and dried at 80 °C for 12 h. The 
catalyst yield was calculated according to equation 1:

Yield(%) = (wfinal / winitial) × 100 (1)

where winitial is the material weight before thermal treatment 
and wfinal is the weight after pyrolysis and sulfonation 
process.

The catalysts were named as (B8Fe)400S, where S refers 
to sulfuric acid treatment.

Materials characterization

The content of some elements (carbon, hydrogen, 
nitrogen and sulfur) on the synthesized materials was 
determined by elemental analysis using PerkinElmer CHN 
analyzer. Scanning electron microscopy (SEM) images 
were obtained in a FIB, Quanta FEG 3D FEI equipment. 
The samples were dispersed in acetone and deposited onto a 
silicon plate. The transmission electron microscopy (TEM) 
images were obtained in a G2-20, SuperTwin FEI, 200 kV.

X-ray diffraction (XRD) studies were performed on a 
Shimadzu diffractometer, model XRD-7000 with Cu Kα 
and a scan speed of 4° min−1. Thermogravimetric analysis 
(TGA) was performed on a Shimadzu DTG 60H with air 
flow (50 mL min−1) and a heating rate of 10 K min−1 up to 
1273 K. Catalyst acidity was measured by potentiometric 
titration. The solid (0.05 g) were suspended in acetonitrile 
(40 mL) and shaken for 24 h. Then, the suspension 
was potentiometrically titrated with a 0.025 mol L−1 
n-butylamine solution in toluene. The electrode potential 
variation was measured with a BEL pH instrument.

Simultaneous thermogravimetric-mass spectrometry 
(TG-MS) analyses were performed. The base peaks 
(m/z 18, 28, 44, 64 and 80) were selected to be monitored 
in a NETZSCH TG/STA equipment coupled with Aelos 
spectrometer, model 7.0. The samples specific surface areas 
were analyzed by adsorption of N2 at 77 K using analyzer 
Quantachrome, model NOVA 1200e. The samples were 
degassed at 80 °C for 4 h before the analyses. The absorption 
spectroscopy measurements in the infrared region with 
Fourier transform (FTIR) attenuated total reflectance 
(ATR) were performed on PerkinElmer equipment, model 
Spectrum 1000. Spectra were collected in the range of 
400-4000 cm−1 region, with 64 accumulations.
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Raman spectra of carbon material obtained from bio-oil 
were acquired using Raman Senterra spectrometer, 532 nm 
laser line was used for excitation with the exposure time of 
60 s and 10 mW of power.

57Fe Mössbauer spectra (MS) were obtained at room 
temperature and at 30 K, in transmission geometry with a 
source of 57Co in Rh matrix. Spectral hyperfine parameters 
were calculated using the Normos least-squares-fit software 
package.32

Catalytic runs

The esterification reactions of oleic acid with methanol 
were performed in a sealed tube glass reactor with sampling 
septum in a thermostatic bath with magnetic stirring. 
Dodecane was used as internal standard. The solid catalysts, 
i.e., (B8Fe)400S, (B8Fe)450S, (B8Fe)500S and (B8Fe)600S, 
were used in variable loads (ca. 1-10 wt.%). The reactions 
were performed at temperature ranging of 60-100 °C.37 The 
oleic acid:methanol molar ratio used was 1:3038 (0.58 mL 
of oleic acid and 2.22 mL of methanol).

Catalyst reuse

The reuse test was performed using 10 wt.% of catalyst 
(B8Fe)450S, 1:30 oleic acid:methanol, at 100 °C during 6 h. 
After each reaction, the catalyst was separated from the 
products using a magnet, washed with methanol and reuse 
reactions were performed.

Catalyst leaching

Leaching was evaluated at the oleic acid:methanol molar 
ratio of 1:30, using 10 wt.% of catalyst (B8Fe)450S. For the 
tests, the catalyst was transferred to the reaction medium 
containing only methanol. The system was maintained under 
constant stirring for 90 min at 100 °C. After this period, 
methanol was removed and transferred to a vial containing 
only oleic acid, thus proceeding with the reaction.

Analysis of products

After the reaction, the mixture was dissolved in 3 mL 
of hexane. The methyl ester was quantified in a gas 
chromatography coupled with flame ionization detector 
(GC-FID) using a Shimadzu GC-2010, equipped with a 
Carbowax capillary column (0.25 m × 0.25 mm × 30 m).

Results and Discussion

Previous GC-MS and 1H nuclear magnetic resonance 

(NMR) characterization of bio-oil showed a complex matrix 
composed of syringols, phenols, carboxylic acids, aldehydes, 
ketones, alcohols and a heavier fraction containing oligomers 
with different oxygen functionalities.16 FTIR and elemental 
analyses confirmed the presence of a great amount of oxygen 
groups, ca. 48% (Figure 1).

It is interesting to observe that Fe(NO3)3 could be well 
solubilized in rather hydrophobic organic matrix bio-oil. 
Although the mechanism responsible for this solubilization 
of Fe3+ is not clear, the interaction/complexation with 
different oxygen groups such as phenolic and carboxylic 
is most likely involved in this process.

Three different bio-oil solutions in ethanol were 
prepared containing 8, 16 and 24 wt.% Fe(NO3)3 (in relation 
to bio-oil content). After 30 min of stirring, the solvent was 
evaporated to produce a viscous/vitreous precursor. No 
visual indication that Fe(NO3)3 was crystallized, segregated 
or separated from the bio-oil was observed. The precursors 
were thermally treated in nitrogen atmosphere at 450 °C 
for 1 h.

XRD analyses of the obtained materials (Figure S1, 
Supplementary Information (SI) section) showed the 
formation of magnetic iron phases, e.g., magnetite (Fe3O4)/
maghemite (γ-Fe3O4). The samples were sulfonated with 
H2SO4 and tested as catalysts in oleic acid esterification 
reactions. The tests showed that when materials (B16Fe)450S 
and (B24Fe)450S were used, a large amount of iron oxide 
was leached, and no formation of biodiesel occurred. 
Probably, in these samples, the carbon was not sufficient 
to protect the iron phases.

Therefore, the effect of thermal treatment was 
investigated in more detail for the sample B8Fe which was 
treated at 400, 450, 500 and 600 °C. In general, the samples 
presented low cristallinity as showed by XRD (Figure S2, 

Figure 1. Infrared spectrum (ATR) and elemental analysis of bio-oil 
(adapted from reference 16).
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SI section), with two peaks observed for all samples at 
ca. 24° related to the amorphous carbon33 and 35°, likely 
related to Fe3O4 (magnetite) (JCPDS1-1111) or γ-Fe2O3 
(maghemite) (JCPDS:39-1346).39

After sulfonation (Figure 2), a broad peak at 24° was 
observed for sample (B8Fe)400S. However, the peak related 
to iron phase disappeared, due to iron leaching in the 
presence of H2SO4.

As the temperature of treatment increased, the iron phase 
became more structured and the peaks at 35 and 43° related 
to Fe3O4 (magnetite) or γ-Fe2O3 (maghemite) were observed. 
Scherrer equation was used to estimate the crystallite size of 
the iron oxide which was in the range of 3-5 nm.

Mössbauer spectra before (Figure S3, SI section) and 
after sulfonation (Figure 3), consisted of a set of six-lines 
pattern related to a ferromagnetic material indicating a 
mixture of maghemite/magnetite (hyperfine parameters 
are shown in Table S1, SI section). According to 
measurements, the samples at room temperature presented 
a superparamagnetic behavior. At 30 K, (B8Fe)450 and 
(B8Fe)450S still present superparamagnetic character, 
however, as temperature of thermal treatment increased, 
the samples presented a higher degree of organization.

According to XRD and Mössbauer results, after bio-
oil impregnation with Fe(NO3)3 and thermal treatment 
(400-600 °C) under N2 atmosphere, occurred the partial 
reduction of Fe3+ leading to the formation of a Fe2+/Fe3+ 
oxide. Although the mechanism for this reduction is not 
clear, it is most likely that reducing species such as H2, 
CO, organics and amorphous carbon formed during bio-oil 
decomposition40 are involved in Fe3+ reduction.

SEM analyses of material treated at 400 °C (Figure 4) 
showed that before sulfonation, the material presented 
particles between 50 and 300 µm. Moreover, mapping and 

energy-dispersive X-ray spectroscopy (EDS) (Figure S4, SI 
section) analyses showed that iron was leached by sulfuric 
acid indicating that the carbon formed did not encapsulate/
protect the Fe oxide particles.

After sulfonation (Figure 4), particles of 50 µm and 
irregular surfaces were observed.

TEM images for material treated at 400 °C and 
sulfonated showed no iron in its structure confirming 
acid leaching (Figure S5, SI section). For samples treated 
at temperatures 450, 500 and 600 °C (Figures 5-6), iron 
was dispersed all over the materials surface and remained 
encapsulated by the carbon matrix. The images and 
histogram (Figure 6) showed that iron nanoparticles have 
sizes between 5-20 nm.

The yield of catalyst synthesis as well as the evaluation 
of the sulfonation process was carried out by elemental 
analyses. Table 1 shows C, H, N and S contents in these 
materials.

After pyrolysis and H2SO4 reaction, the materials were 
ground and extensively washed with deionized water until 
pH 6.0. In general, the materials yield decreased with 
pyrolysis temperature increase: 50.3, 47.3, 42.1 and 39.7% 
for (B8Fe)400S, (B8Fe)450S, (B8Fe)500S and (B8Fe)600S, 
respectively. Indeed, at higher temperatures more volatiles 
were released from the organic matrix.

The original bio-oil (before thermal treatment and 
sulfonation) presented 45.5, 6.6 and 0.5% of C, H and 

Figure 2. XRD patterns of samples (B8Fe)400S, (B8Fe)450S, (B8Fe)500S 
and (B8Fe)600S.

Figure 3. Mössbauer spectra at 30 K of samples (B8Fe)450S, (B8Fe)500S 
and (B8Fe)600S.
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N,16 respectively. According to elemental analysis, carbon 
content increased from ca. 46 to 48-54% and the H content 
decreased for sample (B8Fe)400S, due to dehydration and 
carbonization. Furthermore, the presence of 3.4-4.5% N 
indicates the presence of non-decomposed nitrate and likely 
nitrogen groups formed during the process.

Relatively high sulfur content was observed, i.e., 5.0%, 
for the sample (B8Fe)400S likely due to the sulfonation of 
the carbon formed after treatment at 400 °C. On the other 
hand, S decreased to 3.8, 2.5 and 2.2% as the material was 
pre-treated at 450, 500 and 600 °C, respectively. This result 
suggests that thermal treatment at temperatures higher than 
400 °C is producing carbons that are well structured and 
more difficult to sulfonate.

Raman spectra of materials (Figure 7) showed two 
bands characteristics of carbonaceous materials,41 the 
G band (1590 cm−1), which is related to more organized 
graphitic structures, and D band (1350 cm−1), which 
indicates the presence of defects in carbonaceous structures 
and amorphous carbon.

The D band intensity to G band ratio (ID/IG) is high 
(approximately 0.9) for all the materials spectra, which 
were also verified on other studies.41 These results can be 
indicated that the materials have high degree of defects.

The FTIR spectra of sulfonated materials (Figure S6, 
SI section) showed two bands at 1583 and 1688 cm−1 
related to aromatic C=C bonds.42 Furthermore, for material 
(B8Fe)400S a broad band near 3026 cm−1 related to −OH 

Figure 4. Scanning electron microscopy images of iron materials before, (B8Fe)400, and after sulfonation (B8Fe)400S, (B8Fe)450S, (B8Fe)500S and (B8Fe)600S.

Figure 5. Transmission electron microscopy images of materials (B8Fe)450 and (B8Fe)450S.
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stretching was observed. At 1143 and 1019 cm−1, two 
bands related to the symmetric and asymmetric stretching 
of O=S=O group indicate the presence of −SO3H groups.43 
At temperatures higher than 400 °C, a significant decrease 
on the bands intensity was observed, confirming the release 
of oxygenated compounds during carbonization.44 Besides 
that, decrease on the intensity bands relative to sulfonic 
groups was also verified.44

The TG curves in air of the sample (B8Fe)400 showed 
an initial weight loss of 6% related to water, followed by 
55% loss between 230-400 °C related to carbon oxidation/
organics decomposition (Figure S7, SI section) leaving ca. 
38% of iron oxide. On the other hand, the TG curve of the 
material (B8Fe)400S indicated a final iron oxide content of 
only 7% due to leaching caused by sulfuric acid treatment.

The materials (B8Fe)500, (B8Fe)500S, (B8Fe)600 and 
(B8Fe)600S showed similar TG curves (Figure S8, SI 
section), i.e., mass losses between 300 and 430 °C, 
concerning the oxidation of carbonaceous structures. 
In all curves, about 37 to 44% of the inorganic was 
observed, before and after the sulfonation process. It is 
probably related to iron phases which are protected and 
covered by coal and to ashes from the coal oxidation.45 
For materials (B8Fe)450 and (B8Fe)450S, the weight loss 
began near 260 °C, indicating that materials are less stable, 
leading to a final weight of 30 and 25%, respectively. 
The higher weight loss for (B8Fe)450S could be related 
to iron leaching.

In order to analyze what occurred during material 
thermal decomposition, a TG-MS experiment (Figure 8) 
was performed monitoring the m/z signals 18, 28, 44 
and 64 with materials (B8Fe)450 and (B8Fe)450S, in argon 
atmosphere. Both samples showed initial weight loss 
until 150 °C due to water (m/z 18). Adsorbed CO2 was 
also released at ca. 100 °C. After 150 up to ca. 700 °C 
several signals related to CO2 were observed probably 
due to the decomposition of oxygen groups present in 
the carbon structure. The m/z signal 28 related to CO was 
observed between 600-700 °C and is usually related to 
the decomposition of oxygen directly linked to the carbon 
structures.46

It was observed that sulfonation with H2SO4 caused 
slight changes in the TG-MS desorption profiles. However, 
the main difference is the presence of an m/z signal 64 
between 250-400 °C related to SO2 originated from HSO3

− 
surface groups.47

The number of acid sites determined based on the total 
amount of sulfur indicated values of 1.56 mmol g−1 for 
the sample (B8Fe)400S and 1.19 mmol g−1 for (B8Fe)450S. 
On the other hand, potentiometric titration measurements 
(Figure S9, SI section) suggested much lower values of 

Table 1. C, H and N content of bio-oil and materials impregnated with 
8 wt.% of iron (B8Fe) and sulfonated

Sample C / % H / % N / % S / %

Bio-oil 45.5 6.6 0.5 −

(B8Fe)400S 54.3 2.9 4.4 5.0

(B8Fe)450S 49.0 3.1 4.5 3.8

(B8Fe)500S 50.3 2.5 4.1 2.5

(B8Fe)600S 48.4 1.8 3.4 2.2

(B8Fe)400S, (B8Fe)450S, (B8Fe)500S, (B8Fe)600S: bio-oil impregnated 
with 8 wt.% of iron, sulfonated and thermally treated at 400, 450, 500 
or 600 °C, respectively.

Figure 6. (Top) Transmission electron microscopy images of materials 
(B8Fe)500S and (B8Fe)600S and (bottom) particle size distribution.

Figure 7. Raman spectra of materials (B8Fe)400S, (B8Fe)450S, (B8Fe)500S 
and (B8Fe)600S.
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ca. 0.2 mmol g−1 for the sample (B8Fe)400S which strongly 
decreased for treatment at higher temperatures. Again, 
these results indicate that thermal treatments at 500 and 
600 °C led to the formation of a very stable carbon less 
susceptible to sulfonation.

Sulfonated biochar based on pine and starch presented 
0.2-0.9 mmol g−1 of acid sites density.48 However, solid 
catalysts based on glucose,49 starch and cellulose,50 
presented density of acid sites higher than 1 mmol g−1, 
which is explained by their large area, pore volume and 
pore size. According to studies,50 materials with larger 
areas and pore size make the reactants more accessible 
to SO3H groups. Studies46,49 showed that lower acid 
densities can be attributed to higher cross linking and 
degree of polymerization at higher temperatures, reducing 
sulfonation efficiency.

The materials were characterized by adsorption/
desorption using Brunauer-Emmett-Teller (BET) method 
and the surface areas were similar, e.g., 3, 2, 2 and 3 m2 g−1 
for (B8Fe)400S, (B8Fe)450S, (B8Fe)500S and (B8Fe)600S, 
respectively. These low values can be attributed to the 
presence of a great amount of organic compounds, which 
could be released at higher temperatures.51-53

Catalytic tests

Esterification reactions of oleic acid in the presence 
of methanol catalyzed by the produced materials were 
studied (Figure 9). The use of the same quantity of catalyst, 
e.g., 10 wt.%, 1:30 oleic acid:methanol, for 6 h at 100 °C, 
showed different conversions. As expected, when the 
material (B8Fe)400S was used, the reaction occurred rapidly, 
reaching the equilibrium in 2 h. The conversion after 6 h was 
99%. In the other hand, when the material (B8Fe)450S was 
used, the reaction gradually reached the equilibrium after 
5 h, with a conversion of 90%.54 When other materials were 

assessed, (B8Fe)500S and (B8Fe)600S, no significant catalytic 
effect was observed, what corroborates potentiometric 
titration analysis. The insignificant conversion was also 
observed for blank reaction and for material (B8Fe)450 
(not showed).

The difference on materials catalytic activity is strictly 
related to pyrolysis temperature. At low temperatures 
(400-450 °C), the materials were partially carbonized, 
which allowed the organic groups to react with H2SO4. 
The rise of temperature produced a well-structured 
carbon which present low concentration of surface acid 
sites,48 what was confirmed by CHNS and potentiometric 
titration. It is also important to highlight that iron played 
no significant role on the material acidity, once the material 
(B8Fe)450 showed no catalytic activity.

In fact, esterification reactions using wood-based 
activate carbon catalyst in similar conditions (1:10 oleic 
acid methanol, 10 wt.% at 100 °C, 3 h) had also a significant 

Figure 8. TG and MS curves on argon atmosphere, heating rate of 10 °C min−1 of materials: (a) (B8Fe)450; (b) (B8Fe)450S.

Figure 9. Oleic acid conversion versus time on esterification reaction: 
effect of the catalyst nature. Reaction conditions: 10 wt.% catalyst, 1:30 
oleic acid:methanol, 100 °C.
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esterification activity, being the biochars synthesized at 
lower temperatures the most active catalysts.48 The more 
drastic conditions used in this work can be explained due 
to lower acid sites. In fact, herein, the materials were 
sulfonated for 2 h at 120 °C, while in the previous study,48 
the materials were in contact with H2SO4 for 12-18 h.

More detailed investigation was carried out with the 
magnetic catalyst (B8Fe)450S, in which the temperature 
effect was studied. The temperature rises from 60 to 100 °C 
produced a gradual increase in the yield of esters from 56 to 
90% (Figure 10). This effect is likely kinetic but also related 
to the higher solubility of methanol in oleic acid,55 a high 
temperature often obtains satisfactory yields, as showed 
in a study56 with acid magnetic catalyst, in which the yield 
increased from 78.9 to 98.9% when the temperature rose 
from 50 to 70 °C.

After the reaction, the catalyst (B8Fe)450S was separated 
from the products using a magnet, washed 2 times with 
methanol and reuse reactions were performed. After 
2 reuses a decrease on the conversion to 30% was observed 
(Figure 11). Previous works44,45 suggested that deactivation 
processes are likely related to −SO3H groups leaching and 
due to organic molecules, that poison the material active 
sites. Unlike other magnetic catalysts, which could be 
reused for 6 times,17,56 in this study the material did not 
present high stability, that could also be related to the 
synthesis method used.

In fact, leaching processes were also performed by 
leaving the catalyst in contact with methanol for 30 min, 
after that, methanol was added to a flask with oleic acid. It 
can be seen that about 32% of the catalyst active sites were 
leached to the reaction medium.

The catalytic tests showed that sulfonated materials 
were active to esterification reactions, with conversions 
of 90%, however, the legislation requires a conversion of 
> 96%. In that way, it would be necessary to increase the 
oleic acid:methanol ratio to move the reaction towards 
products formation or increase the number of acidic sites, 
adding more catalyst to the reaction medium.

The mechanism involves the proton of SO3H groups, 
which works as a Brønsted acid. Furthermore, at 
temperatures higher than 450 °C, the materials were 
magnetic, which facilitates the material removal from 
reaction medium. Reuse tests of (B8Fe)450S demonstrated 
that after 3 uses the conversion decreases to 30%, probably 
because of leaching or methylation of SO3H. Studies36 
performed with a carbon based on bamboo catalyst showed 
that after 2 h of reaction, using 6 wt.% of catalyst, 1:5 oleic 
acid:ethanol at 90 °C, the conversion was 97%. However, 
after the 5th use, the conversion decrease to 27.84%.

The results obtained in this work, e.g., SEM, TEM, TG, 
Mössbauer and XRD, indicated that Fe3+ can be dispersed 
in bio-oil and upon thermal treatment at temperatures 
higher than 400 °C is reduced to form magnetite Fe3O4 
nanoparticles:

Fe3+
bio-oil → Fe3O4/carbon matrix (2)

During decomposition the presence of oxidizing 
molecules, e.g., H2O and CO2, or when exposed to air, 
part of these Fe3O4 nanoparticles are oxidized to another 
magnetic phase maghemite γ-Fe2O3.

Fe3O4/carbon matrix → γ-Fe2O3/carbon matrix (3)

These materials can be sulfonated by a simple reaction 
with concentrated H2SO4. The most efficient sulfonation 

Figure 10. Oleic acid conversion versus time on esterification reaction: 
effect of the reaction temperature. Reaction conditions: 10% catalyst 
(B8Fe)450S, 1:30 oleic acid:methanol, 6 h reaction, at 60, 80 and 100 °C.

Figure 11. Oleic acid conversion versus number of uses on esterification 
reaction: recycling reactions of catalyst (B8Fe)450S. Reaction conditions: 
10.0 wt.% catalyst, 1:30 oleic acid:methanol, 100 °C, 6 h.
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was observed for the material obtained at 400 °C. However, 
sulfonation of the material (B8Fe)400 led to a strong Fe 
leaching indicating that the metal was exposed and not 
encapsulated by the carbon matrix. As a result of this 
leaching the material was not magnetic. On the other 
hand, the material obtained at 450 °C, (B8Fe)450, showed 
good results for the sulfonation process but no significant 
Fe leaching suggesting that the Fe oxide particles are 
protected/encapsulated in the carbon matrix. Thermal 
treatment at 500 and 600 °C produced carbons very resistant 
to sulfonation. These results are summarized schematically 
in Figure 12.

The material (B8Fe)450S showed good results for the 
esterification of oleic acid reaching 90% of conversion, 
similar to the most efficient catalysts described in the 
literature,51 however, more studies should improve the 
material stability in the reaction medium.

Conclusions

The organic matrix bio-oil rich in oxygen functionalities 
can be used to efficiently dissolve/disperse Fe3+. Upon 
thermal treatment the bio-oil decomposition led to the 
formation of a carbonaceous matrix and the partial reduction 
of Fe3+ to Fe2+ to form magnetic nanoparticles of Fe3O4 and 
maghemite γ-Fe2O3. This composite based on Fe magnetic 

nanoparticles dispersed/encapsulated in a carbon matrix 
has several potential applications in adsorption, catalysis 
and materials science. The effect of pyrolysis temperature 
was important, once as temperature increases, the material 
becomes less reactive due to sulfuric acid. These magnetic 
carbons were used as acid catalyst in different reactions, 
such as esterification of oleic acid and methanol, which 
reached 90% of conversion. Reuse reactions were also 
performed and after 2nd use, the conversion decreased to 
30%, being necessary other studies to improve the catalyst 
stability in reaction medium.
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