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HIGHLIGHTS GRAPHICAL ABSTRACT

»Efficient synthesis of novel chitosan-based
carbonaceous catalyst by one step low-
temperature carbonization/sulfonation.

»The catalyst showed excellent selectivity for
the conversion of C5 sugars into furfural
followed by tri(furyl)methane.

»One-pot two-step dehydration/condensation
reactions with efficient yields.
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ARTICLE INFO ABSTRACT
Article history: A sustainable chitosan (CS)-derived magnetic solid acid catalyst (CS-Fes0s@SO3H) incorporated by Lewis and Bronsted acid
Received 26 June 2018 sites was synthesized in an eco-friendly manner through the preloading of iron on CS and one-pot low-temperature
Received in revised form 22 September 2018 carbonization/sulfonation. The carbonization/sulfonation of CS-Fe3O4 using p-Toluenesulfonic acid (p-TSA) at 140 °C resulted
Accepted 7 October 2018 in the loss of ammonia in some extent and provided bifunctional sites on the catalyst. This heterogeneous catalyst was found to
Available online 1 December 2018 be highly selective for the conversion of xylose and arabinose to furfural (FF) and subsequent tri(furyl)methane (TFM) formation
by the condensation with furan in the same reaction vessel without any purification. The outcome of optimization under different

Keywords: reaction parameters showed that only 20 wt.% of CS-Fes0.@SO3H catalyst resulted in 81% TFM yield from xylose while
CS-Fe;04@S0sH arabinose gave a 70% TFM vyield in dimethyl sulfoxide (DMSO):water with high selectivity. This green protocol provides an
Carbonaceous solid acid easy isolation of products and minimizes the formation of polymerized by-products. The catalyst can be readily recovered and
Eur?mfthane efficiently reused for three consecutive catalytic cycles without any significant loss on product yields.
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1. Introduction

Biomass is an abundant carbon-containing resource in nature. It can be
converted into various value-added compounds and advanced liquid fuels,
providing alternative material/energy sources in the biosphere (Chatterjee et al.,
2015; Wang et al., 2015; Lin et al., 2017). There exist serious concerns
regarding the continuously increasing global population and the subsequent
impacts on fossil fuels consumption. Hence, there is a need to look for
alternative energy sources. In addition, sustainable and renewable substitutes
to traditional fossil resources are highly essential to tighten the gap between the
supply and demand of feedstock used for fuels and chemicals production
(Huber et al., 2005; Xing et al., 2010). Tri(furyl)methane (TFM) is among the
most versatile and promising compound derived from biomass and has gained
a great deal of attention because of its wide range of industrial applications
(Butin et al., 1999). It is an important intermediate for the synthesis of
tetraoxaquaterene (Pejewski et al., 2004), agrochemicals (Nakanishi et al.,
1969), polymers (Hall, 1984; Gandini and Salon, 1990), macromolecules for
use as metal ion carriers (Musau and Whiting, 1994), etc. Moreover, TFM
derivatives could also be used as carbon source for the synthesis of branched
alkanes through hydroxydeoxygenation (HDO) (Huang et al., 2012; Yang et
al., 2013; Balakrishnan et al., 2014a).

Owing to its importance and usefulness, many researchers have synthesized
TFM directly from commercially available furfural (FF). Usually, the furyl
methane derivatives are synthesized from FF and furans through condensation
by several homogeneous and heterogeneous catalysts such as HCI
(Balakrishnan et al., 2014a), conc. H,SO,4 (Corma et al., 2011), AuCl; (Nair et
al., 2005), MCM-SO3H (VVan Rhijn et al., 1998), zeolites (Algarra et al., 1995),
SiO,-Pr-S-Pr-SO;sH (Balakrishnan et al., 2014b), CMH-SO3H (Ogino et al.,
2015), SILC (Li et al., 2015), and TFA-ZrO, (Zhu et al., 2016). However,
several disadvantages associated with these catalysts like activity loss, long
reaction time, catalyst separation, and high cost are still challenging and should
be overcome. Hence, there is a need to design mild, robust, more economically-
viable, and environmentally-benign heterogeneous catalysts for the synthesis
of TFM directly from pentose (C5) sugars.

Heterogeneous solid acid catalysts in general play a vital role in the
transformation of biomass and its derivatives to fuels and value-added
chemicals (Toda et al., 2005; Yan et al., 2009; Alonso et al., 2010; Haung et
al., 2013; Thombal and Jadhav, 2016a; Tiwari et al., 2017). Among those,
sulfonated carbonaceous catalysts are basically more fascinating due to their
good thermal stability, high acid strength, and reusability. Herein, we report on
the synthesis of a novel, green, and recyclable carbonaceous solid acid catalyst
(CS-Fe;0,@S03H) and investigated its application for innovative one-pot
synthesis of TFM from C5 sugars (Schemes 1 and 2). To the best of our
knowledge, the fabricated catalyst and the one-pot synthesis of TFM from C5
sugars have not been studied previously.
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Scheme 1. One-pot reaction design for the synthesis of TFM from xylose and arabinose over CS-
Fe;0,@S0sH.
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Scheme 2. Synthesis of sulfonated magnetic CS-Fes0.@SOsH carbonaceous solid acid catalyst.
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2. Materials and Methods
2.1. Materials

CS, ferric chloride, and p-Toluenesulfonic acid (p-TSA) were obtained
from Sigma-Aldrich (USA). Xylose and arabinose were bought from Alfa
Aesar (USA) and aqueous ammonia solution was obtained from Duksan
Pure Chemicals (South Korea). All the solvents were obtained from Sigma-
Aldrich (USA). All purchased chemicals and solvents were used without
further purification.

2.2. Catalyst preparation and characterization

FeCl; solution with a 100 mmol.L™ concentration was added into a
suspension of CS (80% deacetylated) (3 g) in 100 mL water with
continuous stirring in a round-bottomed flask. The solution was stirred for
5 h at room temperature. An aqueous solution of ammonia was added drop
wise into the solution to maintain the pH around 9-10. Then, the mixture
was simply filtered and the solid residue was dried at 300 K overnight. The
resulting powder (CS-Fe;0,4) was then heated with p-TSA in an oil bath at
140 °C for 24 h under a nitrogen atmosphere (Thombal and Jadhav, 2016b).
After 24 h, the catalyst was kept open to air and further heated for 24 h to
remove all the volatile compounds adsorbed on the surface of the material.
Subsequently, the mixture was cooled to room temperature. The resulting
solution was then filtered and washed thoroughly with deionized water to
remove excess of sulfate ions and finally with absolute ethanol to remove
all the water. The black solid obtained was dried in an oven at 300 °K for
24 h. The obtained black powder was named as CS-Fe;0,@SOsH catalyst.

The catalyst obtained was characterized by Fourier transform infrared
spectroscopy (FT-IR, Perkin-Elmer Spectrum TwoTM IR Spectrometer),
X-ray diffraction (XRD, Panalytical X Pert pro MPD), field emission
scanning electron microscopy (FE-SEM, Hitachi S4200) equipped with an
energy dispersive X-ray micro-analysis (EDAX) detector, X-ray
photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha System),
field emission transition electron microscopy (FE-TEM, FEI Tecnai F20),
and acid-base titration.

2.3. General procedure for the synthesis of TFM

In a typical synthesis, xylose/arabinose (1 mmol) and CS-Fe;0,@SOzH
(20 wt.%) catalyst were taken in a round-bottomed flask under air
atmosphere, to which 6 mL of solvent was added. The reaction was then
heated at 140 °C for 24 h under magnetic stirring. Then, the reaction mass
was cooled to room temperature and furan (8 eq) was added. Subsequently,
reaction stirring was continued at room temperature for 10 h (xylose) and 8
h (arabinose). At the end of the reaction, the solid catalyst was magnetically
separated from the reaction mixture and the reaction mass was extracted
with ethyl acetate (25 mL x 3). The solvents were evaporated under reduced
pressure and the residue was purified using column chromatography
(EtOAc/Hexanes). The formation of FF and TFM was confirmed by their
NMR analysis and by comparison with the reports available in the literature
(Bhaumik and Dhepe, 2014; Shinde and Rode, 2017).

3. Results and Discussion
3.1. Properties of CS-Fe;0,@SO;H catalyst

The FT-IR spectra of CS, CS-Fe;04, and CS-Fe;0,@SO3H are shown in
Figure la. The bands observed in the range of 3296-3355 cm? in the
spectra of CS, CS-Fe;04, and CS-Fe;0,@SO0sH were assigned to the O-H
asymmetric stretching and N-H stretching vibrations. The weak band
appeared at 2876 cm™ could be assigned to the aliphatic stretching
vibrations of C-H of the —CH, groups in CS. This peak appeared with a very
low intensity in CS-Fe;0,@SO3H catalyst was due to the residual carbon
matter after low temperature pyrolysis. The peak observed for all the three
materials at 1628 cm™ could be associated with the stretching of C=0 of
HN=C=0 bonds (Mohseni-Bandpi et al., 2015). The signal at 1592 cm™
was ascribed to the bending of NH, group of CS while the peaks around
1370 cm* indicated the C-N stretching vibration. The stretching of C-O
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Fig. 1. (a) FTIR spectra of CS, CS-Fe304, and CS-Fe;0.@S0sH catalyst; (b) XRD patterns of the CS-FesO4 and CS-Fes0.@SOsH; (c) EDAX spectra of CS-Fe;04@S0sH; (d) SEM image of CS-
Fes0.@S0:H; and (e and f) TEM images of CS-Fe;04@SO0sH.
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Fig. 2. (a) XPS survey scan spectrum of CS-Fe304@SOsH. (b-f) deconvoluted XPS spectra of C 1s, S 2p, N 1s, O 1s, and Fe 2p, respectively.
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bond resulted in a band at 1028 cm™. The peak at 602 cm™ was obtained due to
saccharide structure of CS. The bonds around 559-580 cm* were observed in
the spectra of the CS-Fe;O, and CS-Fe;0,@SO;H, which could correspond to
the Fe-O band vibration of Fe;04. The CS-Fe;0,@SO3H catalyst spectrum
revealed a peak at 1024.3 cm? which could be attributed to the O=S=0
asymmetric and symmetric stretching vibrations of -SOsH groups (Thombal
and Jadhav, 2016b). Hence, the FT-IR spectra clearly confirmed the presence
of Fe and sulfonated groups on the surface of CS-Fe;0,@SO3H catalyst. The
XRD patterns of CS-Fe;O, and CS-Fe;0,@SO;H catalyst are shown in Figure
1b. The XRD pattern of CS-Fe;0, indicated six main peaks at 26 = 30.0°, 35.4°,
43.0°, 53.3°, 56.9° and 62.5° corresponding to the indices (220), (311), (40
0), (422),(511),and (4 4 0), respectively. These confirmed the crystalline
nature of CS-Fe;O,4 (Zulfikar et al., 2016). Along with these, a very weak and
broad band was observed at 26 angles of 12°-18° which was related to the
amorphous CS polymer. However, the CS-Fe;0,@SOsH catalyst showed a
broad diffraction peak over the 26 range of 15 to 30°, which could typically be
attributed to the amorphous carbon composed of aromatic carbon sheets
considerably oriented in a random fashion. Thus, the XRD patterns confirmed
the amorphous nature of the synthesized catalyst. The EDAX analysis revealed
that the surface of the catalyst was mainly composed of C, O, N, Fe, and S. The
atomic percentages of S and Fe were found to be 7.59 and 3.79%, respectively
(Fig. 1c). The composition of N was found to be negligible probably due to the
loss of ammonia during the synthesis of the catalyst. The SEM image of the
catalyst clearly indicated the formation of porous carbonaceous sheets (Fig.
1d). The TEM images of the CS-Fe;0.@SO;H at different magnifications
exhibited the presence of randomly arranged carbon sheets with Fe ions (Figs.
le and f). XPS analysis showed the surface composition of the CS-
Fes0,@SO3H, confirming the presence of carbon, sulphur, nitrogen, oxygen,
and iron in the catalyst (Fig. 2a). The high-resolution C 1s spectrum showed
four main deconvoluted peaks at the binding energies of 284.5, 285.1, 286.3,
and 288.5 eV which were attributed to the C-C, C-O/C-H, C-S, and C=0,
respectively. The S 2p spectrum showed two main peaks at 167.6 and 168.6 eV
which corresponded to the -C-SO,-C- and -C-SO3H, respectively. The two
major peaks in N 1s spectra were observed at 399.9, and 401.4 eV
corresponding to the N-metal and unreacted —~NH, groups, respectively. The O
1S spectra showed two main peaks at 531.3 and 532.9 eV which confirmed
oxygen bound to organic compounds and C-OH bonds, respectively. The
binding energy values for Fe 2p spectrum included three deconvoluted peaks,
i.e., Fe 2p3/2 (710.5 eV), Fe 2p1/2 (724.3 eV), and another weak satellite peak
at 714.2 eV (Figs. 2b-f). The total acid densities and the sulfonic acid densities
of CS-Fe;0,@SO0;H were calculated by acid-base titration and found to be 4.1
mmol g** and 2.3 mmol g, respectively (See Sup, Table S1) (Suganuma et al.,
2008; Thombal et al., 2015).

3.2. Optimization of the reaction conditions for formation of FF from xylose
and arabinose

Initially, the activity of CS-Fe;0,@SOsH catalyst was studied for the
synthesis of FF from xylose and arabinose in various green solvent systems so
as to obtain higher yields and the results are summarized in Table 1. First, the
reaction was carried out in water at 140 °C using 10 wt.% catalyst for 24 h
(Table 1, entry 1) but it led to very low yield of product because water was not
favourable for dehydration reactions. Various organic solvents were then
screened along with water. When the reaction was carried out in H,O/Toluene
(2:1, v/v) as a solvent system under the given reaction conditions (Table 1,
entry 2), FF was produced at a lower yield. Moreover, by replacing toluene
with 1-butanol in water, the xylose conversion was extremely decreased and
only 11% FF vyield was obtained (Table 1, entry 3). Subsequently, a
H,O/Tetrahydrofuran (THF) solvent system was used and the yield of FF was
increased to 32% (Table 1, entry 4). Afterwards, the conversion of xylose was
carried out in various solvent systems such as H,0/2-Methyl THF,
H,O/Acetonitrile (CH;CN), H,O/y-Valerolactone (GVL), H,O/Nitromethane,
H,O/N-Methyl-2-pyrrolidone (NMP), and H,O/Dimethyl sulfoxide (DMSO)
(Table 1, entries 5-10). Surprisingly, the reaction proceeded at a good rate in
the H,O/DMSO solvent system and the yield of FF was recorded at about 72%.
Having obtained a favourable yield using the H,O/DMSO solvent system, we
then tried the reaction in pure DMSO solvent (Table 1, entry 11). However, the
conversion of xylose led to a moderate FF yield (51%). Considering the
outcomes of these experiments, H,O/DMSO was selected as an ideal solvent
system for further studies.
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Catalyst loading was further studied and it was found that FF formation
with 20 wt.% catalyst stood at as high as 84% (Table 1, entry 12).
Correspondingly, when the reaction time was increased to 48 h, the FF yield
was slightly decreased (Table 1, entry 13). By changing the solvent system
ratio to 1:1 (v/v), the FF yield was recorded at 63% (Table 1, entry 14).
With increasing or decreasing the temperature (i.e., at 120 °C and 160 °C),
we observed that the FF yields obtained were slightly decreased (Table 1,
entries 15 and 16). In the absence of catalyst, the reaction did not proceed
even after 24 h (Table 1, entry 17). On the other hand, a good isolated yield
of FF (76%) was obtained from arabinose under H,O/DMSO solvent
system (2:1, v/v) at 140 °C (Table 1, entry 18). In general, water along with
non-polar solvents did not generate favourable FF yields, while polar
solvents such as 2-Methyl THF, GVL, Nitromethane, and NMP led to
promising FF yields due to the highly polar nature of the C5 sugars and
their solubility.

Table 1.
The activity of CS-Fes0.@SOsH catalyst for the synthesis of FF from xylose and arabinose

using various green solvent systems.?

Entry  Sugar Solvent C(‘z:,t:;j:;t T((igp ;‘/z;g
1° Xylose H.0 10 140 8
2 Xylose H2O/Toluene 10 140 21
3 Xylose H20/1-butanol 10 140 11
4 Xylose H20/THF 10 140 32
5 Xylose H20/2-Methyl THF 10 140 58
6 Xylose H20/CHsCN 10 140 16
7 Xylose H20/GVL 10 140 63
8 Xylose H2O/Nitromethane 10 140 42
9 Xylose H20/NMP 10 140 52
10 Xylose H.0/DMSO 10 140 72
11° Xylose DMSO 10 140 51
12 Xylose H.0/DMSO 20 140 84
13¢ Xylose H.0/DMSO 20 140 78
148 Xylose H.0/DMSO 20 140 63
15 Xylose H.0/DMSO 20 120 60
16 Xylose H,0/DMSO 20 160 63
17 Xylose H,0/DMSO - 140 0
18 Avrabinose H.0/DMSO 20 140 76

a) Experimental conditions for all the entries unless stated otherwise (C5-sugar (1 mmol),
solvent system (2:1) 6 mL, CS-Fes0.@SOsH (wt.%), 24h, in a screw capped vial). b)
Isolated yields. c) Solvent 6 mL. d) Reaction performed for 48 h. €) Solvent system (1:1)
6 mL.

3.3. Impacts of reaction time and furan equivalents in one-pot approach on
TFM formation

After evaluating the optimum conditions for FF formation from xylose
and arabinose, we further tried to investigate TFM formation in the one-pot
system at different time intervals and furan equivalents. For this reaction,
the FF mass obtained from xylose and arabinose was cooled down to room
temperature and furan (6 eq) was added to the crude mixture. To study the
effect of time, six different sets of the experiments were performed at
different time intervals. In the case of xylose, the reaction reached the
maximum TFM formation within 10 h with 70% yield with 5% of FF
recovery. While in the case of arabinose, maximum TFM was obtained
within 8 h with 67% yield. These results showed that the conversion of
intermediates to the final product, i.e., TFM was greatly dependent on the
time or in better words, TFM yield of was increased by increasing reaction
time (Figs 3a and b). Subsequently, to look into the effect of furan
equivalents on TFM yield, different equivalents of furan were added to the
reaction mixture. Based on the results shown in the Supplementary (Figs.
Sla and b), the addition of a higher equivalent of furan increased the
formation rate of TFM. Interestingly, the addition of 8 eq of furan was
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Fig. 3. Impact of reaction time on conversion of (a) xylose and (b) arabinose to TFM.

effective to produce a high amount of product from both xylose (81%) and
arabinose (70%).

3.4. Reaction mechanism

The proposed reaction mechanism for the conversion of pentose sugars into
TFM catalysed by CS-Fe;0.@SOsH catalyst is suggested in Scheme 3.
Accordingly, the process for the formation of TFM from pentose sugars
includes several steps like dehydration, ring opening, ring closing, and
condensation. Initially, the oxygen atom at C2 is protonated by —SOsH groups
of the catalyst. Then, this results in the loss of water and a carbocation is formed
on the ring. To stabilize the cation, electrons from the neighbouring oxygen
atom are transferred leading to the simultaneous breakage of the C-O bond and
ring opening (Yan et al., 2014). Cyclization followed by elimination of water
molecule results in FF production, which through condensation with furan in
the presence of iron as well as —SOsH acid sites successively produce TFM as
final product.

OH T
. OH
O/\‘/'\K\OH o me D HngH
OH OH = HO d -H,0 HJ o
C-5 sugar

Scheme 3. Proposed reaction mechanism for the formation of TFM.
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Table 2.

Comparison of the findings of the present study with those of the previous investigations on
the conversion of C5 sugars into FF and the subsequent conversion of FF to TFM.

Feedstock Catalyst Yield (%) Reference
C5 sugar FF
Xylose Lignosulfonic acid 21 Wu et al. (2014)
i?,algisriose [bmim]CI-AICI3 ;g Wang et al. (2017a)
Xylose SCh 60 Wang et al. (2017b)
Xylose ZrP Monolith 47 Zhu et al. (2016)
Xylose S0.Z/Sn-MMT 79 Lin et al. (2017)
TFM

- LF resin 89 Li et al. (2015)

H2S04 70 Subrahmanyam et al. (2017)

Acidic IL 84 Shinde and Rode (2017)
Xylose Amberlyst-15 28
RS [PUSEA £ Present Study
Xylose CS-Fes04@S03H 81
Arabinose (one-pot approach) 70

3.5. Catalytic activity comparison

To study the efficiency of CS-Fe;0,@SO;3H catalyst, a comparative
study was performed considering the studies previously reported in the
literature (Table 2). Several researchers have reported a variety of
investigations on the conversion of C5 sugars into FF. Wu et al. (2014)
reported only 21% vyield of FF from xylose using lignosulfonic acid
catalyst. Wang et al. (2017a) claimed 79% and 58% vyields of FF from
xylose and arabinose using Lewis acidic ionic liquids (IL), respectively.
Furthermore, over sulfonated char based (SCh) catalyst, Wang et al.
(2017b) obtained a 60% FF yield. Whereas, in the presence of ZrP monolith
catalyst, Zhu et al. (2016) reported a FF yield as low as 47%. In a different
study, the SO,2/Sn-MMT catalyst was synthesized by Lin et al. (2017) and
it was applied for the conversion of xylose into FF resulting in a 79% yield.
In the context of TFM synthesis, lignosulfonate-based acidic resin catalyst
showed 89% TFM vyield from FF (Li et al., 2015). Moreover, in the
presence of conc. H;SOs a TFM vyield of 70% was obtained
(Subrahmanyam et al., 2010). Recently, Shinde and Rode (2017) developed
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Fig. 4. (a) Variations in TFM yield when CS-Fes0.@SOsH catalyst was reused and (b) SEM image of the reused Fes0,@SOsH catalyst.

a process for the conversion of FF into TFM with 84% yield by using an acidic
IL. Herein, we carried out one-pot reactions using commercially available
catalysts such as Amberlyst-15 and p-TSA and both catalysts were found
considerably less efficient for the formation of TFM under the optimized
conditions vs. the catalyst developed in the present investigation (Table 2).
Therefore, it could be concluded that the newly synthesized CS-Fe;0,@SOsH
heterogeneous solid acid catalyst was superior for efficient conversion of
xylose/arabinose to FF (yields of 84% and 76%, respectively). Moreover, the
one pot two-step process resulted in TFM yields of 81% and 70% through
xylose/arabinose conversion, respectively. It should also be highlighted that the
CS-Fe;0,@S0;H catalyst was found more favourable in comparison with most
of the catalyst systems considered in terms of reaction time, temperature,
recovery and reusability of catalyst, and toxicity.

3.6. Reusability of CS-Fe;0,@SO;H catalyst

Ease of separation and level of reusability of catalysts are among the most
important attributes of any catalytic conversion systems. After the first cycle of
reaction, the CS-Fe;0,@SO;H catalyst was separated using an external magnet
and was then washed thoroughly with water and ethanol. It was dried in vacuum
at 120 °C and used again in the subsequent catalytic reaction cycles. Only slight
decreases in TFM yield were observed up to three runs of the reaction (Fig.
4a). Moreover, the SEM image of the reused catalyst was also obtained after
three cycles of reaction confirming the similar external morphology of the
reused catalyst vs. the freshly prepared one (Fig. 4b and Fig. 1d, respectively).
This revealed that the catalyst structure remained unaltered during the reaction
and hence, the catalyst could be considered as robust and reusable. The slight
decreases recorded in TFM vyield after the third cycle might be due to the
blockage of active sites by different adsorbed products.

4. Conclusions

A new and efficient magnetic carbonaceous solid acid CS-Fe;0,@SOzH
catalyst was efficiently synthesized and was revealed to possess excellent
catalytic activity for the synthesis of TFM from xylose and arabinose using a
one-pot approach. The catalyst was synthesized from inexpensive and
commercially available CS as carbon source. The acid sites were incorporated
on CS-based carbonaceous porous surface could successfully catalyze the
dehydration/condensation reactions in an aqueous medium and resulted in a
considerable TFM yields. Given the green preparation procedure of the catalyst

as well as its high activity and reusability, it could be industrially used for
the conversion of biomass into biofuels.

Acknowledgements

This research was supported by the Basic Science Research Programme
through the National Research Foundation of Korea (NRF) funded by the
Ministry ~ of  Education, Science and Technology (NRF-
2017R1D1A3B03031234).

References

[1] Algarra, F., Corma, A., Garcia, H., Primo, J., 1995. Acid zeolites as
catalysts in organic reactions. Highly selective condensation of 2-
alkylfurans with carbonylic compounds. Appl. Catal., A. 128(1),
119-126.

[2] Alonso, D.M., Bond, J.Q., Dumesic, J.A., 2010. Catalytic
conversion of biomass to biofuels. Green Chem. 12(9), 1493-1513.

[3] Balakrishnan, M., Sacia, E.R., Bell, AT. 2014a. Selective
hydrogenation of furan-containing condensation products as a
source of biomass-derived diesel additives. ChemSusChem. 7(10),
2796-2800.

[4] Balakrishnan, M., Sacia, E.R., Bell, A.T., 2014b. Syntheses of
biodiesel precursors: Sulfonic acid catalysts for condensation of
biomass-derived platform molecules. ChemSusChem. 7(4), 1078-
1085.

[5] Bhaumik, P., Dhepe, P.L., 2014. Exceptionally high yields of
furfural from assorted raw biomass over solid acids. RSC Adv.
4(50), 26215-26221.

[6] Butin, A.V., Gutnov, A.V., Abaev, V.T., Krapivin, G.D., 1999. Acid
catalyzed reactions of substituted salicylaldehydes with 2-
methylfuran. Molecules. 4(2), 52-61.

[7] Chatterjee, C., Pong, F., Sen, A., 2015. Chemical conversion
pathways for carbohydrates. Green Chem. 17(1), 40-71.

[8] Corma, A, Torre, O.D., Renz, M., Villandier, N., 2011. Production
of high-quality diesel from biomass waste products. Angew. Chem.
Int. Ed. 50(10), 2375-2378.

[9] Gandini, A., Salon, M-C., 1990. Cationic block polymer on the basis
of a furan derivative. EP 0379250.

Please cite this article as: Thombal P.R., Han S.S. Novel synthesis of Lewis and Bronsted acid sites incorporated CS-Fe;0,@SOsH catalyst and its application
in one-pot synthesis of tri(furyl)methane under aqueous media. Biofuel Research Journal 20 (2018) 886-893. DOI: 10.18331/BRJ2018.5.4.3



https://www.sciencedirect.com/science/article/abs/pii/0926860X9500047X
https://www.sciencedirect.com/science/article/abs/pii/0926860X9500047X
https://www.sciencedirect.com/science/article/abs/pii/0926860X9500047X
https://www.sciencedirect.com/science/article/abs/pii/0926860X9500047X
https://pubs.rsc.org/en/Content/ArticleLanding/GC/2010/C0GC90021D#!divAbstract
https://pubs.rsc.org/en/Content/ArticleLanding/GC/2010/C0GC90021D#!divAbstract
https://onlinelibrary.wiley.com/doi/abs/10.1002/cssc.201402764
https://onlinelibrary.wiley.com/doi/abs/10.1002/cssc.201402764
https://onlinelibrary.wiley.com/doi/abs/10.1002/cssc.201402764
https://onlinelibrary.wiley.com/doi/abs/10.1002/cssc.201402764
https://onlinelibrary.wiley.com/doi/abs/10.1002/cssc.201300931
https://onlinelibrary.wiley.com/doi/abs/10.1002/cssc.201300931
https://onlinelibrary.wiley.com/doi/abs/10.1002/cssc.201300931
https://onlinelibrary.wiley.com/doi/abs/10.1002/cssc.201300931
https://pubs.rsc.org/en/content/articlelanding/2014/ra/c4ra04119d/unauth#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2014/ra/c4ra04119d/unauth#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2014/ra/c4ra04119d/unauth#!divAbstract
https://www.mdpi.com/1420-3049/4/2/52/html
https://www.mdpi.com/1420-3049/4/2/52/html
https://www.mdpi.com/1420-3049/4/2/52/html
https://pubs.rsc.org/ru/content/articlehtml/2015/gc/c4gc01062k
https://pubs.rsc.org/ru/content/articlehtml/2015/gc/c4gc01062k
https://onlinelibrary.wiley.com/doi/abs/10.1002/anie.201007508
https://onlinelibrary.wiley.com/doi/abs/10.1002/anie.201007508
https://onlinelibrary.wiley.com/doi/abs/10.1002/anie.201007508
https://patents.google.com/patent/EP0379250A1/en
https://patents.google.com/patent/EP0379250A1/en

Thombal and Han / Biofuel Research Journal 20 (2018) 886-893

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Hall, J.E., 1984. Catalyst containing oligomeric oxolanyl alkane
modifiers and process for the production of polymers having increased
1,2-microstructure US 4429090.

Huang, Y.B., Yang, Z., Dai, J.J., Guo, Q.X., Fu, Y., 2012. Production
of high quality fuels from lignocellulose-derived chemicals: a
convenient C-C bond formation of furfural, 5-methylfurfural and
aromatic aldehyde. RSC Adv. 2(30), 11211-11214.

Huang, Z., Pan, W., Zhou, H., Qin, F., Xu, H., Shen, W., 2013. Nafion
-resin-modified  mesocellular  silica foam catalyst for 5-
Hydroxymethylfurfural production from D-Fructose. ChemSusChem.
6(6), 1063-1069.

Huber, G.W., Chheda, J.N., Barrett, C.J., Dumesic, J.A., 2005.
Production of liquid alkanes by aqueous-phase processing of biomass-
derived carbohydrates. Science. 308(5727), 1446-1450.

Li, H., Saravanamurugan, S., Yang, S., Riisager, A., 2015. Catalytic
alkylation of 2-methylfuran with formalin using supported acidic ionic
liquids. ACS Sust. Chem. Eng. 3(12), 3274-3280.

Li, S., Li, N., Li, G,, Li, L., Wang, A, Cong, Y., Wang, X., Zhang, T.,
2015. Lignosulfonate-based acidic resin for the synthesis of renewable
diesel and jet fuel range alkanes with 2-methylfuran and furfural. Green
Chem. 17(6), 3644-3652.

Lin, H., Xiong, Q., Zhao, Y., Chen, J., Wang, S., 2017. Conversion of
carbohydrates into 5-hydroxymethylfurfural in a green reaction system
of CO,-water-isopropanol. AIChE J. 63(1), 257-265.

Lin, Q., Li, H., Wang, X., Jian, L., Ren, J., Liu, C., Sun, R., 2017. SO,*
/Sn-MMT Solid acid catalyst for xylose and xylan conversion into
furfural in the biphasic system. Catalysts. 7(4), 118.

Mohseni-Bandpi, A., Kakavandi, B., Kalantary, R.R., Azari, A.,
Keramati, A., 2015. Development of a novel magnetite-chitosan
composite for the removal of fluoride from drinking water: adsorption
modeling and optimization. RSC Adv. 5(89), 73279-73289.

Musau, R.M., Whiting, A., 1994. Synthesis of calixfuran macrocycles
and evidence for gas-phase ammonium ion complexation. J. Chem. Soc.
Perkin Trans. 1(19), 2881-2888.

Nair, V., Abhilash, K.G., Vidya, N., 2005. Practical synthesis of triaryl-
and triheteroaryl methanes by reaction of aldehydes and activated
arenes promoted by gold(l11) chloride. Org. Lett. 7(26), 5857-5859.
Nakanishi, M., Mukai, T., Inamasu, S., 1969. Chrysanthemumate ester
insecticides. JP 44027990.

Ogino, I, Suzuki, Y., Mukai, S.R., 2015. Tuning the pore structure and
surface properties of carbon-based acid catalysts for liquid-phase
reactions. ACS Catal. 5(8), 4951-4958.

Pajewski, R., Ostaszewski, R., Ziach, K., Kulesza, A., Jurczak, J., 2004.
An efficient synthesis of tetraoxaquaterene derivatives starting from 2,
2-difurylpropane. Synthesis. 2004(6), 865-868.

Shinde, S.H., Rode, C.V., 2017. A two-phase system for the clean and
high yield synthesis of furylmethane derivatives over-SO;H
functionalized ionic liquids. Green Chem. 19(20), 4804-4810.
Subrahmanyam, A.V., Thayumanavan, S., Huber, G.W., 2010. C-C
bond  formation reactions for  biomass-derived molecules.
ChemSusChem. 3(10), 1158-1161.

Suganuma, S., Nakajima, K., Kitano, M., Yamaguchi, D., Kato, H.,
Hayashi, S., Hara, M., 2008. Hydrolysis of cellulose by amorphous
carbon bearing SO;H, COOH, and OH groups. J. Am. Chem. Soc.
130(38), 12787-12793.

Thombal, R.S., Jadhav, A.R., Jadhav, V.H., 2015. Biomass derived /-
cyclodextrin-SOsH as a solid acid catalyst for esterification of
carboxylic acids with alcohols. RSC Adv. 5(17), 12981-12986.

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[371

[38]

[39]

[40]

[41]

[42]

[43]

893

Thombal, R.S., Jadhav, V.H., 2016a. Application of glucose derived
magnetic solid acid for etherification of 5-HMF to 5-EMF,
dehydration of sorbitol to isosorbide, and esterification of fatty
acids. Tetrahedron Lett. 57(39), 4398-4400.

Thombal, R.S., Jadhav, V.H., 2016b. Facile o-glycosylation of
glycals using glu-Fe;04-SO3H, a magnetic solid acid catalyst. RSC
Adv. 6(37), 30846-30851.

Tiwari, M.S., Gawade, A.B., Yadav, G.D., 2017. Magnetically
separable sulfated zirconia as highly active acidic catalysts for
selective synthesis of ethyl levulinate from furfuryl alcohol. Green
Chem. 19(4), 963-976.

Toda, M., Takagaki, A., Okamura, M., Kondo, J.N., Hayashi, S.,
Domen, K., Hara, M., 2005. Green chemistry: biodiesel made with
sugar catalyst. Nature. 438(7065), 178.

Van Rhijn, W., De Vos, D., Sels, B.F., Bossaert, W.D., Jacobs, P.A.,
1998. Sulfonic acid functionalised ordered mesoporous materials as
catalysts for condensation and esterification reactions. Chem.
Commun. 317-318.

Wang, S., Lin, H., Chen, J., Zhao, Y., Ru, B., Qiu, K., Zhou, J.,
2015. Conversion of carbohydrates into 5-hydroxymethylfurfural in
an advanced single-phase reaction system consisting of water and
1,2-dimethoxyethane. RSC Adv. 5(102), 84014-84021.

Wang, S., Zhao, Y., Lin, H., Chen, J., Zhu, L., Luo, Z., 2017a.
Conversion of C5 carbohydrates into furfural catalyzed by a Lewis
acidic ionic liquid in renewable y-valerolactone. Green Chem.
19(16), 3869-3879.

Wang, Y., Delbecq, F., Kwapinski, W., Len, C., 2017b. Application
of sulfonated Carbon-based catalyst for the furfural production from
D-xylose and xylan in a microwave-assisted biphasic reaction. Mol.
Catal. 438, 167-172.

Wau, C., Chen, W., Zhong, L., Peng, X., Sun, R., Fang, J., Zheng, S.,
2014. Conversion of xylose into furfural using lignosulfonic acid as
catalyst in ionic liquid. J. Agric. Food Chem. 62(30), 7430-7435.
Xing, R., Subrahmanyam, A.V., Olcay, H., Qi, W., Walsum, G.P.,
Pendse, H., Huber, G.W., 2010. Production of jet and diesel fuel
range alkanes from waste hemicellulose-derived aqueous solutions.
Green Chem. 12(11), 1933-1946.

Yan, H., Yang, Y., Tong, D., Xiang, X., Hu, C., 2009. Catalytic
conversion of glucose to 5-hydroxymethylfurfural over SO, /ZrO,
and SO,% /ZrO,-Al,Oj3 solid acid catalysts. Catal. Commun. 10(11),
1558-1563.

Yan, K., Wu, G, Lafleur, T., Jarvis, C., 2014. Production, properties
and catalytic hydrogenation of furfural to fuel additives and value-
added chemicals. Renew. Sust. Energy Rev. 38, 663-676.

Yang, J., Li, N, Li, G., Wang, W., Wang, A., Wang, X., Cong, Y.,
Zhang, T., 2013. Solvent-free synthesis of Cyoand Ci; branched
alkanes from furfural and methyl isobutyl ketone. ChemSusChem.
6(7), 1149-1152.

Zhu, C., Shen, T., Liu, D., Wu, J., Chen, Y., Wang, L., Guo, K,
Ying, H., Ouyang, P., 2016. Production of liquid hydrocarbon fuels
with acetoin and platform molecules derived from lignocellulose.
Green Chem. 18(7), 2165-2174.

Zhu, Y., Kanamori, K., Brun, N., Pélisson, C.H., Moitra, N., Fajula,
F., Hulea, V., Galarneau, A., Takeda, K., Nakanishi, K., 2016.
Monolithic acidic catalysts for the dehydration of xylose into
furfural. Catal. Commun. 87, 112-115.

Zulfikar, M.A., Afrita, S., Wahyuningrum, D., Ledyastuti, M., 2016.
Preparation of Fe;O4-chitosan hybrid nano-particles used for humic
acid adsorption. Environ. Nanotechnol. Monit. Manage. 6, 64-75.

Please cite this article as: Thombal P.R., Han S.S. Novel synthesis of Lewis and Bronsted acid sites incorporated CS-Fe;0,@SOsH catalyst and its application
in one-pot synthesis of tri(furyl)methane under aqueous media. Biofuel Research Journal 20 (2018) 886-893. DOI: 10.18331/BRJ2018.5.4.3



https://patents.google.com/patent/US4429090A/en?oq=Hall%2c+J.E.%2c+1984.+US+4429090
https://patents.google.com/patent/US4429090A/en?oq=Hall%2c+J.E.%2c+1984.+US+4429090
https://patents.google.com/patent/US4429090A/en?oq=Hall%2c+J.E.%2c+1984.+US+4429090
https://pubs.rsc.org/en/content/articlehtml/2012/ra/c2ra22008c
https://pubs.rsc.org/en/content/articlehtml/2012/ra/c2ra22008c
https://pubs.rsc.org/en/content/articlehtml/2012/ra/c2ra22008c
https://pubs.rsc.org/en/content/articlehtml/2012/ra/c2ra22008c
https://onlinelibrary.wiley.com/doi/pdf/10.1002/cssc.201200967
https://onlinelibrary.wiley.com/doi/pdf/10.1002/cssc.201200967
https://onlinelibrary.wiley.com/doi/pdf/10.1002/cssc.201200967
https://onlinelibrary.wiley.com/doi/pdf/10.1002/cssc.201200967
http://science.sciencemag.org/content/308/5727/1446
http://science.sciencemag.org/content/308/5727/1446
http://science.sciencemag.org/content/308/5727/1446
https://pubs.acs.org/doi/abs/10.1021/acssuschemeng.5b00850
https://pubs.acs.org/doi/abs/10.1021/acssuschemeng.5b00850
https://pubs.acs.org/doi/abs/10.1021/acssuschemeng.5b00850
https://pubs.rsc.org/en/content/articlelanding/2015/gc/c5gc00372e/unauth#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2015/gc/c5gc00372e/unauth#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2015/gc/c5gc00372e/unauth#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2015/gc/c5gc00372e/unauth#!divAbstract
https://onlinelibrary.wiley.com/doi/abs/10.1002/aic.15550
https://onlinelibrary.wiley.com/doi/abs/10.1002/aic.15550
https://onlinelibrary.wiley.com/doi/abs/10.1002/aic.15550
https://www.mdpi.com/2073-4344/7/4/118/htm
https://www.mdpi.com/2073-4344/7/4/118/htm
https://www.mdpi.com/2073-4344/7/4/118/htm
https://pubs.rsc.org/en/content/articlelanding/2015/ra/c5ra11294j/unauth#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2015/ra/c5ra11294j/unauth#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2015/ra/c5ra11294j/unauth#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2015/ra/c5ra11294j/unauth#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/1994/p1/p19940002881/unauth#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/1994/p1/p19940002881/unauth#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/1994/p1/p19940002881/unauth#!divAbstract
https://pubs.acs.org/doi/abs/10.1021/ol052423h
https://pubs.acs.org/doi/abs/10.1021/ol052423h
https://pubs.acs.org/doi/abs/10.1021/ol052423h
https://pubs.acs.org/doi/abs/10.1021/acscatal.5b01022
https://pubs.acs.org/doi/abs/10.1021/acscatal.5b01022
https://pubs.acs.org/doi/abs/10.1021/acscatal.5b01022
https://www.thieme-connect.com/products/ejournals/abstract/10.1055/s-2004-815979
https://www.thieme-connect.com/products/ejournals/abstract/10.1055/s-2004-815979
https://www.thieme-connect.com/products/ejournals/abstract/10.1055/s-2004-815979
https://pubs.rsc.org/en/content/articlelanding/2017/gc/c7gc01654a/unauth#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2017/gc/c7gc01654a/unauth#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2017/gc/c7gc01654a/unauth#!divAbstract
https://onlinelibrary.wiley.com/doi/abs/10.1002/cssc.201000136
https://onlinelibrary.wiley.com/doi/abs/10.1002/cssc.201000136
https://onlinelibrary.wiley.com/doi/abs/10.1002/cssc.201000136
https://pubs.acs.org/doi/abs/10.1021/ja803983h
https://pubs.acs.org/doi/abs/10.1021/ja803983h
https://pubs.acs.org/doi/abs/10.1021/ja803983h
https://pubs.acs.org/doi/abs/10.1021/ja803983h
https://pubs.rsc.org/en/content/articlelanding/2015/ra/c4ra16699j/unauth#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2015/ra/c4ra16699j/unauth#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2015/ra/c4ra16699j/unauth#!divAbstract
https://www.sciencedirect.com/science/article/pii/S0040403916310887
https://www.sciencedirect.com/science/article/pii/S0040403916310887
https://www.sciencedirect.com/science/article/pii/S0040403916310887
https://www.sciencedirect.com/science/article/pii/S0040403916310887
https://pubs.rsc.org/en/content/articlelanding/2016/ra/c6ra03305a/unauth#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2016/ra/c6ra03305a/unauth#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2016/ra/c6ra03305a/unauth#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2017/gc/c6gc02466a/unauth#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2017/gc/c6gc02466a/unauth#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2017/gc/c6gc02466a/unauth#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2017/gc/c6gc02466a/unauth#!divAbstract
https://www.nature.com/articles/438178a
https://www.nature.com/articles/438178a
https://www.nature.com/articles/438178a
https://pubs.rsc.org/en/content/articlehtml/1998/cc/a707462j
https://pubs.rsc.org/en/content/articlehtml/1998/cc/a707462j
https://pubs.rsc.org/en/content/articlehtml/1998/cc/a707462j
https://pubs.rsc.org/en/content/articlehtml/1998/cc/a707462j
https://pubs.rsc.org/en/content/articlelanding/2015/ra/c5ra18824e/unauth#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2015/ra/c5ra18824e/unauth#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2015/ra/c5ra18824e/unauth#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2015/ra/c5ra18824e/unauth#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2017/gc/c7gc01298e/unauth#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2017/gc/c7gc01298e/unauth#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2017/gc/c7gc01298e/unauth#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2017/gc/c7gc01298e/unauth#!divAbstract
https://www.sciencedirect.com/science/article/pii/S2468823117303061
https://www.sciencedirect.com/science/article/pii/S2468823117303061
https://www.sciencedirect.com/science/article/pii/S2468823117303061
https://www.sciencedirect.com/science/article/pii/S2468823117303061
https://pubs.acs.org/doi/abs/10.1021/jf502404g
https://pubs.acs.org/doi/abs/10.1021/jf502404g
https://pubs.acs.org/doi/abs/10.1021/jf502404g
https://pubs.rsc.org/en/content/articlelanding/2010/gc/c0gc00263a/unauth#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2010/gc/c0gc00263a/unauth#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2010/gc/c0gc00263a/unauth#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2010/gc/c0gc00263a/unauth#!divAbstract
https://www.sciencedirect.com/science/article/pii/S1566736709001599
https://www.sciencedirect.com/science/article/pii/S1566736709001599
https://www.sciencedirect.com/science/article/pii/S1566736709001599
https://www.sciencedirect.com/science/article/pii/S1566736709001599
https://www.sciencedirect.com/science/article/pii/S1364032114004559
https://www.sciencedirect.com/science/article/pii/S1364032114004559
https://www.sciencedirect.com/science/article/pii/S1364032114004559
https://onlinelibrary.wiley.com/doi/abs/10.1002/cssc.201300318
https://onlinelibrary.wiley.com/doi/abs/10.1002/cssc.201300318
https://onlinelibrary.wiley.com/doi/abs/10.1002/cssc.201300318
https://onlinelibrary.wiley.com/doi/abs/10.1002/cssc.201300318
https://pubs.rsc.org/en/content/articlelanding/2016/gc/c5gc02414e/unauth#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2016/gc/c5gc02414e/unauth#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2016/gc/c5gc02414e/unauth#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2016/gc/c5gc02414e/unauth#!divAbstract
https://www.sciencedirect.com/science/article/pii/S1566736716303314
https://www.sciencedirect.com/science/article/pii/S1566736716303314
https://www.sciencedirect.com/science/article/pii/S1566736716303314
https://www.sciencedirect.com/science/article/pii/S1566736716303314
https://www.sciencedirect.com/science/article/pii/S2215153216300125
https://www.sciencedirect.com/science/article/pii/S2215153216300125
https://www.sciencedirect.com/science/article/pii/S2215153216300125

Thombal and Han / Biofuel Research Journal 20 (2018) 886-893

Supplementary

S1. Calculation procedure of the density of different functional groups of
the developed catalyst

The functional groups over the CS-Fe;0,@SOsH catalyst were investigated
using the titration method as explained by Suganuma et al. (2008) and Thombal
et al. (2015).

S1.1. Measurement of the total functional groups (-SO3H, -COOH, and -OH
groups)

A sodium hydroxide aqueous solution (0.05 mol.L, 30 mL) was added to
the catalyst (0.250 g). The mixture was stirred for 60 min at room temperature
under ultrasonic vibrations. After centrifugal separation, the supernatant
solution was titrated by a hydrochloric acid aqueous solution (0.05 mol.L?)
using phenolphthalein as an indicative.

S1.2. Measurement of -SOsH plus -COOH functional groups

A sodium bicarbonate agueous solution (0.05 mol.L?, 30 mL) was added to
the catalyst (0.250 g). The mixture was stirred for 60 min at room temperature
under ultrasonic vibrations. After centrifugal separation, the supernatant
solution was titrated by a hydrochloric acid aqueous solution (0.05 mol.L?)
using phenolphthalein as an indicative.

S1.3. Measurement of -SOsH functional group

A sodium chloride aqueous solution (0.05 mol.L™%, 30 mL) was added to the
catalyst (0.250 g). The mixture was stirred for 60 min at room temperature
under ultrasonic vibrations. After centrifugal separation, the supernatant
solution was titrated by a sodium hydroxide agueous solution (0.05 mol.L?)
using phenolphthalein as an indicative.

S2. Densities of different functional groups of the developed catalyst

Based on the titration results, the -OH groups content was obtained by
subtracting the SO3H plus —COOH groups content from the total functional
groups content while the -COOH groups content was obtained by subtracting
the SOsH groups content from the of -SO3H plus -COOH groups content
(Table S1).

Table S1.
The density of different functional groups of the developed catalyst.

Functional group densities (mmol g*)

Catalyst
COOH SOsH OH

CS-Fes04@S0sH 0.1 2.3 17

S3. Additional optimization results: impact of furan equivalent

Figure Sla and b presents the impact of different furan equivalents on TFM
yields through xylose and arabinose conversion, respectively. The crude

S1

reaction mixtures obtained from xylose and arabinose were used for the
subsequent condensation reaction.
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Fig. S1. Variations in TFM yield in response to different furan equivalents through (a) xylose
and (b) arabinose conversion catalysed by the developed CS-Fes04@SO:H catalyst.
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