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ABSTRACT: To reduce the production cost of chemicals from
renewable resources, the feedstock loading must be high and the
catalyst must be of low cost and efficient. In this study, at a very
short reaction time of 10 min at 125 °C, concentrated sugar
solutions (20 wt %, 101 wt % on solvent) were converted to 5-
hydroxymethylfurfural (HMF) over a cotton gin trash (CGT)-
derived sulfonated carbon catalyst in a 1-butyl-3-methyl-
imidazolium chloride ([BMIM]Cl) and 2-methyltetrahydrofuran
(MeTHF) biphasic system. We report, for the first time, that the
presence of glucose either as a covalently bonded monomer in
sucrose or in a mixture with fructose achieved yields of HMF up to
62 mol % compared to a value of only 39 mol % obtained with
fructose on its own. In the concentrated reaction medium, glucose,
fructose, and sucrose molecules produce difructose anhydrides, dimers/reversion products, and sucrose isomers. The glucose−
fructose dimers formed in sucrose and glucose/fructose reaction systems play a critical role in the transformation of the sugars to a
higher-than-expected HMF yield. Thus, a strategy of using cellulosic glucose, where it is partially converted to fructose content and
the high sugar concentration sugar mixture is then converted to HMF, should be exploited for future biorefineries.

1. INTRODUCTION
The conversion of lignocellulosic biomass to renewable energy
is one strategy being investigated to replace fossil fuels and
hence reduce greenhouse gas emissions. The European
Commission aims that by 2030, 25% of Europe’s energy
consumption for transportation will be from biofuels and 30%
of the fossil-based chemical market will be substituted with
biobased products.1 5-Hydroxymethylfurfural (HMF) is one of
the platform chemicals that can be derived from biomass and
serves as an intermediate in biofuels, bioplastics, and biobased
chemical production.2 HMF can be subjected to various
chemical reactions such as hydration, oxidation, decarbon-
ylation, hydrogenation, and etherification to form platform
chemicals such as levulinic acid, 2,5-furandicarboxylic acids
(FDCA), furfuryl alcohol, dimethylfuran, and 5-alckoxyme-
thylfurfural, respectively.3−6 A wide application of heteroge-
neous catalysts has successfully been used to convert sugars
(including glucose and sucrose) to HMF because of their
excellent properties, such as they possess both Lewis and
Brϕnsted acid sites.7,8 However, issues around the high catalyst
cost, HMF selectivity, production efficiency, and catalyst
reusability still plague current catalytic systems. Therefore,
there is still immense interest in the development of catalysts
for this purpose.

In the production of HMF, high sugar loading is favored for
commercialization purposes because of the reduced capital
investment and operating expenses. In previous studies, mostly
Cr and Sn metal salts have been used as catalysts to convert
high sugar loading to HMF.7,8 However, Cr and Sn metal salts
create environmental issues due to their toxicity and high
acidity.9,10 Although metal-free biomass-derived sulfonated
carbons have gained much attention as catalysts, studies
including those by the authors11,12 have only been limited to
sugar concentrations <10 wt %.13−15 Therefore, studies using
biomass-derived sulfonated carbon catalysts to produce high
yields of HMF from high sugar concentrations are required to
continue the development of effective catalytic systems.
In the conversion of sugars to HMF, the reaction medium is

important to increase the HMF yield and facilitate its
separation and recovery of the reaction medium. In general,
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water, organic solvents, and ionic liquids (ILs) are used in the
reaction medium for the conversion of sugars to HMF.
However, with pure water, the conversion of sugars to HMF is
poor.16 High boiling solvents (e.g., dimethyl sulfoxide
(DMSO) and methyl isobutyl ketone (MIBK)) give high
HMF yields but require high energy in the distillation process
for their recovery.17 At the same time, HMF losses occur at
high operating temperatures because of its degradation.17

Furthermore, DMSO has high miscibility in other organic
solvents, making it challenging to separate HMF by extraction.
Ionic liquids have been investigated as efficient reaction media
in the conversion of sugars to HMF under mild reaction
conditions due to the thermal stability, low vapor pressure, and
adjustable chemical properties.18 Bai et al.19 have shown that
when an IL is used as the reaction medium in the conversion of
concentrated glucose solution to HMF, the amount of
degradation products formed is reduced, and there is a lower
prevalence of catalyst poisoning. To extract HMF from the IL,
an organic solvent is added for HMF to partition into it. The
work of Abdilla-Santes and team1 demonstrated that using 2-
methyltetrahydrofuran (MeTHF) as the organic phase was
effective for HMF extraction (>90% yield).
Herein, we report the conversion of 20 wt % sugar solutions

to HMF over a sulfonated carbon catalyst derived from CGT
in [BIMIM]Cl and [BMIM]Cl/MeTHF biphasic systems.
Through monitoring the reaction products, including reversion
products (disaccharides of glucose and fructose) and difructose
anhydride (DFA), the impact of glucose in concentrated
mixtures with fructose and as a covalently bonded monomer in
sucrose on HMF yield was investigated. Furthermore, the
reaction pathways for the endothermic dehydration of these
sugars were monitored by identifying and characterizing the
dimers and sucrose isomers that occur under high sugar
concentration conditions that play an undocumented vital role
in increasing HMF yield. Whereas DFA is a known
intermediate in HMF production from fructose,20 the
glucose−fructose dimer was shown to enhance the catalytic
transformation of sugars to HMF in concentrated nonaqueous
systems. Glucose addition to concentrated fructose solution
(despite the dilution effect) was demonstrated to significantly
increase HMF yield when compared to fructose on its own.
Therefore, this study provides a strategy for developing a more
industrially efficient and sustainable process for HMF synthesis
from high sugar concentrations. Glucose can readily be
obtained via enzymatic or chemical hydrolysis of lignocellulo-
sic biomass, and then it can be partially isomerized to high
fructose content, and the mixture can be transformed to HMF.

2. RESULTS AND DISCUSSION
2.1. Catalyst characterization. The compositional

analysis of CGT is shown in Table S1, which shows high
glucan and xylan carbohydrate contents and a lower
concentration of acid-insoluble materials (lignin-rich) com-
pared to the values reported in literature.21 The detailed
characteristics of the sulfonated carbon catalyst (sulfonated by
cholorosulfonic acid) were discussed in our previous work.22

However, in this work, an in-depth analysis was conducted to
elucidate the structure of the HSO3Cl catalyst. The reaction
associated with the chlorosulfonation of CGT derived carbon
is as follows, in which “Ar” symbolizes the aromatic group of
the carbon catalyst:22

ArH 2HSO Cl ArSO Cl HCl H SO3 2 2 4+ + + (1)

The effect of chlorosulfonation on carbon structures was
compared by the drift-FTIR method. As shown in Figure 1, a

peak is observed at 1192 cm−1 corresponding to the −S�O
bond, and the peaks at 1026 and 1066 cm−1 correspond to the
−SO3

− group.23 Moreover, a characteristic peak for the
−SO2Cl functional group in the HSO3Cl catalyst is observed
at 1374 cm−1, as reported by Sata et al.24 The presence of S
and Cl groups on the HSO3Cl catalyst was confirmed with
SEM-EDS analysis (Figure S1). The sulfonated catalyst also
depicts carbonyl mode peaks at 1720 and 1600 cm−1 related to
carboxylic acid groups and α,β unsaturated ketone, respec-
tively.25 Drift-FTIR was also performed on an unsulfonated
carbon (Figure 1), and two bands at 2920 and 2850 cm−1

corresponding to the nonlinear long-chain aliphatic compo-
nent were observed.25,26 However, these nonlinear long chain
aliphatic groups have been omitted during chlorosulfonation.
The elemental analysis of the HSO3Cl catalyst indicated the
presence of 4.21% S.
The drawback of drift-FTIR is that it does not explain the

bond between carbon support and −SO3H groups.
27 However,

X-ray photoelectron spectroscopy (XPS) analysis and 13C CP/
MAS NMR are effective methods in identifying covalently
bonded C−SO3H and −SO3H bonded to the aromatic sites
(Ar−SO3H). 13C CP/MAS NMR is particularly useful in
identifying C−SO3H and Ar−SO3H groups, and the observed
spectrum for the HSO3Cl catalyst is shown in Figure 2. The
main peak observed at 126 ppm in the spectrum corresponds
to the polyaromatic groups, and the chemical shifts observed at
46, 140, 150, and 177 ppm correspond to the C−SO3H, Ar−
SO3H, Ar−OH, and Ar−COOH groups, respectively.28 XPS
analysis of the HSO3Cl catalyst resulted in two sulfonate
groups relating to −SO3H and −C−SO3

− in its S 2p high-
resolution spectra (Figure S 2d).29 However, −SO3H is the
primary active site, and the S�O bond in both functional
groups acts as a cocatalyst in a less effective manner.30

C 1s high-resolution XPS analysis was conducted on the
HSO3Cl catalyst (Figure S2b) and showed five deconvoluted
peaks for C−C/C�C, C�O, C−S, COOH, and CO3

2−

species.31,32 Furthermore, the O 1s spectrum in Figure S2c
exhibits O−S bonds in sulfonic groups at ∼532.3 eV.33 Apart
from that, the functional groups C−O/C�O, O�C−O, and
C−OH were observed at around 530.1−531.6, 532.3−532.8,
533.4−534.1, and 534.4−535.9 eV.34 As we previously
reported, the total acidity of the sulfonated carbon is 5.01
mmol g−1, and the acid site distributions of −SO3H/−SO3

−,
−OH, and −COOH are 2.77, 0.90, and 1.34 mmol g−1,

Figure 1. Drift-FTIR spectra of unsulfonated and HSO3Cl catalyst.
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respectively.12 The N2 adsorption−desorption isotherms and
nonlocal density functional theory (NLDFT) based pore size
distribution spectra of the catalyst exhibited a microporous
structure with a type I isotherm with pore diameter
distribution in the micropore region (<2 nm) and total
specific surface area of 527 m2 g−1 (Figure S3a,b).35,36 The
evaluation of the XRD results for this catalyst (Figure S3c)29

determined that, contrary to reported results in the
literature,29,30 it is difficult to assign the functional groups
using the ϒ peak at ∼24° 2θ, and so the pendant groups (i.e.,
long-chain aliphatics and functional groups) cannot be present
as repeat structures. These pendant groups are likely to be
introduced on the edges of the carbon material, as
demonstrated in previous studies.37,38

2.2. Conversion of Concentrated Sugars to HMF.
Initially, concentrated fructose (20 wt %) was converted in the
[BMIM]Cl monophasic system, and the maximum amount of
HMF formed was 19.5 mol % at 100 °C in 10 min and
increased to 36.3 mol % at 125 °C in 10 min, as shown in
Figure 3a and Table 1 entries 1 and 2. Under similar
conditions, the HMF yield increased to 37.7 mol % in the
biphasic system at 100 °C in 10 min and 39.3 mol % at 125 °C
in 10 min. When sucrose was used in the biphasic system, it
was hydrolyzed and dehydrated to HMF (55.0 mol %) while
forming DFA and reversion products/C6 dimers (16.1 mol %,
see Section 2.3 for identification of DFA and C6 dimers) and
<1 mol % of formic, acetic, and levulinic acids as byproducts
(Table 1 entry 8). A higher HMF yield (58.4 mol %) was
obtained with the 50:50 mixture of glucose and fructose with
0.2 mol % fructose and 24.3 mol % glucose unconverted
(Table 1 entry 11). So, the amount of converted glucose is
slightly more in the glucose/fructose mixture than in sucrose.
However, fructose on its own achieved ∼40 mol % yield of
HMF, making it less efficient. The predominant path for the
dehydration of sugars to HMF is via fructose,39 so the increase
in HMF yield obtained with both sucrose and the glucose/
fructose mixture cannot be explained unless there is a dilution
effect and/or a significant glucose conversion occurred in these
systems that made it possible for these reactions to follow the
fructose intermediate pathway to HMF.
The optimum ratio of glucose/fructose for the formation of

HMF was studied at 125 °C for 10 min in the [BMIM]Cl/
MeTHF biphasic system. As shown in Table 1 entries 9−13
(and Figure 3b and Figure S4), HMF yield increases sharply
with fructose addition to glucose to a glucose/fructose weight
ratio of 50:50 (58.4 mol %), increases gradually with the
fructose addition to a glucose/fructose weight ratio of 10:90 to
a value of 61.8 mol %, and then drops sharply with 100%
fructose. Therefore, it is inferred that, at a particular glucose/
fructose ratio, glucose contributes to the conversion of fructose
to HMF. Moreover, the dilution role of glucose in the increase
in HMF yield was conducted using 18 wt % of fructose
solution, which is the equivalent amount present in the
glucose/fructose system of 10:90. A lower HMF yield of 46.2
mol % was obtained, but this value was higher than when
fructose was used on its own. So, although there was a dilution
effect, other fructose pathways are likely to have occurred.
The result with only glucose shows that only 2.5 mol % of

HMF is formed (Table 1 entry 6) because of the lack of Lewis
acid sites in the HSO3Cl catalyst.

40 However, the HMF yield

Figure 2. 13C CP/MAS NMR spectra of unsulfonated and HSO3Cl
catalysts with corresponding functional groups.

Figure 3. (a) Effect of reaction time for the conversion of concentrated fructose to HMF in monophasic systems (1.01 g of fructose, 1.00 g of
[BMIM]Cl, and 0.05 g of catalyst) and (b) relationship between glucose/fructose ratio with HMF yield (1.01 g of substrate, 1.00 g of [BMIM]Cl,
0.05 g of catalyst, and 3.00 g of MeTHF; 125 °C; 10 min).
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increased to 7.8 mol % in 18 wt % glucose concentration
because of the dilution effect. Therefore, the dehydration
reaction is enhanced in concentrated sugar solutions where
glucose is present with fructose either covalently bonded (i.e.,
sucrose) or as a mixture. When glucose is present in the
mixture, small amounts of byproducts formic acid, levulinic
acid, and acetic acid are obtained.41,42 The formation of formic
acid and levulinic acid may be due to the rehydration of
HMF.43 Formic acid and levulinic acid are weak acids that can
act as Brϕnsted acids in the conversion of fructose to HMF.
However, the Brϕnsted acidic effect of formic acid and
levulinic acid in the dehydration of fructose to HMF is not
significant because they are present in low concentrations
(<0.4%). Besides, with glucose on its own, formic acid and
acetic acids are also formed, yet the HMF yield is low. Only
10.7 mol % of HMF is produced in the absence of any catalyst
(Table 1 entry 14), and a slightly higher value (15.6 mol %) is
produced with unsulfonated carbon catalyst (Table 1 entry
15). When water was used as a solvent (Table 1 entry 16) in
place of [BMIM]Cl, the HMF yield was lower, indicating that
[BMIM]Cl plays a role in sucrose conversion to HMF, in part
because of its acidic nature.44 However, in the aqueous
medium, higher concentrations of formic acid and levulinic
acids are formed compared to [BMIM]Cl due to the
rehydration of HMF in the aqueous media.45 So, there are
likely other reactions that are responsible for the increased
HMF yield with the addition of glucose to concentrated
fructose solution in the biphasic system. Because of the adverse
effects of water, high-fructose corn syrup (HFS) was not tested

in this catalytic system even though it is cheaper and readily
available in different fructose concentrations (HFS 55 and HFS
95). In the present study, the increase in HMF yield with
glucose/fructose of 50:50 to up to 10:90 is small; thus, it
would be economically beneficial to use a 50:50 glucose to
fructose ratio in an industrial setting due to the higher cost of
fructose.
The catalyst efficiency of sulfonated carbon was compared

with various catalytic systems used for the conversion of
concentrated sugars to HMF in IL media (Table 2). As
previously mentioned, Lewis acid based catalysts such as Cr,
Sn, and Al salts and oxides are used mainly because of their
ability to isomerize glucose to fructose.7,44 Further, Cl− ions in
the IL form H-bonds with −OH groups of the sugars, and the
Lewis acid metal sites interact with O atoms in the −OH
groups and promote the formation of acyclic glucose.46 The
catalyst CrCl3 has resulted in 65% HMF yield from highly
concentrated glucose in an IL−organics−water media. More-
over, over Sn4+ catalysts, apart from glucose isomerization,
dehydration of fructose to HMF occurs because of the
Brϕnsted acid nature of the Sn−OH groups.47 However,
despite the effectiveness of this type of catalysts, apart from the
toxicity issues, their reusability is a significant disadvantage.48

Therefore, carbonaceous catalysts have gained much attention
due to their cheap carbon precursors, easy synthesis, and
improved chemical stability. Qi et al.49 derived a carbon
catalyst by hydrothermal carbonization of glucose and
observed 75.1% HMF yield from fructose dehydration (10
wt % concentration) at 100 °C after 60 min. Cellulose-derived

Table 2. Comparison of Various Catalysts in the Conversion of Concentrated Sugars to HMF

entry substrate
sugar concentration

(%) catalyst solvent/s reaction conditions ref

temp.
(°C)

time
(min)

HMF yield
(%)

1. glucose 8.83 [80]a CrCl3 ionic liquid/organics/
water

108 60 64.5 7

2. glucose [10] CrCl2 [EMIM]Cl 100 180 70.0 62

3. glucose 9.15 [80] SnCl4
bGDE/[EMIM]Br 100 120 58.7 44

4. fructose 9.15 [80] SnCl4 GDE/[EMIM]Br 100 120 63.5 44

5. sucrose 9.15 [80] SnCl4 GDE/[EMIM]Br 100 180 65.7 44

6. glucose [30] 1.5Sn/Al2O3 [EMIM]Br 140 60 50.8 19

7. fructose [30] 1.5Sn/Al2O3 [EMIM]Br 140 60 69.1 19

8. sucrose [30] 1.5Sn/Al2O3 [EMIM]Br 140 180 63.0 19

9. glucose [30] 1.5Sn/Al2O3 [EMIM]Br 140 180 55.7 19

10. glucose [10] SnPO4 [EMIM]Br 120 180 58.3 8

11. glucose [10] Al2O3 [EMIM]Br 120 180 49.7 63

15. fructose [10] HT carbonaceous glucose [BMIM]Cl 100 60 75.1 49

16. fructose [9] CSS [BMIM]Cl 80 20 76.0 50

17. fructose [10] lignin-SO3H [BMIM]Cl 100 10 93.4 54

18. fructose 4.76 [10] lignin-SO3H [BMIM]Cl/DMSO 110 10 84 53

19. glucose 4.76 [10] lignin-SO3H [BMIM]Cl/DMSO 160 50 68
20. sucrose [10] cellulose-C [BMIM]Cl 160 15 62.7 51

21. fructose [20] yeast-C [BMIM]Cl 80 30 83.5 52

22. sucrose [10] yeast-C [BMIM]Cl 80 30 44.8
23. fructose [20] CM-SO3H [BMIM]Cl 80 30 83.5
28. fructose 20 [100] sulfonated carbon [BMIM]Cl/cMeTHF 125 10 39.3 this work
29. glucose 20[100] sulfonated carbon [BMIM]Cl/MeTHF 125 10 2.5 this work
30. sucrose 20 [100] sulfonated carbon [BMIM]Cl/MeTHF 125 10 55.0 this work
31. sucrose 20 [100] p-TsOH carbon [BMIM]Cl/MeTHF 125 10 23.8 this work
32. glucose/fructose 20 [100] sulfonated carbon [BMIM]Cl/MeTHF 125 10 58.4 this work
aRelative to [EMIM]Cl, 1-ethyl-3-methylimidazolium chloride ionic liquid medium. bGDE, glycol dimethyl ether. cMeTHF, 2-
methyltetrahydrofuran.
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carbon catalysts were synthesized by Qi et al.50 and Hu et al.51

and employed in fructose and sucrose conversion (9 wt %
concentration) to HMF, and they observed 76 and 62.7%
HMF yields, respectively. Moreover, yeast-derived carbon
catalysts were also studied in the conversion of fructose (20 wt
% concentration) and sucrose (10 wt % concentration) to
HMF, and yields of 83.5 and 44.8%, respectively, were
observed.52 Further, Xie et al.53 studied the conversion of
sugars (10 wt % concentration) to HMF using sulfonated
carbon catalyst in [BMIM]Cl media and observed a 93.4%
HMF yield. Guo et al.54 also investigated the catalytic effect of
lignin-derived sulfonated carbon in a [BMIM]Cl/DMSO
biphasic system and observed 84 and 68% HMF yields from
fructose and glucose (4.76 wt % concentration). However, our
sulfonated carbon catalyst, devoid of any metal inclusion, gave
a relatively high HMF yield (61.8%) with greater sugar
loadings (20 wt % concentration).
Shen et al.55 and Shuai and Pan56 have studied cellulase

mimitic heterogeneous catalysts containing −Cl and −SO3H
groups in the conversion of cellulose to HMF and to levulinic
acid. They observed that −Cl groups acted as cellulose-binding
sites and −SO3H groups acted as catalytic sites. However, the
HSO3Cl catalyst derived from CGT also contains −SO2Cl and
−SO3H groups that can mimic the sucrase enzyme in the
conversion of sucrose to HMF in which sucrose molecules are
adsorbed to the HSO3Cl catalyst via hydrogen bonds among
hydroxyl groups of sucrose and electronegative −Cl groups of
the HSO3Cl catalyst and sucrose is further hydrolyzed to HMF
by −SO3H groups (Figure 4).55 The suggested molecular
structure for the sulfonated carbon catalyst is a modification of
the structure previously proposed for this catalyst12 (Figure 4).

Moreover, Yan et al.57 claimed that phenolic −OH groups
favor the isomerization of glucose to fructose. Our sulfonated
catalyst has a low −OH group content, so it would contribute
to low isomerization potential. Kitano et al.58 and Suganuma et
al.59 suggested that SO3H and −COOH groups function as
Brϕnsted acid sites and hydrolyze sucrose to its monomers and
dehydrate fructose to HMF (Figure S5). The effect of
sulfonation was examined (Table 1 entry 15), and the low
HMF yields confirmed the functionality reported in the
literature.
The effect of sulfonation of the carbon with chlorosulfonic

acid was compared with p-TsOH sulfonation, and only 23.8
mol % of HMF was produced with the p-TsOH-derived
catalyst (Table 2 entry 31). The reason for the low activity is in
part due to lower total acidity (3.41 vs 5.01 mmol g−1) and also
lower −SO3H/−SO3

− acid sites (1.31 mmol g−1, Table 3)
despite having ∼90% more S content than the chlorosulfonic-
acid-derived carbon catalyst (Table S2). The high-resolution-S
XPS of the p-TsOH catalyst (Figure S6) shows the presence of
two additional peaks relating to S−S/C�S and −C−S, which
are not active and effective in the conversion of sucrose to
HMF.60 Moreover, the homogeneous catalytic effect was
compared to the HSO3Cl catalyst using HCl (0.05 M) for the
conversion of sucrose to HMF, and an HMF yield of 66.8 mol
% was observed (Table 1 entry 17). In this reaction, sucrose
hydrolyzed easily to its monomers and dimerized only into
glucose−glucose (6.5 mol %) due to their high concentration.
Moreover, Binder and Raines61 have observed the adverse
effect of chloride anions in preventing or disturbing the
formation of fructose oligomers in dimethylacetamide
(DMA)/LiCl reaction media.

Figure 4. Proposed molecular structure of the HSO3Cl catalyst and hydrolysis of sucrose to its monomers.

Table 3. Total Acid Strength and Distribution of Acid Sites of the Carbon Catalysts

catalyst
total acidity
(mmol) −COOH −OH −SO3H/−SO3

− pore properties

XPS
at. %

titration
(mmol g−1)

XPS
at. %

titration
(mmol g−1) XPS at. %

titration
(mmol g−1)

SSA
(m2g−1)

Vtotal
(cm3 g−1)

HSO3CI catalyst 5.01 5.58 1.34 9.39 0.90 1.89/1.37 2.77 527 0.28
after the 4th
recycle

4.22 9.10 1.39 14.74 1.02 0.52/1.47 1.81 468 0.13

regenerated
catalyst

4.89 4.97 1.28 8.43 0.85 1.74/1.56 1.62 507 0.18

p-TsOH 3.41 12.96 1.02 34.36 1.08 0.94/0.69 1.31 241 0.14

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c05060
ACS Omega 2023, 8, 40442−40455

40447

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05060/suppl_file/ao3c05060_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05060/suppl_file/ao3c05060_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05060/suppl_file/ao3c05060_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05060?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05060?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05060?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05060?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


2.3. Proposed Reaction Mechanism. The reaction
products formed with the concentrated sugar solutions were
investigated by HPLC (Figure 5) and LCMS (Figures S7−S11

and Table S3). The HPLC chromatograms show new peaks for
reactions with both fructose (9.5 min) and glucose (9.0 min).
These peaks were also obtained with sucrose (Figure 5). As the
9.0 min retention time of one of these intermediates is similar
to sucrose, it was inferred that these molecules are the
reversion products or dimers of glucose and fructose, which
have the isomeric structure of sucrose.64 The peak at 9.5 min is
inferred to be DFA (or a similar isomeric structure) based on
the prevalence of fructose and subsequent LCMS analysis.
Although dimer peaks can be due to artifacts in the analytical
technique when analyzing concentrated solutions, this was
ruled as unlikely as the MS results showed that the dimer
concentrations differed with changing reaction conditions.
Additionally, the product mixture was diluted (10-fold) and
reanalyzed by HPLC, and similar peaks corresponding to
dimer structures with reduced intensities were observed.
The LCMS spectra of concentrated fructose, glucose, and

sucrose standard solutions are shown in Figure S7, and the
differences in retention times between HPLC and LCMS were
due to the different chromatographic conditions (different
columns, column temperatures, and different solvents). As
observed in Figure S7, fructose and glucose standard solutions
mainly show a peak corresponding to their monomeric

structures at m/z 203. Further, concentrated sucrose depicted
a significant peak in the ion chromatogram (Figure S7) for an
m/z value of 365.1. However, when the concentrated fructose,
glucose, and sucrose solutions were analyzed by LCMS after
reaction, peaks that have an nm/z value of 365.1 (Figures S8
and S9) were observed. The intermediates observed in LCMS
may correspond to the Na+ adduct of sucrose or the Na+
adduct of the DFA, dimers, or reversion products of glucose or
fructose. The metallic Na+ ions are present in water and in the
instrument’s metallic surfaces, which are enough to ionize the
compounds entering the mass spectrometer in small amounts
(nanomoles). Therefore, both monosaccharides might have
dimerized and produced isomerized forms that have the same
molecular weight as sucrose. Tan-Soetedjo et al.65 suggested
the formation of neotrehalose (which has the same molecular
weight as sucrose), a reversion dimer of glucose produced at
high sugar loadings. In the mechanism of reversion product
formation, a carbocation is formed at the C1 position of
glucose that could react with the −OH group of another sugar
molecule to form a disachcharide.66 However, on the basis of
the stereochemistry and different bonding of carbocations and
−OH groups in β- and α-glucose molecules, there are 11
different possible dimer structures (neotrehalose, isotrehalose,
etc.).66

Furthermore, Thompson et al.67 listed several isomeric
structures of sucrose that are formed because of glucose−
glucose or glucose−fructose dimerization. Many others68−70
also identified DFA as an intermediate product in the
dehydration of fructose to HMF, which is formed by the
removal of a water molecule from the dimer. The ion at m/z
347.10 (Figure S12d) corresponds to the Na+ adduct of DFA
or similar isomeric compound that is produced from the
dehydration of the C6 dimers (Figures S8, S10, and S11c,d).
This peak at m/z 347 is present only in the solutions of sucrose
and fructose, suggesting that the dehydration product involves
fructose. Further, the involvement of fructose in the
dehydration products was confirmed by reacting an equimolar
ratio of glucose and fructose and with peaks observed
corresponding to ions at m/z values of 365.11 and 347.10.
Another peak is observed at m/z 527, mainly for glucose

reactions, and it corresponds to the trimer structure. Therefore,
it could be inferred that, in the conversion of concentrated
glucose to HMF by the sulfonated carbon, the glucose
molecule has undergone dimerization and trimerization.
Moreover, Pilath et al.66 have also observed the formation of
glucose dimers and oligomers at a high glucose concentration
(20 wt %) in H2SO4 acid (1.2 wt %) media. The peak observed
at m/z 219 is unusual, but sometimes, fragmentations are
driven by the stability of the neutral product, as shown in
Figure S12h. So, it is plausible that such dimers are formed
under the experimental conditions and may be more
susceptible to transformation to HMF where the fructose
molecule is present either covalently bonded to glucose or in a
mixture. Therefore, possible structures for the observed major
m/z values in the LCMS spectra of concentrated sugar
solutions are suggested in Figure S12.
Shorter reaction times (3, 5, and 7 min) were conducted

with a concentrated sucrose solution to establish kinetic
information on the dimers (Table 1 entries 18−20). A peak
was observed around 9.5 min in the HPLC spectra (Figure 5)
representing the formation of the isomerized form of DFA. So,
although glucose−fructose and glucose−glucose dimers form
at times from 10 min, only DFA isomers are formed at shorter

Figure 5. HPLC chromatograms of concentrated (20 wt %) sugar
dehydration to HMF at 125 °C in 10 min (sugars, 1,01 g; [BMIM]Cl,
1.00 g; catalyst, 0.05 g).
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reaction times, revealing the higher reactivity of fructose
monomers than glucose monomers.39 This offers the
explanation that when glucose is present in a solution of
glucose−fructose mixture or as covalently bonded monomer in
sucrose, the reactive fructose couples with glucose to form the
more stable glucose−fructose dimer, a sucrose isomer, which
subsequently undergoes further reactions in its transformation
to HMF. Proposed reaction pathways for the conversion of
concentrated sucrose to HMF are shown in Figure 6.
As reported, fructose on its own (20 wt %) resulted in an

HMF yield of 39.3 mol %, but the yield increased to 46.2 mol
% when the fructose concentration was reduced to 18 wt %. In
general, concentrated sugar solutions result in lower HMF
yields due to mass transfer limitations and the prevalence of
byproduct reactions. Therefore, the dilution effect of glucose in
the glucose/fructose of 10:90 only played a minor role in the
high yield of HMF (61.8 mol %) obtained in the system. So, it
may be inferred that glucose−fructose dimers contributed to
the increase in HMF yield perhaps by inhibiting the formation
of byproducts (Figure 7). This may have been achieved by
reducing the concentration of other intermediates that lead to

byproduct formation, with this phenomenon more prevalent in
concentrated sugar solutions.
Another peak was observed in the HPLC spectra of all of the

sugar solutions at around 48 min. This peak decreased in
intensity with increasing time, perhaps suggesting that it
functions as an intermediate that leads directly to the
formation of HMF. The LCMS analysis of concentrated
sucrose solution shows a peak with 145.05 mass that
corresponds to the H+ adduct of the fructose intermediate 4-
hydroxy-5-hydroxymethyl-4,5-dihydrofuran-2-carbaldehyde
(Figure S13).71 To confirm the fructose intermediate, a dilute
fructose solution (4.54 wt %) was converted to HMF by
varying the reaction time up to 20 min, and it was observed
that this peak decreased with the reaction time (Figure S14).
2.4. Reusability of the Catalyst. Compared with

homogeneous catalysts, one of the significant properties of
heterogeneous solid catalysts is their reusability. The stability
of the HSO3Cl catalyst was experimented in the conversion of
concentrated sucrose to HMF at 125 °C for 10 min. As
observed in Figure 8, the HMF yield gradually decreased from
56 to 43 mol % in the fifth recycle test. The total acid strength

Figure 6. Suggested reaction pathways for the conversion of concentrated sucrose to HMF with the carbon catalyst in the [BMIM]Cl/MeTHF
biphasic system.
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of fresh and recycled catalysts (after four recycles) was
measured by Bohem titration, and a 0.79 mmol g−1 reduction
was observed that could be due to the catalyst deactivation.
Two main possibilities for the catalyst deactivation are (i) the
leaching of −SO3H functional groups or (ii) the adsorption of
humins onto the active sites.55 The concentration of −SO3H
sites (the primary active sites) was measured in fresh and
recycled HSO3Cl catalyst after the fourth recycle by titration
and XPS analysis, and a 20−30% loss was observed (Table 3).
Further, the S content of the catalyst after the fourth recycle
was compared with the fresh catalyst, and only 0.20% S
reduction was observed (Table S2). The affinity of the −SO3H
groups for the carbon catalyst was analyzed by the hot filtration
method. Reaction using the filtrate (leachate from filtering the
catalyst) in the biphasic system observed only 5.21 mol %
HMF yield compared to 3.12 mol % HMF yield without any
catalyst. Therefore, −SO3H groups that leached from the
HSO3Cl catalyst resulted in only a small increase in the HMF
yield. Therefore, it could be inferred that −SO3H groups have
strong bonding and high affinity with the carbon catalyst, and
deactivation of the catalyst has not occurred to a significant

extent due to leaching. When considering the total carbon
content of the catalyst after the fourth recycle, a 13% increase
was observed compared to that of the fresh HSO3Cl catalyst
(Table S2). Therefore, the morphology of the recycled
HSO3Cl catalyst was observed by the SEM image, which
showed (Figure 9b) coagulated particles of a similar nature to

humins reported in the literature.72 Further, the fresh catalyst’s
BET surface area and total pore volume were reduced to 468
and 0.38 cm3 g−1 after four recycle runs because of the blocked
pores by humins (Table 3). The presence of carbon in the
reaction medium was analyzed by measuring the total organic
content (TOC) and was found to increase by >200 mg L−1

after the fourth recycle (Figure S15). Huo et al.72 reported the
effective regeneration of carbon supported catalysts by
oxidation in air. Thus, the HSO3Cl catalyst, after its fifth
recycle run, was regenerated by oxidizing in air at 200 °C for
30 min. After regeneration, total acidity and the amount of
−SO3H groups increased to 4.89 mmol g−1 and 1.74 at. %,
respectively (Table 3 and Figure 9d). Moreover, regeneration
increased the total surface area of the spent catalyst up to 507
cm3 g−1 (Figure 9f). The regenerated catalyst resulted in a
comparable HMF yield to the fresh catalyst by effectively
adsorbing sucrose molecules into its surface and reacting with
−SO3H and other functional groups to produce HMF.
Regeneration of the HSO3Cl catalyst at a mild temperature

Figure 7. Effect of the glucose/fructose ratio on glucose and fructose
and dimer formation (1.01 g of substrate, 1.00 g of [BMIM]Cl, 0.05 g
of catalyst, and 3.00 g of MeTHF).

Figure 8. Catalyst reusability tests in the conversion of concentrated
sucrose to HMF at 125 °C for 10 min (1.01 g of substrate, 1.00 g of
[BMIM]Cl, 0.05 g of catalyst, and 3.00 g of MeTHF).

Figure 9. (a) SEM image of the fresh HSO3Cl catalyst, (b) SEM
image of the HSO3Cl catalyst after the fourth recycle, (c) XPS wide
spectrum of the spent catalyst, (d) XPS wide spectrum of the spent
catalyst after regeneration, (e) N2 adsorption−desorption isotherms
and pore size distribution of the spent catalyst, and (f) N2
adsorption−desorption isotherms and pore size distribution of the
regenerated catalyst.
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for a shorter time is a simple but effective process that can be
performed to improve its activity.

3. CONCLUSIONS
Biomass-derived carbon catalysts have gained much interest
due to their low cost and good performance. This study
investigated utilization of a sulfonated catalyst derived from
CGT that provided satisfactory yields of HMF with 20 wt %
sugar solutions. Interestingly, the yield of HMF was higher in
the concentrated sucrose solution and glucose/fructose
mixtures than in the concentrated fructose solution on its
own. The formation of glucose−fructose dimers in these
systems enhanced the HMF formation. So, a strategy of adding
glucose to concentrated fructose solutions may be a simple way
to increase the HMF yield at high sugar concentrations. As
observed in this study, a 10:90 weight ratio of glucose/fructose
resulted in the highest HMF yield, although the equimolar
ratio also gave a similar HMF yield. Therefore, on an industrial
scale, an equimolar ratio of glucose and fructose could be used
to reduce operating costs. The sulfonated catalyst showed
good reusability. In a future study, it will be worth investigating
carbon catalysts derived from biomasses containing endoge-
nous or inorganic metal ions such as Al and Fe to increase
Lewis acid sites to support the isomerization reaction. Carbon
catalysts with different pore sizes and surface areas with this
functionality should be studied to identify and further optimize
the catalyst properties that can provide faster kinetics and
effective mass transfer for very high sugar concentrations. Also,
studies with cellulosic glucose at higher sugar concentrations
after partial isomerization to fructose and conversion of the
mixture to HMF should be explored.

4. EXPERIMENTAL DETAILS
4.1. Materials and Chemicals. Milled (2.0 mm particle

size) and air-dried (24 h at 45 °C) CGT was analyzed for its
total carbohydrate content of cellulose and hemicellulose and
its lignin content by the acid hydrolysis method as described in
the National Renewable Energy Laboratory procedures.73 D-
(+)-Fructose, D-glucose, sucrose, 1-butyl-3-methylimidazolium
chloride ([BMIM]Cl), p-toluenesulfonic acid (p-TsOH), and
2-methyltetrahydrofuran (MeTHF) were obtained from
Sigma-Aldrich (Castle Hill, NSW, Australia). Methanol,
KOH, HSO3Cl, HCl (32 wt %), phenolphthalein, and
reagent-grade DMSO were purchased from Merck (Kilsyth,
Victoria, Australia). The [BMIM]Cl was oven-dried for 1 h at
105 °C prior to use.
4.2. Synthesis of the Sulfonated Catalyst. The

sulfonated catalyst was prepared as discussed in our previous
work,12 in which 2 M HCl treated ball-milled CGT was
activated with KOH (1:2 weight ratio) by carbonizing at 400
°C by 3 °C min−1 and holding for 1 h at 400 °C in a tube
furnace under a N2 atmosphere. Then, the carbonized sample
was sulfonated after HCl washing and drying at 105 °C for 24
h. In the sulfonation process, 5 mL of dichloromethane and
150 μL of chlorosulfonic (HSO3Cl) acid were added to 100
mg of the carbonized sample and stirred for 9 h at room
temperature. The sample was washed with methanol and
deionized water four times and dried for 8 h at 70 °C.74 For
comparison, the sulfonated catalyst derived from para-toluene
sulfonic acid (p-TsOH) was prepared by the acid digestion
method in a 25 mL Parr reactor by mixing 2 g of the CGT

carbon material with 8 g of p-TsOH acid at 180 °C for 24
h.74,75

4.3. Catalyst Characterization. Nitrogen adsorption−
desorption analysis was performed at 77 K using a Micrometrix
3-flex 2020, and the sample was degassed overnight at 200 °C
prior to the analysis. The total surface area, total pore volume,
and micropore surface area of the catalyst were calculated
according to the Brunauer−Emmett−Teller (BET) method.
The powder X-ray diffraction (XRD) patterns were collected
using a Bruker D8 Advance powder diffractometer (Co Kα1
radiation, λ = 1.7890) under 35 kV and 40 mA operating
conditions. The curve fittings and deconvolution of the XRD
pattern were performed by using the Origin Pro 9.1.0
software.76 The Raman analysis was conducted by using a
Renishaw Raman microscope under a 532 nm laser wave-
length. X-ray photoelectron spectra (XPS) were acquired using
a KRATOS AXIS Supra spectrometer with Al Kα radiation,
and the C 1s peak at 285 eV was used as the reference peak to
calibrate XPS spectra. The total acidity and −SO3H (and
SO3

−), −OH, and −COOH acid site concentrations were
analyzed by the titration method discussed by Boehm.77 The
total acidity was measured by titrating the ultrasonicated
mixture of 0.05 g of catalyst and 20 mL of NaOH (0.01 mol
dm−3) with 0.01 mol dm−3 HCl solution. The concentration of
the −SO3H groups was measured by centrifuging the
ultrasonicated mixture of 0.05 g of catalyst and 20 mL of
NaCl solution (0.01 mol dm−3) and titrating the supernatant
with NaOH solution (0.01 mol dm−3). The concentrations of
−SO3H and −COOH groups were measured by titrating the
supernatant of the centrifuged mixture of 0.05 g of catalyst and
20 mL of Na2CO3 (0.01 mol dm−3) after ultrasonication of the
catalyst in HCl solution (0.01 mol dm−3). The titrations were
performed by using phenolphthalein as the indicator. The
solid-state NMR (SSNMR) of the catalyst was performed
using a Bruker Advance III Spectrometer with a double air
bearing MAS probe and 300 MHz magnets. The cross-
polarization magic angle spinning (CPMAS) spectra were
measured at 100 kHz frequency with 1.5 ms optimum time and
3 s relaxation time. The morphology of the carbon catalysts
was analyzed using scanning electron microscopy (SEM)
images obtained by JEOL 7001F FESEM, and the elemental
distributions were analyzed by energy-dispersive X-ray spec-
troscopy (EDS) data obtained from the Oxford X-Max 80 mm2

SDD detector. The drift-FTIR spectra of the sulfonated and
unsulfonated carbons were collected on a Thermo-Nicolet
iS50 ABX FTIR spectrometer equipped with a DLaTGS
detector (gain: 8) using a Specac MiniDiff DRIFT accessory.
The samples were prepared as a 100-fold dilution in
spectroscopy-grade KBr and ground using an agate mortar
and pestle that was sparsely cleaned with KBr. A total of 256
scans were collected at 4 cm−1, the resultant spectra were
converted into Kubelka−Munk before autobaseline, and
atmospheric suppression algorithms were applied.
4.4. Conversion of Concentrated Sugars to HMF.

Reagents were added into a thick-walled glass pressure tube
and sealed with a polytetrafluoroethylene plug. For 20 wt %
concentrated sugar solution, the monophasic systems consisted
of sugars (0.262 g), carbon catalyst (0.05 g), and [BMIM]Cl
(1.00 g), whereas the biphasic systems consisted of sugars
(1.01 g), carbon catalyst (0.05 g), [BMIM]Cl (1.00 g), and 3.5
mL (3.00 g) of MeTHF. The reaction mixture was
continuously stirred at 800 rpm in a heated oil bath for the
desired temperature and time. The reactor was cooled in a

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c05060
ACS Omega 2023, 8, 40442−40455

40451

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


water bath to ambient temperature at the end of the reaction,
and the mixture was diluted with MeTHF (15 mL) and water
(100 mL) prior to phase separation. The MeTHF and IL
phases were filtered with 0.45 μm polytetrafluoroethylene
filters prior to analysis by high-performance liquid chromatog-
raphy (HPLC) to determine the concentrations of sugars,
HMF, and byproducts. The sugar conversion, HMF yield, and
selectivity were calculated according to the following
equations:78,79

Conversion mol%
moles of sugar reacted
moles of starting sugar

100%= ×
i
k
jjjjj
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Yield(mol%)
moles of the product

moles of starting sugar
100%= ×
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yield
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4.5. Identification of Sugars, Dimers, and Sucrose
Isomer. The formation of the sugar, dimers, and sucrose
isomer was monitored by both HPLC and liquid chromatog-
raphy−mass spectroscopy (LCMS). The HPLC system
(Waters e2695 Model) utilized an 87H Aminex analytical
column and was equipped with UV 210/280 nm detectors and
refractive index (RI) detector (Waters 410). A 20 μL sample
injection was used. The column temperature was set at 60 °C,
and the mobile phase was 0.5 mM H2SO4 set at a flow rate of
0.5 mL min−1. In the LCMS analysis, 3 μL of the sample was
injected into a Dionex Ultimate 3000 UPLC equipped with a
Waters Xbridge BEH C18 2.5 μm column (100 × 3.0 mm
Column XP) and PDA detector set to 210, 280, and 320 nm.
Acetic acid (1% in water) was used as solvent A, and methanol
was used as solvent B at a 0.5 mL/min flow rate. The total
gradient program was set to 75 min. It involved programming
2% B to 5% B (10 min), 5% B to 20% B (50 min), 20% B to
50% (20 min), and 50% B to 2% (5 min). The method used
for LCMS analysis was based on the method by McRae and
Monreal.80 The observed dimers and sucrose isomers were
identified by MS/MS spectra using an in-house spectral library.
4.6. Catalyst Reusability Tests. Around 1.01 g of sugars,

0.05 g of catalyst, 1.00 g of [BMIM]Cl, and 3.5 mL (3.00 g) of
MeTHF were mixed in a glass pressure tube and heated to 125
°C for 10 min while stirring at 800 rpm. After the reaction
mixture was cooled to room temperature, the organic MeTHF
phase was separated. Then, the carbon catalyst in the [BMIM]
Cl phase was isolated by centrifugation and washed with
acetone until a clear solution was observed. The isolated
catalyst was vacuum-dried at 60 °C for 24 h. The dried catalyst
was weighed, and the sugars-to-catalyst weight ratio of 20.2:1
was maintained in the reusability tests.
The elemental compositions of fresh and recovered catalysts

were determined by using a Flash EA Organic Analyzer
(Thermoscientific, US). Prior to analysis, samples were dried
overnight at 45 °C in a vacuum oven. Thermogravimetric
analysis was performed on fresh and spent catalysts by using a
TA Instrument Q500 in air at 800 °C with a heating rate of 10
°C min−1. The total organic carbon (TOC) contents present in
both the fresh and spent catalysts IL medium were measured
by a total organic carbon analyzer (Shimadzu TOC-V,
Australia). Further, detailed characterization of the spent

catalyst was conducted by using N2 adsorption−desorption
analysis, XRD, XPS, SEM, and Raman analysis.
The heterogeneity and the affinity of −SO3H groups onto

the carbon were analyzed by the hot filtration method.81 The
method involved filtering the solid catalyst after reaction (1.01
g of sucrose, 0.05 g of catalyst, 1.00 g of [BMIM]Cl, and 3.5
mL (3.00 g) of MeTHF for 10 min at 125 °C) while the
reaction mixture was hot. Afterward, fresh sucrose (1.01 g) was
added to the filtrate, and the conversion to HMF was
conducted for 10 min at 125 °C.
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to HMF at different reaction times. Figure S15. TOC
content of solution obtained from fresh and recovered
catalysts. Table S1. Compositional analysis data of CGT.
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chlorosulfonic acid and p-TsOH acid and their spent
catalysts. Table S3. Assignments of peaks identified in
MS chromatograms of concentrated sugar solution in
positive ionization mode (PDF)
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