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ARTICLE INFO ABSTRACT

Keywords: An activated carbon (SX+) was functionalized with sulfonic groups via the diazonium coupling method to impart
Sulfonic groups Bronsted (B) acidity to catalyze cellobiose and cellulose upgrading into 5-HMF. X-ray photoelectron spectroscopy
B/L ratio (XPS) confirmed SOsH groups grafting, which significantly enhanced the total acidity to 1.33 mmol/g cat., as
Zgzgzzxymethylfurfural confirmed by Boehm titration. The B nature of acidity was verified by 3!P ssNMR. The catalytic activity of SO3H/
Cellulose SX+ alone and with AlCl3 as Lewis (L) acid was evaluated by optimizing reaction conditions such as temperature,

solvent, and B/L ratio. A ~47 % 5-HMF yield was obtained with 100 % cellobiose conversion at 150 °C, 4 h with
SO3H/ALl ratio of 1:10 in Milli-Q water (MQ)/tetrahydrofuran (THF) solvent. When AICl3 was replaced with
heterogeneous Lewis acidic catalysts (y-AlO3, AIOOH, and TiO3), TiO, combined with SO3H/SX+ showed
similar catalytic activity, achieving ~50 % yield of 5-HMF with 100 % cellobiose conversion, attributed to its
high total acidity (2.4 x 102 mol/g cat.). 5-HMF was isolated from the reaction mixture using liquid-liquid
extraction, resulting in ~98 % pure 5-HMF. Moreover, SOsH/SX+ efficiently cleaved the glycosidic bonds of
microcrystalline cellulose by giving a ~24 % 5-HMF yield when combined with Lewis acid TiOy. This study
presents a novel dual catalytic system, utilizing an optimized B/L acidity ratio to achieve efficient cellulose
conversion into 5-HMF.

1. Introduction

Upgrading and valorizing the lignocellulosic biomass (LCB) into
high-value chemicals and fuels is under intense study, due to the
depletion of fossil resources and their carbon footprint. LCB can be a
potential resource to replace fossil sources due to its abundance, envi-
ronmental friendliness, and affordability [1]. It is a rich source of
polysaccharides, the main one being cellulose, a polymer of D-glucose.
Among the valuable products derived from cellulose, 5-hydroxymethyl-
furfural (5-HMF) has gained significant attention. This versatile com-
pound can be widely used across various industries, including as a
starting reagent for pharmaceuticals, polymers, paints, food and flavor,
fine chemicals, biofuels, and agrochemicals [2]. That is why it comes in
a list of the most important renewable building block chemicals [3]. It
can be produced from cellulose by following a cascade of reactions
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(Fig. 1), i.e. hydrolysis of cellulose to glucose, isomerization of glucose
to fructose, dehydration of fructose to 5-HMF, that can be followed by
rehydration of 5-HMF to levulinic acid (LA) and Formic acid (FA), in the
presence of Bronsted (B) and Lewis (L) acid catalysts [4,5]. Hence, the
ratio between B and L sites plays a key role in achieving selective cel-
lulose conversion to 5-HMF, together with optimization of reaction
conditions, such as temperature, time, feedstock composition, and re-
action solvents.

In an attempt to achieve higher yields of 5-HMF, numerous prior
studies have focused on the dehydration of cellulose, glucose, or fructose
to 5-HMF. Most reports concentrate on glucose/fructose dehydration,
reporting high 5-HMF yields (60-90 %) [6-8], while lower yields (<50
%) [9,10] under a temperature range of 120-200 °C, are generally
observed for cellulose due to its stubborn crystalline structure and
depolymerization challenges [11,12]. Various -catalysts such as
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sulfated/phosphated transition metals [6,13], metal-organic frame-
works (MOFs) [14,15], zeolites [16-18], and carbon-based materials
[19-22] have been developed to ensure the economic sustainability of
large-scale 5-HMF production. Among these, carbon-based catalysts
have attracted significant attention due to their advantageous proper-
ties, including high surface area (800-1200 m?/g), tunable surface
functionality, abundance, low cost (which can be as low as 1 USD/kg),
renewability, and environmental friendliness [23,24]. Multiple reports
have been published on 5-HMF production, particularly from glucose
and fructose, using carbon-based catalysts [15,20-22,25-28]. For
example, L. Yan (2014) [25] modified a corn stalk-derived carbonaceous
solid acid catalyst with concentrated sulfuric acid and achieved a 5-HMF
yield of 44.1 % via the one-step conversion of corn stalk, as a glucose
source, in the [BMIM][CI] ionic liquid at 150 °C in 30 min. However, the
use of ionic liquids is not industrially attractive. Niobia/carbon com-
posites (Nb/C) were synthesized and tested for the cellulose hydrolysis
reaction by X. Li (2018) [21]. In a THF/H,0 biphasic system, an HMF
yield of 53.3 % was reported from cellulose after 8 h of reaction at
170 °C [21]. Q. Wu (2019) [22] synthesized nickel-doped porous carbon
material (Ni/CS) with varying percentages of nickel and achieved an 85
% yield of 5-HMF from cellulose using hydrogen (6 MPa) at 200 °C for
60 min, with 200 mg of the Niy(/CS catalyst. The addition of Ni
increased the concentration of O-based acidic groups on CS, because of
the nature of the Ni precursor (nickel acetate) used, which in the final
catalyst enhanced the B acidity. Das (2022) [26] used red mud, coated it
with carbon from glucose, and further modified it with sulfuric acid,
achieving a 5-HMF yield of 51.5 % with 93 % glucose conversion in
DMSO/water at 180 °C in 30 min under microwave heating. Tempelman
(2023) [28] synthesized tin-doped sulfonated activated carbon
(Sn-Fn-AC) catalysts and evaluated them on a sugar mixture (glucose +
fructose + sucrose), a model of apple pomace, in a water/MIBK (methyl
isobutyl ketone) solvent system, reporting a 30 % 5-HMF yield in 80 min
at 120 °C. Sien Yan (2024) [19] developed a lignin-derived carbon--
supported tin oxide (SnOx/LC-500) catalyst, reporting a 5-HMF yield of
50.1 % from glucose at 190 °C after 3 h in a water-NaCl/THF medium.
Several studies have been reported on carbon-based materials for 5-HMF
production as illustrated above, however, understanding the reaction
conditions such as the Bronsted to Lewis acidity (B/L) ratio or solvent
choice, to reach higher 5-HMF yields, are still critical to further enhance
yields and reaction conditions, which are important for industrial-scale
production of 5-HMF. Moreover, the separation and purification of
5-HMF are other aspects that still need further development [29,30].
Hence, in this study, we aim to thoroughly investigate the effect of
the B/L ratio using both homogeneous and heterogeneous Lewis acid
catalysts along with our synthesized sulfonic acid-functionalized acti-
vated carbon (SO3H/SX+), which serves as a strong Bronsted acid
source for the hydrolysis of cellobiose. The catalyst and reaction con-
ditions were evaluated on cellobiose, a soluble model molecule for raw
cellulose, and also tested on cellulose fibers (medium size) with the
optimized system. The sulfonic acid groups were covalently grafted on
activated carbon using a diazonium coupling method, and the catalyst
was characterized by XPS, Na-physisorption, TGA, Boehm titration and
31p ssNMR. We then explored the key reaction parameters, including
reaction temperature (120-150 °C), reaction media (Milli-Q water
(MQ), MQ/tetrahydrofuran (THF), MQ-NaCl/THF), and B/L ratios in the
presence of AlCl3 as a homogeneous Lewis acid in combination with the
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SO3H/SX + solid material. Subsequently, the homogeneous AICl; was
replaced by heterogeneous Lewis acid catalysts, including AlyOs,
AlOOH, and TiO,. Moreover, the isolation of the final product, i.e. 5-
HMF, from the reaction mixture was carried out using the liquid-
liquid extraction technique to reach high purity. Finally, sulfonic
groups grafted activated carbon in combination with TiO, were also
tested for non-soluble cellulose conversion to 5-HMF at the optimized
reaction conditions. Therefore, this study might provide valuable in-
sights into optimizing the tunable Brénsted and Lewis acidity ratios for
catalyst synthesis that can help in selectively achieving the highest
possible yield of 5-HMF via cellobiose or cellulose upgrading, in a sus-
tainable chemistry context.

2. Experimental
2.1. Synthesis of carbon Bronsted acid catalyst

The activated carbon (SX+) functionalized with sulfonic acid groups
was prepared by following the diazonium coupling reaction as reported
in our previous work [31,32]. In the classical synthesis method, 1 g of
activated carbon (SX+) (NORIT) was homogeneously dispersed in 60 mL
of distilled water, followed by the addition of 1.5 g of sulfalinic acid (99
%, Sigma Aldrich) at 70 °C for 10 min for a complete dissolution.
Further, the obtained mixture was cooled down to 30 °C, followed by
slow addition of 1.2 mL of isopentyl nitrite (96 %, Sigma Aldrich) while
stirring. The reaction mixture was kept on stirring for another 16 h,
followed by filtering out the solid and washing it with distilled water and
ethanol. The obtained powder was dried at 100 °C overnight (16 h) in a
conventional oven. The obtained dried black powder was labelled
SO3H/SX+.

2.2. Synthesis of heterogeneous Lewis acidic catalysts

2.2.1. y-AlO3

A commercially available y-Al;03 powder from Alfa Aesar (99.97 %,
Germany) with a surface area of 80-120 m?/g and 3 um APS (average
particle size) was used as a heterogeneous Lewis acidity source.

2.2.2. Boehmite (AIOOH)

Boehmite (AIOOH) was hydrothermally prepared by following the
method reported by Z. Tang (2019) [33]. In a typical synthesis, a solu-
tion of 0.75 M (2.37 g in 40 mL water) of ammonium bicarbonate
(>99.0 %, Sigma Aldrich) was gradually added to 1.5 M (5.63 g in 10 mL
water) aluminum nitrate nonahydrate (99.99 %, Sigma Aldrich) under
continuous stirring (800-1000 rpm). Further, the pH of the solution of
the obtained mixture was adjusted to 9 by dropwise addition of a 25 %
aqueous ammonia solution (a few drops). The resulting mixture was
then transferred into a 100 mL Teflon-lined stainless-steel autoclave,
securely sealed, and heated overnight (16 h) at 150 °C in a conventional
oven. Subsequently, the autoclave was allowed to cool naturally to room
temperature. The solid product was separated by centrifugation at 6000
rpm for 30 min, followed by washing three times with deionized water.
The wet material was then vacuum dried at 80 °C for 24 h. The obtained
white material was ground via mortar and pestle and designated as
AlOOH catalyst.

Bronsted /H\/\”/
HO™ o
Dehydration \ / Rchydratlon
-3H,0 +H,0
S-HMF LA FA

Fig. 1. Typical reaction pathway of cellobiose hydrolysis to 5-HMF production (cellobiose is the simplest disaccharide used as a soluble model for cellulose, which is

a polymer of glucose units.).
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2.2.3. TiOy

The TiO, heterogeneous Lewis catalyst was synthesized using the sol-
gel hydrolysis method, as previously reported by us [7]. In brief, 20 mL
of tetraisopropyl orthotitanate (>98 %, Sigma Aldrich) was mixed with
40 mL of 2-propanol and stirred for 5 min to achieve a homogeneous
solution. Distilled water (80 mL) was then added dropwise to this so-
lution to initiate hydrolysis, followed by stirring for 2 h. Further, 100 mL
of 0.5 M HCI (37 %, VWR Chemicals) was slowly added to the above
mixture to ensure complete hydrolysis of titanium isopropoxide. After 3
h of stirring, the mixture was aged overnight at room temperature
without stirring. The next morning, the resulting white slurry was
repeatedly diluted and decanted with deionized water until the pH of the
solution reached approximately 2-3. The white suspension was kept in a
conventional oven at 70 °C for 3 h to obtain a gel, which was then dried
overnight (16 h) at 120 °C in the oven. The obtained shiny white
agglomerated particles were ground via mortar pestle and calcined at
200 °C for 2 h in a muffle furnace with a heating ramp of 10 °C per min
under an air atmosphere. The obtained solid white catalyst was denoted
as TiO,.

2.3. Catalysts characterizations

The synthesized materials were characterized by X-ray photoelectron
spectroscopy (XPS), No-physisorption, scanning electron microscope,
CHNS analysis, thermogravimetric analysis (TGA), powder X-ray
diffraction (XRD), ammonia temperature-programmed desorption (NHs-
TPD), Boehm titration techniques and 3'P solid-state nuclear magnetic
resonance (ssNMR).

XPS analyses were conducted at ambient temperature utilizing an
SSX 100/206 spectrometer from Surface Science Instruments (USA).
This system includes a monochromatized microfocus aluminium X-ray
source. The samples were affixed to small holders using double-sided
adhesive tape and positioned on an insulating ceramic carousel
(Macor®, Switzerland). To prevent charge build-up, a nickel grid was
placed above the samples, and a flood gun set to 8 eV was employed.
Binding energies were referenced to the C-(C, H) component of the Cls
peak, which was set at 284.4 eV. Data processing was conducted with
the CasaXPS software (Casa Software Ltd., UK). The peaks were
decomposed into a sum of Gaussian/Lorentzian (85/15) after subtrac-
tion of a Shirley-type baseline, using sensitivity factors provided by the
manufacturer. The integration of the peaks yielded results in at.% for
each element, allowing the calculation of elemental surface ratios in at.
%/at.%. The analytical accuracy of the performed XPS probing is +10
%.

The specific surface area of the synthesized catalysts was measured
using the nitrogen physisorption method with a Micromeritics In-
struments apparatus from the USA (Model: ASAP 2020). Before analysis,
the samples underwent degassing at 150 °C for 10 h under vacuum. The
Brunauer-Emmett-Teller (BET) equation was applied to determine the
surface area, and the Barrett-Joyner-Halenda (BJH) method was used to
assess the pore size distribution of the catalysts from a pore size of 5 A for
both materials.

SEM images were obtained on a JEOL 7600F Field-Emission Scan-
ning Electron Microscope operating at 15.0 kV. The samples were pre-
pared by placing the powders on a double-faced copper tape supported
on a thin aluminium lamina. The applied probe current was set at 12 A
for direct imaging on powders, and at 16 A in case of Energy Dispersive
X-ray Spectroscopy (EDX) probing (which was used for semi-
quantitative elemental analyses for C, O, Ti, Al, S, and qualification as
the average of three different points). The analytical accuracy of the
performed EDX probing is £2 %.

The thermal stability of the synthesized materials was evaluated with
a Mettler Toledo TGA/DSC 3+ STARe system. The measurements were
conducted from 25 °C to 850 °C at a heating rate of 10 °C per minute,
under a nitrogen flow of 100 mL per minute.

The total acidity of the carbon catalysts was assessed using the
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Boehm titration method, following the standard protocol described in
the literature [34,35]. A detailed description of the experimental pro-
cedure, including reagent concentrations, sample preparation, and
titration conditions, is provided in our recent publication [32].

Solid-state 3!P MAS NMR spectra were recorded at room temperature
using a 400 MHz Varian VNMRS spectrometer equipped with a 4 mm
Varian/Chemagnetics T3 probe. The instrument operated at 9.4 T
(161.9 MHz for 3'P) with a spinning frequency of 6 and 8 kHz. Samples
were packed in 4 mm bio-solids cavern rotors provided by Phoenix NMR
and sealed with non-vented PCTFE top spacers featuring two O-rings.
The reported analysis is qualitative, and the experimental parameters
included a n/2 pulse duration of 3.4 ps, a relaxation delay of 6 s, an
acquisition time of 20 ms, and a total of 10000 scans. Chemical shifts
were externally referenced to ammonium dihydrogen phosphate ((NH4)
H,PO4) with 3IP at 0.81 ppm [36]. A portion of the sample underwent a
two-step dehydration process (details provided below). The 4 mm rotor
was packed with a solid sample under an inert argon atmosphere inside a
glovebox. Subsequently, 2 pL of liquid-phase trimethylphosphine (TMP)
was added directly to the sample within the rotor. Excess TMP was
removed by applying a vacuum of 10~ mbar for 1.5 h at 100 °C using a
custom-built setup, as described in the literature [37].

2.3.1. Dehydration process

Carbon-based materials such as the ones presented in this work
exhibit high conductivity, complicating the tuning and matching of the
probe. To address this problem, all the samples were diluted with pris-
tine silica in a 2:1 silica-to-material ratio. A reference sample only
constituted by silica was analyzed and didn’t display any acidity, thus
confirming that all the detected signals in the 3P ss NMR spectra can be
assigned to the carbon-based materials. Given the affinity of both pris-
tine silica and the materials treated in this work with water, two
different dehydration treatments were performed. Pristine silica was
first calcined at 550 °C for 8 h, then treated for 2 h under vacuum o2
mbar) at room temperature. After this initial treatment, a physical
mixture of silica and the material of interest was prepared inside a
glovebox. Finally, the mixture was packed in the rotor. The packed rotor
then underwent a second dehydration treatment at 100 °C overnight
within the probe molecule system (custom-made setup) [38]. After this
final stage, the rotor was transferred back into the glovebox, where the
appropriate quantity of TMP was added before analysis.

The total acidity of the inorganic oxides was determined using
temperature-programmed desorption with ammonia as a probe mole-
cule in a Hiden Catlab gas analyzer coupled with a QGA Hiden quad-
rupole mass spectrometer. Prior to analysis, the catalyst sample (20-30
mg) was degassed at 150 °C for 1 h under Ar at a flow rate of 30 mL/min,
followed by NHj3 adsorption at 60 °C for an hour under the gas mixture
Argon and 5 % NHs-He at a flow rate of 15 mL/min each. Next, NH;
desorption was recorded under an Ar flow of 30 mL/min from 60 °C to
550 °C at a heating rate of 10 °C/min. The total acidity was calculated
based on the integral area of the respective peaks obtained from the
molecules desorbed per second versus the desorption temperature curve.

X-ray powder diffraction patterns were acquired in transmission
mode on a MAR345 image plate diffractometer equipped with an
Incoatec microfocus Mo anode (0.71073 f\, 1000 pA, 50 kV). Samples
were prepared in glass capillaries (0.7 mm diameter, Hilgenberg
GmbH), which were rotated 300° during the analysis for improved
powder averaging and exposed for a total of 5 min. The raw diffraction
images were integrated using the Fit2D software [39], using a NIST
lanthanum hexaboride calibration standard for the determination of
experimental setup parameters.

2.4. Cellulose pretreatment
The pretreatment of cellulose, such as ball milling, is a critical step to

enhance its reactivity in subsequent processes by disrupting its crystal-
linity. This results in easier dissolution of cellulose fragments in the
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reaction medium. Hence, ball milling was performed using a Fritsch
Pulverisette 7 premium line apparatus. The experiments were performed
in 45 mL stainless-steel (SS) milling bowls (Fritsch™ 50.9750.00) using
10 mm SS balls (Fritsch™ 55.0100.09). The treatment was done in two
steps by following the previous work reported by our group [40]. First,
10 g of cellulose fibers (medium size) (Sigma Aldrich) was milled using
five SS balls. The ball milling was conducted at room temperature
(20 °C), and while the local heating was not monitored in situ, pauses
were introduced to prevent potential overheating. Each cycle consisted
of 15 min of milling at 300 rpm followed by a 5-min pause, with a total
of 96 cycles, resulting in 24 h of ball milling.

In the second step, the ball milling was performed for a physical
mixture of catalyst and ball-milled cellulose under different conditions
due to the different quantities. In this case, 1 g of ball-milled cellulose
and the required amount of catalyst (0.25 g in case of TiO5 alone, and a
total of 0.75 g of SO3H/SX+ and TiO; (in case of a mix of both solids))
were combined with three SS balls. This treatment was carried out for 8
cycles of 15 min each at 300 rpm, with 5-min breaks, totalling 2 h of
milling.

2.5. Catalytic activity

The catalytic activity of SOgH/SX+ alone or in combination with
Lewis acids was evaluated in a high-pressure autoclave stainless steel
reactor (250 mL) (Parr Reactor, USA) in a 120 mL of milliQ water or
biphasic medium i.e., MQ/THEF, starting from cellobiose (>99 %, Sigma
Aldrich) as model soluble compound or cellulose fibers. The reaction
was performed under a 4.8 bar N3 atmosphere and 1700 rpm mechanical
stirring. After the reaction, the catalyst was removed from the reaction
mixture by filtration, and the filtrate was analyzed by high-pressure
liquid chromatography (HPLC) equipped with an Aminex HPX87-H+
column (Bio-Rad, USA) with refractive index detector (RID) and diode
array detector (DAD) using 5 mM H3SOy4 as eluent at a flow rate of 0.55
mL/min. The column and detector temperatures were maintained at
65 °C and 50 °C, respectively. The total run time was 45 min. In the first
part of our study, utilizing AlCl3 as a homogeneous Lewis acid catalyst,
we employed an HPLC system from WATERS, USA, equipped with an
RID (2414, WATERS, USA). In the second part of the study, using het-
erogeneous Lewis acid catalysts, an HPLC system from the Agilent 1200
series (Germany) was used, featuring a DAD (G1315D, Agilent, Ger-
many) coupled with a RID (G1362A, Agilent, Germany) in series due to
the instrument availability. In both HPLC systems, the same column
(Aminex 87H+) was used. The HPLC data in this study includes a +5 %
error margin, and the conversion and yield of all the known products
were calculated based on the standard calibration curves of known
concentrations of all compounds using the following formulae:

Moles of reacted cellobiose

Moles of initial cellobiose 100

Cellobiose conversion =

Moles of product obtained y
2 X Moles of initial cellobiose

Product yield = 100

In case of cellulose substrate, the following formulas were used to
calculate the conversion and yield of the obtained products:

Mass of initial cellulose (g) — recovered mass cellulose (g)

Biomass and Bioenergy 203 (2025) 108320

Table 1
Physicochemical properties of the activated carbon catalysts.
Catalyst XPS N,-physisorption Boehm
Titration
S/C (% N/C BET Pore Pore Total
At. (%At. surface Size Volume Acidity
ratio) ratio) area (m?>/ (A) (em®/g) (mmol/g
g) cat.)
SX+ n.d. n.d. 912 35 0.34 0.04
SOsH/ 0.05 0.02 123 51 0.17 1.33
SX+
Compositional analysis on SOsH/SX+
Technique %C %S %H %N %0
*XPS (wt.%) 79.9 3.34 n.d. 1.56 15.2
EDX (avg wt.%) 73.3 2.86 n.d. n.d. n.d.
CHNS (wt.%) [32] 71.9 3.22 2.13 0.8 n.d.

n.d. non-determined, *XPS wt.% values were calculated from the at.% obtained
in XPS analysis.

Moles obtained of the product

. o) —
Product yield (mol%) Initial moles fed per unit of glucose in the cellulose

x 100

* Molar mass of cellulose = 162.14 g/mol per unit of glucose.

2.6. Recycling runs

Recycling studies of the catalysts were conducted under optimized
reaction conditions: cellobiose (1 g), SOsH/SX+: TiOy (1/2 wt%),
150 °C, 4 h, MQ/THF, in a Parr reactor at 1700 rpm under 4.7 bar of Nj.
After each reaction, the catalyst was filtered and washed with MQ water
until the filtrate became clear, followed by drying overnight at 100 °C.
The dried catalyst was then reused in the subsequent cycle. Multiple
tests during the initial run were performed to collect sufficient used
catalyst for the following cycles to ensure a consistent amount of catalyst
throughout all the runs.

3. Results and discussion
3.1. Physicochemical properties of synthesized sulfonated carbon catalyst

Table 1 presents the physicochemical properties of the starting SX+
carbon and the synthesized SO3H/SX+ catalyst. XPS results confirmed
the successful grafting of sulfonic acid groups onto the surface of SX+, as
indicated by the sulfur S, peak at the binding energy of 168.2 eV after
functionalization [32], shown in Fig. S1. The surface S/C and N/C
atomic ratios were determined and are reported in Table 1. The surface
S/C (0.05) ratio is in line with our previous results [31].

The textural properties of activated carbon were assessed both before
and after the functionalization with sulfonic groups (Table 1). The iso-
therms shown in Fig. 2(a) exhibit a Type I isotherm with an H4 hys-
teresis loop, indicating a combined microporous and mesoporous nature
of both SX+ and SO3H/SX+. The steep increase at low partial pressures
is indicative of the presence of large amounts of micropores in the
starting SX+ sample. The mesoporosity remains present even after sul-

Cellulose conversion (wt.%) = Mass of initial cellulose (g)

Cellulose recovered mass = Total recovered weight of solid after
filtration — weight of catalyst used in the reaction

x 100

fonic group functionalization. However, the surface area was notably
reduced to approximately 123 m?/g after the introduction of the SO3H
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Fig. 2. (a) N, adsorption-desorption curves, (b) pore size distributions plots, (c) SEM images of SOsH/SX+ (d) TGA curves of SX+ and SOsH/SX+ materials, (e) 3P
sSNMR-TMP spectra of the SOsH/SX + carried out at different spinning frequencies: 6 kHz (grey curve) and 8 kHz (black curve). Asterisks indicate the spin-

ning sidebands.

groups. This reduction in surface area was likely due to micropores
being blocked by the functional groups and/or small pores collapsing
due to the conditions of organic chemistry functionalization. Indeed, the
functionalized sample did not show the typical Ny sorption feature of
microporous solids anymore. This effect is also evident in the pore size
distribution shown in Fig. 2(b), where there is a shift towards larger pore
size after sulfonic group functionalization.

Fig. 2(c) presents the morphology of SO3H/SX+, which highlights
the structural characteristics of the grafted activated carbon. The syn-
thesized catalyst (SOsH/SX+) particles show a highly irregular and
fragmented morphology, with randomly shaped structures. This is
typical of the starting SX+ activated carbon (Fig. S2). No significant
change in morphology was observed after sulfonic group grafting onto
SX+. The elemental composition based on weight percentage (wt.%)
was also determined using EDX, and the S amount is consistent with the

wt.% values obtained from CHNS [32] and XPS analysis. The obtained
data are presented in Table 1.

The thermal stability of SX+ and SOsH/SX+ was evaluated by
thermogravimetric analysis (Fig. 2(d)). The results obtained indicate
that the sulfonic groups are stable up to 150 °C. Above this temperature,
a notable weight loss of approximately 22 % was observed, which is
attributed to the decomposition of the sulfonic groups, by comparison
with the TGA curve of bare SX+ carbon, as shown in Fig. 2(d).

The total acidity of both solids, SX+ and SO3H/SX-+, was estimated
using the Boehm titration technique and the obtained values are re-
ported in Table 1. It was observed that the total acidity significantly
increased to 1.33 mmol/g cat. after sulfonic groups grafting on activated
carbon in comparison to pure SX+ (0.04 mmol/g cat.). This represents a
33-fold increase in total acidity following sulfonic group functionaliza-
tion. This increased acidity of SO3H/SX+ is essential for the conversion
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of cellulose/cellobiose to 5-HMF, as the high acidity provides the
necessary active sites for facilitating the dehydration and transformation
reactions required for this selective process.

To gain deeper insights into the acidic properties of the two solids
and identify potential differences stemming from their unique surface
chemistry, ssNMR measurements were performed. It is widely recog-
nized that probe molecules such as trimethylphosphine (TMP), trime-
thylphosphine oxide (TMPO), pyridine (Py), acetonitrile, and others,
when analyzed via ssNMR, can provide key information about the na-
ture of acid sites (Bronsted or Lewis) and their relative strength [36]. In
this study, >'P ssNMR with TMP as a probe molecule was employed to
investigate the acidity of the materials. TMP was chosen due to its wide
chemical shift range, which enables clear discrimination between
Bronsted and Lewis acid contributions, as well as between Lewis acid
sites of different strength. Additionally, the 3'P nucleus has 100 %
natural abundance, avoiding the need for isotopic enrichment. It is
important to note that the material must be thoroughly dehydrated
before starting the analysis. In this context, considering the high con-
ductivity of those materials, a dilution with a non-acidic solid was
necessary to tune and match the Larmor frequency of the selected nu-
cleus. Moreover, a reference sample only constituted by silica was
analyzed and didn’t display any acidity, thus confirming that all the
detected signals in the 3P ss NMR spectra can be assigned to the
carbon-based materials (see Fig. S3). In this case, the carbon-based
material was diluted with pristine silica (see Experimental Section),
which is non-acidic (refer to Fig. S3). Interactions between TMP and
Bronsted acid sites typically produce signals in the —2 to —5 ppm range,
while interactions with Lewis acid sites result in resonances between
—20 and —60 ppm [41]. However, TMP is highly susceptible to oxida-
tion, even in the presence of trace amounts of oxygen, which can convert
it into TMPO. This underscores the importance of maintaining strict
control over experimental conditions [36].

Fig. 2 (e) displays the spectrum of the SOsH/SX+ sample acquired at
two different spinning frequencies, 6 kHz (grey line) and 8 kHz (black
line), to identify the presence of spinning sidebands. A comparison of the
two spectra reveals two main signals along with their respective side-
bands. On the one hand, the signal centered at c. a. —4 ppm, corresponds
to TMP bonded to Bronsted active sites [42]. On the other hand, the
second signal centered at 46 ppm (visible only on the spectrum acquired
at 6 kHz) is probably due to TMPO dimers formed after partial oxidation
of physiosorbed TMP [42,43]. The high Bronsted acidity, combined with
the low stability of TMP in the presence of oxygen, likely leads to the
formation of TMPO dimers [43]. In summary, this analysis confirms that
the SO3H/SX+ material exhibits mainly Bronsted acidity.

The detailed characterization results for the synthesized heteroge-
neous Lewis acidic catalysts (y-Al,O3, AIOOH, TiO3) are shown in the
supplementary file (Part 2: Heterogeneous Lewis acid catalysts charac-
terization results).

3.2. Catalytic activity

3.2.1. Optimization of reaction conditions using SO3H/SX+ catalyst and
homogeneous Lewis acidic AlCl3 catalyst

The cellobiose dehydration to 5-HMF reaction was studied first with
different catalytic systems: blank run with no catalyst, unmodified SX+
carbon, SOsH/SX+, AlCls, and AlCl3 together with SOsH/SX+, as shown
in Fig. S9. The catalytic activity was evaluated in pure MQ water under
reaction conditions, as previously reported by us [31], i.e. 1 g cellobiose,
0.3 g catalyst, 130 °C for 2 h under Ny atmosphere. At the end of the
reaction, the major products, namely glucose (GLU), fructose (FRU) and
5-HMF, were observed and quantified by HPLC. The blank run showed a
negligible amount of conversion and traces of glucose formation, as
expected under these reaction conditions. An 8.6 % cellobiose conver-
sion with 4.2 % glucose yield was observed in the presence of pure SX+
carbon, because it already contains some B sites (due to surface O
functional groups such as carboxylic acids) [44]. With SOsH/SX+
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catalyst, the cellobiose conversion increased to ~14 % with ~12 % yield
of glucose due to the presence of sulfonic groups. This was anticipated,
as cellobiose hydrolysis to glucose is driven by B acidity (Fig. 1), and
especially strong acid sites as provided by the sulfonic groups, confirmed
by 31p ssNMR. The AICl; soluble reagent (AlCl3.9H50, 99 %, Alfa Aesar)
was then used as a source of strong L acidity, which indeed gave a drastic
increase in conversion (~60 %) and glucose yield (~30 %) using the
same amount of AlCl3 (0.3 g). In this case, fructose and a small amount
of 5-HMF (1.7 %) were also observed. Similar observations were also
made in the presence of a mixture of AlCl3 and SOsH/SX+ catalysts in a
weight ratio of 1:1. These results conveyed a clear indication of the re-
action being forwarded in the right direction, when detecting the for-
mation of 5-HMF in the presence of AlCls.

Because isomerization of glucose to fructose is driven by L acidity,
followed by 5-HMF formation catalyzed by the B acidity (Fig. 1), the
next step was to optimize the ratio between B (SO3H) and L (AICls) acid
sites, to obtain the best possible yield of 5-HMF. As shown in Fig. 3, the
B/L ratio was optimized when running catalytic tests at 140 °C for 4 h of
reaction with 0.5 g of catalyst, where ~80 % cellobiose was selectively
converted into glucose with a ~77 % yield in pure MQ water reaction
medium, using SOsH/SX+ catalyst. The production of fructose and 5-
HMF was not observed in the presence of pure SO3H/SX+, due to the
lack of Lewis acidic sites in this catalyst. When testing the dual catalytic
system, i.e. SOsH/SX+ solid in presence of soluble AlCls, the molar
amount between the two components was varied with respect to the
total acidity of sulfonic groups on the activated carbon by varying the
SO3H/Al ratio from 1:1 to 1:15, targeting 5-HMF as a final product
(Fig. 3). The cellobiose conversion was increased from ~80 % to ~98 %
after the addition of AlCl3 to the reaction mixture. This also resulted in a
higher glucose yield of ~87 % by varying the SOsH/Al mol ratio to 1:4.
At this SO3H/Al mol ratio (1:4), traces of 5-HMF started to be observed
and increased together with an increasing yield of fructose and
decreasing yield of glucose, along the increase of SO3H/Al mol ratio till
1:15. However, at this highest ratio (1:15), the glucose yield drastically
decreased to ~23 % without significantly increasing the yield of fructose
and 5-HMF, demonstrating the reaction acceleration in a non-selective
manner at higher concentration of AlCl3. Nevertheless, these results
indicate that on increasing the amounts of AI**, the reaction proceeds in
the forward direction and the formation of fructose and 5-HMF is
started.
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Fig. 3. Effect of Bronsted and Lewis acid ratio when using SO3H/SX+ and

soluble AlCl; as a catalytic system (reaction conditions: 140 °C, 4 h, 1 g
cellobiose, SO3H/SX+ = 0.5 g, 120 ml MQ, 1700 rpm, 4.7 bar N»).
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In the next step, the catalytic activity of SOsH/SX+ (Bronsted acid)
combined with AlCI3 (Lewis acid) was evaluated in three different sol-
vent media, i.e., MQ, MQ/THF (1:3 vol%), and MQ-NaCl/THF (1:3 vol
%) to understand the effect of the reaction medium. NaCl was added to
the MQ water until it reached saturation. In the literature, biphasic
systems have shown the potential for achieving high HMF yields from
cellulose/glucose by continuously extracting HMF from the aqueous
phase to the organic one, which helps to reduce its conversion into
undesirable byproducts such as LA, FA, and humin [26,45]. Extractive
solvents such as THF, MIBK, and DMSO are mostly used, with THF being
particularly attractive due to its lower boiling point, facilitating easy
reusability and final separation of 5-HMF. Moreover, the addition of
NacCl in the biphasic medium enhances the yield of 5-HMF by shifting
the equilibrium towards 5-HMF by increasing the partition coefficient,
so bringing even more 5-HMF into the organic phase [46]. The reaction
was performed with a low SOsH/Al ratio (1:4), where only trace
amounts of 5-HMF were obtained in pure water (Fig. S3). The results,
presented in Fig. 4, indicate that different reaction media produced
distinct product distributions. As described above, pure MQ water
permitted cellobiose hydrolysis to glucose, resulting in a remarkably
high glucose yield (~87 %) with ~90 % conversion of cellobiose. The
monophasic MQ/THF system drove the reaction further, yielding a
different product distribution: glucose (~53 %), fructose (~28 %), and
5-HMF (~10 %), with almost complete conversion of cellobiose under
the same reaction conditions. This might be attributed to favorable
properties such as enhanced mixing, mass transfer, and reaction kinetics
in MQ/THF reaction media. However, in the biphasic MQ-NaCl/THF
medium, the conversion and resulting product yields were unexpect-
edly lowered due to the complexity of phase behaviors. These results
demonstrate that the reaction product distribution is highly influenced
by the reaction medium. The product distribution from cellobiose hy-
drolysis is affected not only by the selected solid acid catalyst but also by
the synergistic effects of the solvent. Consequently, MQ/THF was
considered the optimum solvent for further optimizations, based on
these results.

3.2.2. Effect of reaction temperature

The effect of temperature on cellobiose hydrolysis to 5-HMF was
studied by varying the reaction temperature from 120 to 150 °C with
intervals of 10 °C at the previously optimized reaction conditions
(Fig. 5). At each temperature, the reaction was performed in presence of
various catalysts such as SO3H/SX+, AlCls, and SOsH/SX+ with AlCls.

100 - Conversion
[ leLuyield
[ FRU yield
S0l [ 5-HMF yield
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Coversion and yield (%)
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Fig. 4. Effect of reaction solvent (reaction conditions: 140 °C, 4 h, 1 g cello-
biose, SO3H/SX+ = 0.5 g, SO3H/Al = 1:4, 1700 rpm, 4.7 bar N»).
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The blank run was performed only in the extreme points of our reaction
conditions, i.e., 120 °C and 150 °C. The amounts of SOsH/SX+ and AlCl3
were taken to reach a SO3H/Al ratio of 1:4 in the case of mixtures. As
shown in Fig. 5 (a), the cellobiose conversion was found to increase with
the reaction temperature. At the lowest temperature (120 °C), the blank
run shows no conversion, while in the presence of a catalyst, i.e., SOsH/
SX+, AlCl3, or both together, a conversion of 50-70 % was reached. This
was found to increase to ~99 % with the temperature. A higher yield of
glucose (~18-81 %) (Fig. 5(b)) was formed at the lower temperatures
until 130 °C, whereafter it was observed to decline to approximately 33
% with an increasing yield of fructose (~33 %) (Fig. 5 (c)) and 5-HMF
(~20 %) (Fig. 5(d)) at 150 °C in the presence of the AlCl3 or SOsH/
SX+: AlCl3 (1:4) catalysts. The comparison between the catalytic ac-
tivity can be seen clearly with respect to 5-HMF formation at different
temperatures. At low temperature (<130 °C), the reaction did not pro-
ceed further in the direction of 5-HMF formation (Fig. 5(d)), whereas
higher temperature (>140 °C) enhanced the dehydration step, resulting
in a higher yield of 5-HMF. This is due to the endothermic nature of
fructose dehydration [47-49], as 5-HMF is expected to be obtained via
fructose dehydration. However, even at the highest temperature
(150 °C), SOsH/SX+ alone showed a very low yield in 5-HMF (~8 %)
due to the absence of Lewis acidic sites in this catalyst. When using pure
AlCl3 or a mix together with SOsH/SX+, a higher 5-HMF yield (20-23
%) was obtained with small amounts of rehydration products i.e., LA
(~2 %) and FA (~7 %) (not shown on plots due to their trace amounts)
due to the strong acidity of homogeneous AlCls. The pH of the reaction
mixture was measured after the addition of AlCl;3 in the solution and was
found to be in the range of pH = 3-4. In previous articles [45,50,51], it
has been reported that Al>* cations act differently in different pH re-
gimes in aqueous medium. Some species can be formed such as
hexa-coordinated [Al (aq)]3+ at pH < 3.0, and hexa-coordinated
hydroxo monomers ([Al(OH)(ag)]?*"), ([AI(OH)y (aq)l!), dimers
([Al(OH), (a@)]*") or trimers ([Al3(OH)4 (aq)]®™), at pH values of
3.0-7.0, some presenting Bronsted acidity. AlCl3 dominates the reaction
kinetics due to its homogeneous nature in aqueous medium, which
provides a strong L and B acidity. Therefore, the maximum 5-HMF yield
did not change much in the presence of SO3H/SX+: AlCl3 compared to
AlCl3 alone. However, different product distributions have been
observed in presence of each of the three catalytic systems, i.e. pure
SO3H/SX + displayed ~32 % of glucose with ~34 % of fructose and
lower 5-HMF yield (7.7 %) with no rehydration products, while AlCls
alone gave 4 % of glucose, 21 % of fructose with 23 % of 5-HMF together
with LA and FA at 150 °C. Both catalysts together (SOsH/SX+ and AlCls3)
gave ~33 % glucose, ~27 % fructose and ~21 % of 5-HMF, also with LA
and FA. These results possibly demonstrate that product distribution is
highly influenced by the reaction kinetics in the presence of various
catalytic systems at the highest temperature. Hence, 150 °C was
considered as an optimum temperature with respect to the 5-HMF yield
for further studies.

Finally, the cellobiose hydrolysis reaction was evaluated at higher
SO3H/SX+: Al ratio (1:10), where an enhanced 5-HMF yield (3.5 %) was
obtained at lower temperature (140 °C) in pure MQ (Fig. 3). The reac-
tion was also studied in the presence of the commercial Amberlyst-15
reference acid catalyst at the optimized reaction conditions. The re-
sults obtained are presented in Fig. 6. A significant increase in 5-HMF
yield from approximately 21 %-~51 % was observed with the SOsH/
Al ratio 1:10 at 150 °C after 4 h in MQ/THF medium. While in the
presence of Amberlyst-15 catalyst, a strong acidic catalyst, 97 % of
cellobiose conversion and 76 % of glucose, with only ~9 % of 5-HMF
yield, were found under similar reaction conditions. Hence, here it is
concluded that a strong acid catalyst containing both Bronsted and
Lewis acidity and higher reaction temperature (>140 °C) is required to
obtain a high yield of 5-HMF from cellobiose. However, despite
achieving a high 5-HMF yield in the presence of the AlCl3 catalytic
system, several drawbacks, correlated to the use of a homogeneous
catalyst, such as equipment corrosion and challenging -catalyst
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recycling, are associated with it. Therefore, in the next section of this
study, we have replaced the homogeneous Lewis acid (AlCl3) by het-
erogeneous Lewis acidic catalysts such as y-Al,O3, AIOOH and TiOs.

3.2.3. Transitioning from homogeneous Lewis acid (AICl3) to
heterogeneous Lewis acid catalysts

In this section, we have studied three heterogeneous Lewis acidic
catalysts, namely y-Al,03, AIOOH and TiO, in combination with our
synthesized sulfonated activated carbon (SO3H/SX+) for cellobiose

hydrolysis to 5-HMF, in a high-pressure Parr reactor at the optimized
reaction conditions, as described in the above section. These heteroge-
neous Lewis acidic catalysts were synthesized and characterized by Ns-
physisorption, XRD, NH3-TPD, TGA and SEM and all the characteriza-
tion data are presented in the supplementary file (Part 2: Heterogeneous
Lewis acid catalysts characterization results). The ratio between the
heterogeneous Lewis acidic catalyst and SOsH/SX+ was optimized,
starting with an initial molar ratio (SOsH/SX+: Al) of 1:10, as previously
optimized in the earlier section using AlCls, a homogeneous Lewis acidic
catalyst.

First, the catalytic activity of y-Al;03 was tested for cellobiose hy-
drolysis under the optimized conditions (150 °C, 4 h, MQ/THF) by
varying the SO3H/SX+: Al ratio between 1:10, 1:50, and 1:100 and the
obtained results are shown in Fig. S10. A 98 % cellobiose conversion
with high yield of glucose (56 %), ~14 % of fructose and a low (8 %) 5-
HMF yield were observed at SOsH/SX+: Al mol ratio of 1:10. No notable
change in conversion and products yield were observed on further
increasing the ratio between SO3H/SX+: Al (1:50 and 1:100), due to the
insignificant acidic sites and total acidity (0.17 x 10~2 mol/g cat.) of
this Al-based material, as reported in Table S1 and Fig. S6(a),
respectively.

Second, boehmite (AIOOH) combined with SO3H/SX+ (mol ratio =
1:10) was tested under the same reaction conditions and yielded 8 % of
5-HMF with ~33 % of glucose, 18 % of fructose over 81 % cellobiose
conversion (Fig. 7(a)). By contrast, a higher catalytic activity of TiO
combined with SO3H/SX+ (wt. ratio = 1:1) catalyst was observed,
which yielded 41 % of 5-HMF, 21 % of glucose and 2 % fructose with
complete conversion of cellobiose at the same reaction conditions (Fig. 7
(a)). This superior catalytic activity of TiO2 might be attributed to its
higher total acidity (2.40 x 10~2 mol/g cat.) and the presence of strong
acidic sites compared to that of boehmite (1.04 x 1072 mol/g cat.) and
y-Aly03 (0.174 x 1072 mol/g cat.) (Table S1). This means that the TiO,
combined with SOsH/SX+ in a wt. ratio = 1:1 corresponds to 0.012 mol
of TiO5 (based on acid sites). As shown in the TPD curve (Fig. S6(c)),
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TiO4 exhibits both weak (desorption peak at ~156 °C) and strong acidic
sites (desorption peak at 325 °C), while AIOOH demonstrates only weak
acidic sites (peak at 180.4 °C) (Fig. S6(b)). Both materials exhibit a
mesoporous nature with similar specific surface area (~235-246 m?/g)
and pore sizes (1.9-3.4 nm) (Table S1, Fig. S4). These findings suggest
that TiOy together with SOsH/SX+ might be a competitive catalytic
system among all these heterogeneous Lewis acidic catalysts tested,
likely due to its higher acidity, primarily resulting from stronger acidic
sites.

Then, the weight ratio between SOsH/SX+ and TiO, catalysts was
optimized to achieve the highest possible yield of 5-HMF. It varied be-
tween 1, 2 and 4 by varying the TiO, amount, namely taking 0.5 g, 0.25
g and 0.125 g in the presence of 0.5 g SO3H/SX+, respectively. The
results obtained are presented in Fig. 7(b). A complete conversion of
cellobiose was achieved at all three ratios, while different product dis-
tributions of glucose, fructose and 5-HMF were observed. At the SOsH/
SX+: TiO, ratio of 1, a 40 % yield of 5-HMF with traces of glucose was
observed, while by reducing the amount of TiO5 (0.25 g) at the ratio 2, a
~48 % yield of 5-HMF with 6 % of glucose and 5 % of fructose was
observed. That is similar to the yield obtained in the presence of SOsH/
SX+: Al at the ratio of 1:10 in the presence of homogeneous AlCl3
catalyst under the same reaction conditions (Fig. 6). Furthermore, by
further reducing the amount of TiO5 to 0.125 g (to achieve a ratio of 4), a
reduction in 5-HMF yield (41 %) was observed, along with a slightly
higher glucose yield (~21 %). These results demonstrate that different
reaction kinetics were followed with varying amounts of TiO». A sepa-
rate and detailed kinetic study would be required to explain this more
clearly. However, the objective of this study was not to investigate the
kinetics of the cellobiose reaction. Therefore, considering the highest
yield of 5-HMF (~48 %), the SO3H/SX+: TiO, ratio of 2 was considered
optimal.

As heterogeneous catalyst recycling is crucial, recycling runs were
performed under optimized conditions (Fig. S11). The SOsH/SX+: TiOy
system could be recovered easily as a physically mixed powder and
reused. It showed a gradual decrease in catalytic activity over multiple
cycles of use. Specifically, a decline in cellobiose conversion (from 100
% to 82.8 %) and HMF yield (49 %-21 %) was observed over the
recycling runs, together with an increase in glucose yield (6.8 %-18 %).
This increase in glucose yield during the recycle runs suggests a reduced
rate of glucose dehydration reaction, possibly due to TiO5 Lewis acidity
deactivation by humins deposition. Hence, TEM, EDX and Boehm ti-
trations analyses were performed on the physical mixture of SOsH/SX+
and TiO, catalysts before and after three catalytic cycles. The obtained
EDX results confirmed the presence of S, C, O, and Ti in both fresh and
used samples, indicating the structural integrity of the catalyst compo-
nents. In the fresh sample, TiO; exhibited a spherical particle-like
morphology, which became larger and more agglomerated after the

third use. Additionally, the amount of carbon present in the used
mixture was higher than in the fresh mixture (see Fig. S12 (b) in sup-
plementary information). This might be due to the deposition of humin
on the active sites of TiO5, which could lead to a reduction in the total
acidity of the material. This observation is consistent with the Boehm
titration results obtained for the physical mixture of catalysts. The fresh
mixture showed an acidity of 1.26 mmol/g of catalyst, which decreased
to 0.54 mmol/g in the recovered catalyst after 3 runs. This reduction
may be attributed to the accumulation of humin on the surface of the
active sites, which could also contribute to the formation of larger TiO,
particles, as observed in Fig. S12 (b) (supplementary information).
Indeed, a similar reduction in the catalytic activity during the recycle
runs using TiO catalyst was reported in our earlier work [7] and TiO,
catalyst activity was restored by heating at 400 °C for 1 h to remove the
brown deposited products, possibly humin, from the active sites. After
this regeneration treatment, TiO; regained its catalytic activity at a level
comparable to that of the fresh catalyst. Although such reactivation
procedures could potentially address the present limited deactivation
issue, they were not explored in the current study. This is because the
catalyst is a physical mixture of SO3H/SX+ and TiOs catalyst, and
heating above 200 °C could lead to the degradation of sulfonic acid
groups from the activated carbon surface. Hence, in our current study,
the catalyst was barely washed and dried between the consecutive runs,
and it is remarkable that it was still active and capable of giving HMF.
Regeneration methods such as heating under an inert atmosphere or
acid washing could be explored but would require some optimization.
However, this lies beyond the scope of the present study and can be
considered in future work on catalyst deactivation, together with more
advanced characterizations able to tackle physical mixtures in a mean-
ingful way.

3.3. Cellulose direct transformation to 5-HMF

Cellulose hydrolysis is challenging due to its microcrystalline struc-
ture, reinforced by intra-, intermolecular, and inter-sheet hydrogen
bonds, making it insoluble in most solvents such as water. However,
techniques like ionic liquids (though expensive and toxic), supercritical
water, and ball milling have been used to reduce crystallinity and break
cellulose into oligomers to enhance its reactivity [40]. In our study, we
used ball milling to mechanically reduce cellulose crystallinity, facili-
tating its transformation. The conversion of cellulose to 5-HMF was
studied in the presence of our best catalytic system, namely SOsH/SX+:
TiOs, and TiO, alone for comparison, under optimal reaction conditions
(150 °C, 4 h, MQ:THF, SO3H/SX+: TiO5 = 2) using ball-milled cellulose
as a substrate (see section 2.4 cellulose pretreatment for more details).
TiO4 alone showed only ~4 % yield in 5-HMF with traces of cellobiose,
glucose, and fructose, while TiOy with SOsH/SX+ produced a higher
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Table 2

Transformation of cellulose to 5-HMF.
Reaction Cat. amount Feed Cellulose conversion Cellobiose (mol  Glucose (mol  Fructose (mol  5-HMF
conditions (wt.%) %) %) %) (mol%)
150°C, 4 h TiO; (0.25 g) 1 g ball milled cellulose combined 70 0.3 0.8 0.4 4
150 °C, 4 h TiO, + SO3HSX+ (0.25 with a catalyst 52 0.2 2.5 0.6 10
150 °C, 24 h + 0.50 g) 66 ~0.1 ~0.6 ~0.3 24

yield of 5-HMF (10 %) and 3 % glucose after 4 h of reaction, due to the
strong efficiency of sulfonic groups grafted on activated carbon in
cleaving glycosidic bonds in cellulose. Additionally, extending the re-
action time to 24 h led to a significant increase in 5-HMF yield, reaching
~24 % under the same reaction conditions using TiO, mixed with
SO3H/SX+ as catalyst (Table 2). These results further confirmed the
synergy between SOsH/SX+ and TiO; in promoting cellulose valoriza-
tion. This synergy between SO3H/SX+ and TiO, played a pivotal role in
cellulose conversion, where SOsH/SX+ permitted depolymerization by
breaking the glycosidic bonds of cellulose and TiOy enhanced down-
stream glucose isomerization and dehydration. Together, they enabled a
more efficient and selective pathway toward 5-HMF production. Further
optimization of reaction parameters for the direct conversion of raw
cellulose into 5-HMF may improve the selectivity and yield of the target
molecule, 5-HMF, but this also goes beyond the scope of the present
contribution.

3.4. Isolation of 5-HMF

The separation and isolation of 5-HMF from the reaction mixture is
the real challenge for industrial viability of the process. Therefore, we
have isolated and purified the HMF from the low-boiling-point reaction
mixture, i.e., monophasic MQ/THF, by following the simple liquid-
liquid extraction technique reported in our previous work [52]. As
shown in the flow diagram (Fig. S13 (i)), the catalyst was separated from
the reaction mixture by vacuum filtration, followed by the isolation and
purification of 5-HMF. The phase separation of the reaction mixture was
performed by adding NaCl in the monophasic MQ/THF reaction solvent
until the NaCl saturated the solution to make the separation process
easier [53,54]. During the addition of NaCl, separation of the two phases
of the reaction mixture was visible as the NaCl reached close to the
saturation level. The color of the aqueous layer was light yellowish,
while the organic layer (THF) was more brownish due to the presence of
5-HMF. Further, the reaction mixture was transferred to a separating
funnel and vigorously shaken to enhance the mass transfer between the
layers. Then, it was left still for 2 h for the complete separation of the two
layers. After the separation of the THF layer, the THF was evaporated at
30 °C for 30 min using a rotary evaporator (IKA, Germany). Thereafter, a
viscous residue that contained 5-HMF was obtained. To enhance the
purity of the obtained product (5-HMF), it was again dissolved in THF
solvent (30 mL). The THF layer was again mixed with NaCl-saturated
water by keeping the volume ratio constant to 1:3, as we have used in
our reaction. Then further steps were again followed to separate the THF
layer from the mixture. Finally, a small amount of this viscous residue
was dissolved in pure MQ water and filtered through a 0.22 pm syringe
filter and analyzed by HPLC. The pictures of the final products separated
at different stages from the reaction mixture are shown in Fig. S13 (ii) in
the supplementary information. The HPLC equipped with DAD (286.4
nm) and RI detector confirmed the presence of 5-HMF with ~98 %
purity on the basis of area obtained with the detectors. The obtained
chromatograms of extracted 5-HMF via RID and DAD are shown in the
supplementary file Fig. S14(a) and S14(b), respectively. The purity of
the peak of detected 5-HMF was confirmed by DAD detection at 286.4
nm (Fig. S14(c)), and the retention time of 5-HMF was confirmed by
running the standard 5-HMF sample in HPLC using both detectors, as
shown in Fig. S14(c) and S14(d). With that, the process was complete,
and the usefulness of our catalytic system based on sulfonated carbon

10

mixed with Lewis acid providers is demonstrated.

3.5. Comparison with literature

Table S4 (supplementary information) provides a comprehensive
analysis of various catalytic systems and reaction conditions reported in
the literature for the conversion of glucose and cellobiose into 5-HMF,
alongside our obtained results using the SO3H/SX+ and TiO; catalytic
system. Both homogeneous catalysts, such as rare earth metal chlorides
and AlCl3, and heterogeneous catalysts, including ion-exchange resins
and Fe3O4 nanoparticles, are reported in the literature, utilizing various
reaction solvents like water, organic solvents (THF, DMSO), and ionic
liquids ([BMIM]CI, [IMEP]BF,4), which significantly influence reaction
efficiency. The feedstocks used in these studies primarily include glucose
and cellobiose, with the choice of feedstock also affecting reaction ef-
ficiency, catalyst performance, and overall yield. As shown in the table,
for cellobiose, higher reaction temperatures and longer reaction times
have been reported by H. Kimura (2013) [55], A. Bhalkikar (2015) [56],
and Y. Song (2014) [57], compared to glucose, due to its more complex
structure and need to break the glycosidic bonds. Our study follows
similar reaction conditions to those used for glucose conversion but
starts from cellobiose. Indeed, we utilize here a lower reaction temper-
ature and shorter reaction time (150 °C, 4 h), comparable to the con-
ditions reported by P. Wrigstedt (2016) [58], Parveen and Upadhyayula
(2017) [59], W. Guo (2020) [60] using glucose as the feedstock. The
highest 5-HMF yield (71 %) was achieved in a catalyst-free DMSO-water
system at comparatively higher reaction temperature and prolonged
time, while other catalytic systems resulted in moderate to high yields
(48-66.4 %). In comparison, in our study, A ~50 % 5-HMF yield was
achieved utilizing SO3H/SX+: TiO, in MQ/THF at 150 °C for 4 h, which
demonstrates its competitiveness with existing methodologies. The
SO3H/SX+: TiO, combination has shown better catalytic activity than
other catalytic systems, such as Fe3O4 nanoparticles (23.4 % HMF yield)
and ionic liquids ([IMEP]BF4, 39.2 % HMF yield). The use of a hetero-
geneous catalyst offers notable advantages in recyclability and ease of
separation compared to homogeneous catalysts like AlCls, which are
often corrosive, costly and challenging to recover. Additionally, the se-
lection of MQ/THF as a solvent provides an alternative to DMSO and
ionic liquids, which, despite their efficacy, pose challenges in complex
downstream processing. Overall, this study presents a balanced and
efficient approach in terms of yield, catalyst reusability, and reaction
conditions, altogether highlighting the potential of cellulose or cello-
biose as a viable and sustainable feedstock for 5-HMF production.

4. Conclusion

The study successfully demonstrated the functionalization of acti-
vated carbon (SX+) with sulfonic acid groups (SOsH) using the diazo-
nium coupling method, significantly enhancing the B acidity of the
activated carbon. The B acidity imparted by SOsH groups, confirmed by
XPS, 3P ssNMR and Boehm titration, played a key role in driving the
cellobiose hydrolysis reaction. The SO3H/SX+ alone is very effective for
cellobiose hydrolysis (~80 %) to glucose (~77 %) in pure water medium
due to its higher Bronsted acidity provided by sulfonic groups. The
SO3H/SX+ catalyst, in combination with Lewis acids like homogeneous
AlCl3, exhibited promising catalytic activity for the conversion of
cellobiose to 5-HMF. The ratio between SOsH and Al, together with the
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reaction solvent, played a key role in desired product formation. In
addition, a higher reaction temperature (>140 °C) was required to drive
the reaction further towards 5-HMF formation. A maximum ~47 % yield
of 5-HMF was obtained at optimized reaction conditions, i.e. 150 °C, 4 h,
SO3H/SX+: Al ratio 1:10, and MQ/THF reaction medium. However,
AlCl3 dominates the reaction due to its strong acidic and homogeneous
nature. Consequently, efforts were made to transition from homoge-
neous AlCl; to heterogeneous Lewis acid catalysts, particularly TiOo,
which further improved the yield to ~50 % 5-HMF at SOsH/SX+: TiOy
weight ratio of 2:1. TiO5 gave a higher yield of 5-HMF than AIOOH and
y-Al,05 catalysts due to its higher total acidity (2.4 x 1072 mol/g cat.)
mainly due to presence of stronger acidic sites. Both the catalysts
together SO3H/SX+: TiO, (in wt. ratio = 2) provided a comparatively
higher yield of 5-HMF (~24 % in 24 h of reaction) than TiO; alone for
direct ball-milled cellulose conversion. This was attributed to the strong
efficiency of SOsH groups of sulfonated activated carbon catalyst to
break the glycosidic bonds of cellulose. Finally, the successful isolation
of high-purity 5-HMF (~98 %) derived from cellobiose underscores the
potential of this catalytic system for sustainable biomass valorization.
Moreover, this study enhances the understanding of the role of Bronsted
and Lewis acid sites in the design of bifunctional acidic catalysts, such as
[4@BATEQS/SOsH, recently synthesized by A. Tonelli et al. [32] from
our group.
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