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Abstract
Development of new materials for catalytic applications is one of the rapidly growing research areas. The selective oxidation 
of 5-hydroxymethyl furfural (HMF) to 2,5-diformylfuran (DFF) is one of the rapidly growing research area due to having its 
own importance in the fuel technology. We report a new heterogeneous catalyst for the oxidation of HMF to DFF in aqueous 
medium using a carbon soot (from candle light) deposited on magnetite  (Fe3O4@C). Further, the potentiality of our catalyst 
has also been realized in direct production of DFF from biomass (using either fructose or glucose) with high conversions 
via two consecutive steps involving dehydration and oxidation. Further, proved that  Fe3O4@C plays a major role in the 
dehydration of sugar molecules whereas  Fe3O4 alone could not.
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1 Introduction

Due to rapid diminishing of fossil feedstock there is huge and 
enormous demand for sustainable and alternative sources of 
energy. Massive generation of biofuels from bio waste is one 
of the major challenging research areas to increase feedstock 
[1]. Transformation of biomass-derived 5-hydroxymethyl-
furfural (HMF) to value-added platform chemicals such as 
2,5-Diformoyl furan (DFF) has been drastically increased 
during the past few decades due to having its own impor-
tance in fuel technology, polymers, in the synthesis of phar-
maceuticals, fungicides and heterocyclic ligands [2–7]. The 
selective oxidation of 5-HMF to 2,5-DFF is quite difficult 
due to having the two reactive functional groups which can 
undergo different types of reactions such as hydrogenation, 
oxidations and hydrogenolysis of C-O bonds respectively 
[8]. Because of highly reactive functional groups, other 
furan derivatives such as 5-hydroxymethyl-2-furan car-
boxylic acid (HMFCA), 5-formyl-2-furancarboxylicacid 
(FFCA) and 2,5-furan-dicarboxylicacid (FDCA) were also 

formed during the oxidation reaction [9]. Therefore selec-
tive oxidation of 5-HMF to DFF under mild conditions is 
remaining challenged. In this direction, several researchers 
have reported the synthesis of DFF selectively from 5-HMF 
using a both homogeneous catalysts and very recently using 
copper salts [10]. There are several reports on the oxidation 
of 5-HMF to DFF using heterogeneous catalysts including 
Ru immobilized catalysts [11, 12],  MnO2 or metal doped 
 MnO2 catalysts [13–18]. In addition, vanadium on differ-
ent supports such as graphitic nitride, carbon have been 
extensively used in the oxidation of 5-HMF to DFF in good 
yields [19–23]. Further, iron based heterogeneous catalysts 
are widely used in the oxidation reaction due to non-pre-
cious and easily available [24–27]. All these catalysts are 
used either in the presence of various oxidants with high 
concentrations (or) in highly polar solvents such as DMF 
and DMSO or at higher temperatures. Therefore the devel-
opment of sustainable heterogeneous catalyst, efficient and 
cost effective catalytic protocol is highly desirable under the 
mild conditions.

Carbon based materials have been widely used in elec-
tronics, optics, drug delivery vehicles and in catalytic 
applications [28]. Since these materials exhibit unprec-
edented physical and chemical properties due to the inher-
ent structural rearrangement, it has been used to fabri-
cate the various composite materials like carbon/ceramic, 

 * Kalluri V. S. Ranganath 
 ranganath.chem@bhu.ac.in

1 Department of Chemistry, Institute of Science, Banaras 
Hindu University, Varanasi, India

http://orcid.org/0000-0001-9557-6747
http://crossmark.crossref.org/dialog/?doi=10.1007/s10904-021-02062-6&domain=pdf


4505Journal of Inorganic and Organometallic Polymers and Materials (2021) 31:4504–4511 

1 3

carbon/cement and carbon/metal composites and metal 
carbides [28–30]. However, synthesis of such carbon based 
materials is quite expensive and not easy to prepare using 
simple protocols in the laboratory. Carbon encapsulated 
magnetite materials have been previously reported using 
glucose as a carbon source [31–35]. In addition, uniform 
and hydrophobic carbon nanoparticles (CNPs) can be 
obtained from candle soot and considered as an essential 
components for various applications including sensors, 
quantum dots, electrocatalysts, energy storages, lubrica-
tion and functional coatings [36]. Synthesis of CNPs using 
candle soot is a simple technique, inexpensive and also 
another advantage is it take short period of time to prepare 
[37–39].

Herein we report the development of carbon nanopar-
ticles (CNPs) embedded on magnetite  (Fe3O4) for het-
erogeneous catalytic applications. It was prepared by a 
simple protocol using candle soot as a source of CNPs 
in the presence of ferric chloride and polyvinyl alcohol 
(PVA). The proposed synthesis is environmental friendly 
because of converting pollutant material, i.e. carbon par-
ticles to an active catalyst. The resultant solid (denoted as 
 Fe3O4@C) was completely characterized using different 
techniques such as PXRD, XPS, Raman and SEM–EDX 
analysis (Fig. 1). To the best of our knowledge CNPs or 
CNPs decorated materials have not been used in hetero-
geneous catalysis.

The obtained  Fe3O4@C has served as an active potential 
candidate in the oxidation of 5-HMF in aqueous medium 
[40]. We chose iron oxide for the preparation of  Fe3O4@C 
due to its relatively non-toxic, abundant and possessing 
magnetic properties [41]. Therefore MNPs were selected 
to adsorb hydrophobic CNPs for the selective aerobic oxi-
dation of 5-HMF as shown in the Scheme 1.

2  Experimental

2.1  Synthesis of  Fe3O4@C

The aluminium plates and all chemicals were purchased from 
Sigma Aldrich. The aluminium plate was cut into square 
shaped disks (thickness  =  1  mm, length  =  20 mm). These 
disks were successively pre-treated by sonication using ace-
tone, ethanol and Milli-Q water respectively. The  FeCl3 in 5% 
polyvinyl alcohol (PVA) were allowed to stick on the alumin-
ium plate. Later, candle (diameter  =  10 mm) was lighted and 
metal salt coated plate was placed near the tip of candle soot. 
The soot was deposited from the tip of the flame on the disks 
in the presence of iron chloride, polyvinyl alcohol and kept it 
for 30 min. In this protocol, carbon particles were deposited on 
iron oxide by (in situ) converting iron chloride to iron oxide. 
Later the brown solid was collected from plate and washed 
with acetone and Milli-Q water and dried in oven at 120  °C 
for 5 h. Raman spectroscopy and XPS analysis confirms the 
presence of CNPs on magnetite.

2.2  Catalytic Application of  Fe3O4@C

The catalytic activity of the as-prepared  Fe3O4@C catalyst 
was evaluated by the oxidation of HMF. To an oven dried flask 
containing catalyst (5.0 mg), HMF (0.25 mmol), base (potas-
sium carbonate) (2.0 equiv.) and the solvent (5.0 mL) were 
added at room temperature. The reaction mixture was stirred 
at the required temperature. After completion of the reaction, 
(monitored by HPLC) catalyst was separated through centrifu-
gation and washed with alcohol (ethanol) for further use. The 
conversion and selectivity’s were calculated using HPLC.

Fig. 1  Schematic diagram of preparation of carbon nanoparticles 
(CNPs) on  Fe3O4

Fig. 2  PXRD Pattern of (A)  Fe3O4 (B)  Fe3O4@CNP
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3  Characterization

The catalyst was characterized using different techniques 
like FT-IR, PXRD, SEM-FT-IR analysis of heterogene-
ous catalyst was carried out using PerkinElmer Spectrum. 
The crystallinity and phase analysis was performed using 
powder X-ray diffraction (PXRD) pattern. The PXRD 
pattern was recorded in a analytical High Resolution dif-
fractometer equipped with Cu-Kα1 irradiation at a power 
of 40 kV × 40 mA (λ = 0.1542 nm). The chemical compo-
sitions were examined by Scanning Electron Microscopy 
equipped with energy dispersive x-ray (SEM–EDX) analysis 
using Carl Zeiss. X-ray photoelectron spectroscopic analysis 
(XPS) was performed using an ESCALAB250 instrument by 
Thermo VG Scientific. Unless stated otherwise, monochro-
matic Al Kα-radiation was used (15 kV, 150 W, ~ 500 μm 
spot diameter) with the transmission function of the ana-
lyzer having been calibrated using a standard copper sam-
ple. Reactions were monitored by HPLC from Shimadzu 
Company with dual pump using C-18 column using mobile 
phase: hexane: isopropanol (9:1).

4  Results and Discussion

4.1  Powdered X‑ray Diffraction (PXRD)

The diffraction peaks of  Fe3O4@C Bragg’s angle appeared 
at 2θ ~ 30.3, 35.3, 43.1, 53.1, 57.1, 62.7, 74.2 corresponding 
to (220), (311), (400), (422), (511), (440) and (533) planes 
respectively. The data observed is attributed to  Fe3O4 face 
centered cubic structure [JCPDS card No. 89-0950]. In 
the XRD pattern of  Fe3O4@C, no additional peaks were 
observed except the peak broadening, which is attributed to 
due to the presence of CNPs on iron oxide (Fig. 2). The crys-
tallite size was calculated by using Debye–Scherrer equation 
and found that 10.7 and 11.8 nm for pure magnetite and 
 Fe3O4@C respectively (Fig. 2).

4.2  Fourier Transform Infrared (FT‑IR) Analysis

FTIR spectrum of the  Fe3O4@C shows a characteristic 
peak at nearly at 590  cm−1 denoting the presence of Fe–O 
bond (Fig. 3). Furthermore, several stretching frequen-
cies associated with CNPs were observed at 1543 and 
1634  cm−1 respectively. In addition, the broad stretching 

frequency at 3400–3850  cm−1 is attributed for the vibra-
tion of –OH group. These clearly illustrate that hydro-
phobic carbon particles are not adsorbed on surface of 
magnetite, they may be embedded inside the structure. The 
peaks at 3361  cm−1 and 1640  cm−1 corresponds to water 
of hydration of metal oxide NPs (Fig. 3).

4.3  X‑ray Photo Electron Spectroscopy (XPS)

The heterogeneous active catalyst  Fe3O4@C has further 
characterized by XPS (Fig. 1, Supporting Information, SI). 
The doublet profile of  Fe2p spectra into distinct  Fe2p3/2 and 
 Fe2p1/2 orbit at binding energies at 710.7 eV and 724.1 eV 
respectively. The stoichiometric magnetite  Fe3O4 of cubic 
close packed oxygen sub lattice can be alternatively 
expressed as FeO·Fe2O3. Therefore, it consists of both iron 
ions  Fe2+ and  Fe3+ occupying the tetrahedral and octahe-
dral interstices of cubic spinel type structure. The O 1s 
binding energy at 532.22 eV corresponds to  O2− of  Fe3O4 
showing only one kind of oxygen species. It was identi-
fied to be the bridge oxygen (O) between octahedral iron 
 (Fe3+) and the tetrahedral  (Fe2+) lattice. Further binding 
energy for C 1s was observed at 284.12 eV, 293.15 eV 
and 295.62 eV respectively, which is indicating the pres-
ence of different carbon species. The peaks at low binding 
energies nearly at 284 eV, are ascribed to the lattice carbon 
atoms and the binding energies corresponding to CNPs 

Scheme 1  Oxidation of 5-HMF 
to DFF using  Fe3O4@C in aque-
ous medium

Fig. 3  FT-IR spectra of (a)  Fe3O4 (b)  Fe3O4@CNP
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are 293 eV and at 296 eV oxidized carbons respectively 
(Fig. 1, SI).

4.4  Raman Spectroscopy

In addition,  Fe3O4@C has also been characterized by Raman 
spectroscopy. In the present case, the Raman spectrum 
peaks of iron oxide  (Fe3O4) were investigated and found 
that translator movement (T1

2g) corresponding to  FeO4 are 
changed from 193  cm−1 of  Fe3O4 to 214  cm−1 for CNP/
Fe3O4 (Fig. 4). However, the asymmetric stretching (T2

2g) 
and bending of Fe–O (T3

2g) are remains same before and 
after incorporation of CNPs. Significantly, the symmetric 

bending of Fe–O of magnetite corresponding to  Eg has been 
shifted from 319 to 279  cm−1 after incorporation of CNPs 
[42]. In addition, the peak at 680  cm−1 was identified as a 
band characteristic which was present on magnetite, how-
ever it has been disappeared in  Fe3O4@C. This result further 
illustrate that hydrophobic CNPs have accommodated inside 
the magnetite, which may leads to the formation of crystal 
defects (Table 1).

4.5  SEM–EDS Analysis

The morphology and structural features of the  Fe3O4@C 
has also been studied using scanning electron microscopy 
(SEM). Well defined spherical particles were observed 
approximately 20 nm and observed that all expected ele-
ments (Fe, O and C) are present on  Fe3O4@C (Fig. 5).

Fig. 4  Raman spectra of a  Fe3O4, b  Fe3O4/CNP

Table 1  Raman Shift Vibrations 
of  Fe3O4 and  Fe3O4@C

S. no Vibrational mode Fe3O4  (cm−1) Fe3O4@C 
 (cm−1)

1 T1
2g (translatory movement of  FeO4) 193 214

2 T2
2g (asymmetric stretch of Fe–O) 488 485

3 T3
2g (asymmetric bend of Fe–O) 538 538

4 Eg (symmetric bend of Fe–O) 319 279
5 A1g (symmetrical stretch of oxygen atoms along 

Fe–O)
683 670

6 Characteristic peak 1383 1286
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5  Heterogeneous Catalytic Application 
of  Fe3O4@C

5.1  Oxidation of 5‑HMF

Since  Fe3O4 has been successfully used in many oxida-
tion reactions with good selectivity towards the desired 
product [43, 44] it has been initially evaluated in the aero-
bic oxidation of 5-HMF. A little conversion of HMF took 
place in toluene or in aqueous medium in the absence of 
a base using air as an oxidant (Table 2, Entries 1–3). A 

combination of metal and base catalyzed oxidation reac-
tions of 5-HMF have been reported, especially using 
potassium carbonate [45]. No conversion of 5-HMF took 
place using only magnetite at 100 °C without addition of 
a base. However in the presence of potassium carbonate, 
5-HMF was converted into DFF with 94.8% selectivity 
(Table 2, Entry 4). In the presence of hydrogen peroxide 
56% of HMF was converted with 55.4% selectivity to DFF 
in toluene whereas in water 86.4% of HMF was converted 
with 95.4% selectivity to DFF. By lowering the tempera-
ture to 80 °C, conversion of HMF decreased to 74.8% with 

Fig. 5  SEM-EDS of  Fe3O4/CNP

Table 2  Oxidation of 5-HMF 
to DFF catalysed by  Fe3O4 and 
 Fe3O4@C

Reaction conditions: substrate (0.25 mmol), catalyst (5.0 mg),  K2CO3 (27.5 mg), solvent (5.0 mL). Conver-
sion and selectivity are calculated based on HPLC

Entry Catalyst Base Solvent Oxidant Temp. (°C) Time (h) HMF conv. (%) DFF selec-
tivity (%)

1 Fe3O4 – Toluene Air 100 72 < 10 –
2 Fe3O4 K2CO3 Toluene Air 100 72 < 10 –
3 Fe3O4 – Water Air 100 72 – –
4 Fe3O4 K2CO3 Water Air 100 72 58.0 94.8
5 Fe3O4 K2CO3 Toluene H2O2 100 72 56.0 55.4
6 Fe3O4 K2CO3 Water H2O2 100 72 86.4 95.4
7 Fe3O4 K2CO3 Water H2O2 80 72 74.8 95.2
8 CNPs K2CO3 Water Air 100 72 – –
9 Fe3O4@C – Toluene Air 100 12 < 1 < 1
10 Fe3O4@C – Toluene Air 100 12 < 1 < 1
11 Fe3O4@C – water Air 100 12 < 1 < 1
12 Fe3O4@C – DMF Air 100 12 < 1 < 1
13 Fe3O4@C – DMSO Air 100 12 < 1 < 1
14 Fe3O4@C – water H2O2 100 12 < 1 < 1
15 Fe3O4@C K2CO3 Water H2O2 80 72 93.0 78.7
16 Fe3O4@C K2CO3 Water Air 80 72 96.2 95.4
17 Fe3O4@C K2CO3 Water O2 80 72 98.0 95.6
18 Fe3O4@C K2CO3 Water H2O2 RT 72 35.0 11
19 Fe3O4@C – Acetonitrile TEMPO 100 24 6.0 < 1
20 Fe3O4@C K2CO3 Acetonitrile TEMPO 100 72 63.0 74.6
21 Fe3O4@C – Water TEMPO 80 72 < 1 < 1
22 Fe3O4@C K2CO3 Water TEMPO 80 72 95.0 98.0
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almost same selectivity to DFF (Table 2, Entry 5 and 6). 
To understand the effect of CNPs, oxidation of 5-HMF was 
carried out using  Fe3O4@C. The best conditions to obtain 
the maximum conversion of HMF is 96.2% with 95.4% 
selectivity to DFF in the presence of air (Table 2, Entries 
15–18). Reactions in strongest polar solvents such as 
water produced much higher HMF conversion than other 
solvents. It may be due to the possible reason should be 
that water can well disperse  Fe3O4@C and good solubil-
ity of HMF. Although the rate of the reaction increases 
by the presence of CNPs on magnetite, selectivity to DFF 
remains the same as with  Fe3O4 and  Fe3O4@C. (Table 2). 
The better performance of  Fe3O4@C may be due to hydro-
phobic nature of CNPs accommodated inside the magnet-
ite, which may leads to the formation of crystal defects 
and hence higher activity. In general oxidation of 5-HMF 
in low boiling aprotic solvent like acetonitrile proved as 
a best solvent using TEMPO as an oxidant [46]. There-
fore the oxidation reaction was conducted in acetonitrile 
using TEMPO as an oxidant and best result was obtained 
with 98% selectivity at the cost of 95% conversion at 
80 °C (Table 1, Entries 19–22). Notably, the reaction did 
not produce any product under catalyst free conditions. 
Besides DFF, a trace amount of the other oxidation prod-
uct 5-hydroxymethyl-2-furancarboxylic acid (HMFCA), 
levulinic acid (LA) were also detected by HPLC, which 
indicates that DFF is stable in water in presence of the 
 Fe3O4@C under the reaction conditions employed in this 
work. Control experiments were also performed to under-
stand insights into the conversion of HMF.

5.2  Direct Conversion of Biomass

The potentiality of our hybrid catalyst,  Fe3O4@C has been 
explored directly in the one pot synthesis of DFF directly 
either from glucose or fructose [47–49] (Scheme 2).

Using glucose as a substrate in the aqueous medium 
DFF was obtained with 99.3% selectivity using hydrogen 
peroxide and it is also highly remarkable that HMF which 
was formed (in situ) reacted completely. Moreover in the 
presence of air, there was no HMF remained in the flask 
after 72 h and DFF was obtained with 84.3% selectivity. 
Significantly, DFF has been obtained with 94.8% selectivity 

with complete conversion of fructose at 80 °C. Of particular 
note is that no catalytic conversion of either glucose or fruc-
tose has taken place using magnetite alone (Table 3, Entry 
5 and 6). This result clearly indicates that  Fe3O4@C acts 
as a bifunctional catalyst where the subsequently dehydra-
tion and oxidation reactions took place. Moreover CNPs on 
 Fe3O4 demonstrates much superior catalytic activity than 
the un-doped iron oxide suggesting that the introduction of 
CNPs into  Fe3O4 played a crucial role in dehydration step. 
The higher activity of this hybrid catalyst is also may be due 
to carbon particles (from the candle soot) on  Fe3O4 resulted 
in a better  Fe3+ adsorption and enhanced dispensability. The 
superior activity exhibited by  Fe3O4@C is may also due to 
facile redox reaction of  Fe3+ to  Fe2+ occurs in an easier way 
because of the synergetic effects of CNP on inverse spinel 
 Fe3O4 and thus reaction proceeds smooth way. To the best 
of our knowledge this is the first report to synthesize the 
highly active catalyst using candle soot for biomass conver-
sion. The acidic hydroxyls of 5-HMF might have a strong 
interaction with  Fe3O4, which may leads to lower activity in 
the biomass conversion.

Scheme 2  Fe3O4@C catalyzed 
biomass to DFF

Table 3  Conversion of biomass into DFF catalyzed by  Fe3O4@C

Reaction condition: Substrate (1.0 mmol), Catalyst (5.0 mg),  K2CO3 
(27.5 mg),  H2O (5.0 mL)

S. no Substrate Catalyst Oxidant HMF (%) DFF (%) 
selectivity

1 Glucose Fe3O4@C H2O2 – 99.3
2 Glucose Fe3O4@C Air – 84.3
3 Fructose Fe3O4@C H2O2 < 1% 73.8
4 Fructose Fe3O4@C Air < 2% 94.8
5 Glucose Fe3O4 H2O2 – –
6 Fructose Fe3O4 H2O2 – –
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6  Conclusions

In summary, we developed a highly active new heterogene-
ous catalyst in a simple way by utilizing candle soot, which 
is known as a pollutant. In our protocol pollutant material 
was converted into useful material for the development 
of sustainable catalyst on the magnetite, i.e.  Fe3O4@C. 
It is well characterized through various techniques using 
PXRD, XPS and Raman analysis. The SEM–EDS analysis 
further confirms the successful preparation of this hybrid 
material. Further this material is operable under mild con-
ditions for the selective oxidation of HMF to DFF with 
high selectivity. In this process water, a greener solvent 
showed better performance which circumvents the use of 
high boiling solvents at higher temperatures. Further, the 
absence of precious noble metals and simple preparation 
of catalyst makes catalytic protocol attractive for the con-
version of biomass into value added products via two con-
secutive steps such as dehydration and oxidation reactions. 
 Fe3O4@C plays a major role in the dehydration reaction 
of biomass whereas  Fe3O4 alone could not catalyzed. Our 
work will stimulate a lot of further research on the design 
of new heterogeneous catalysts and the elucidation of the 
underlying modes of action.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10904- 021- 02062-6.
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