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ABSTRACT

A lignin-derived mesoporous carbon solid acid (LDMCS) catalyst was prepared by high temperature
carbonization and subsequent sulfonation treatment using alkali lignin as the carbon source and KCl as a
salt template. The prepared LDMCS has an irregular mesoporous structure with a narrow pore size
distribution (concentrated at 4 nm), large specific surface area (1123.0 m? g ') and high -SO3H group
density (2.20 mmol g !). Compared with other types of solid acids reported in the literature, the pre-
pared LDMCS catalyst has equivalent or better catalytic performance in the catalytic conversion of
glucose to 5-hydroxymethylfurfural (5-HMF). A glucose conversion of 97.7% and a 5-HMF yield of 57.8%
were obtained with the agNaCIl-THF (1:3) biphasic solvent system under the optimized reaction condi-
tions with reaction temperature of 160 C, reaction time of 2.5 h, and catalyst loading of 1 mg mg . More
importantly, the 5-HMF yield still reached 40.9% after 5 cycles of the catalyst use, indicating that there

Glucose was no significant loss of catalytic activity.

5-HMF

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

As a value-added biomass-derived platform compound, 5-
hydroxymethylfurfural (5-HMF) can be used to synthesize a vari-
ety of fuels and chemicals, such as 2,5-furanedione [1], 2,5-
furandicarboxylic acid [2], 2,5-dihydroxymethylfuran [3], and 2,5-
diformylfuran [4]. Renewable biomass-derived precursors such as
cellulose [5], cellobiose [6], starch [7], sucrose [8], glucose [9],
maltose [10], and fructose [11] have been widely studied in the
production of 5-HMF. Among these 5-HMF precursors, consider-
able focus has been directed towards glucose because of its avail-
ability, low cost, and widespread distribution in nature as the
building block for cellulose [12].

The solvent used for the catalytic conversion of glucose to 5-
HMF impacts the reaction conditions needed to obtain the
desired product, but also the extent that side reactions will occur.
Water is undoubtedly a green and sustainable solvent, but a series
of by-products can be formed in aqueous systems. Although
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organic solvents such as tetrahydrofuran (THF) and dimethyl sulf-
oxide (DMSO) as the reaction medium can give shorter reaction
times and inhibit undesirable side reactions, high costs limit the
application of organic solvents in the large-scale production of 5-
HME. Therefore, the catalytic conversions of glucose to 5-HMF in
biphasic reaction systems with water have attracted attention. In
these biphasic solvent systems, the prepared 5-HMF can be
continuously extracted into the organic phase to prevent it from
degrading into levulinic acid and formic acid in the aqueous phase,
thereby obtaining higher glucose conversions and 5-HMF yields
[13—15].

Besides the development of new solvent systems for the cata-
lytic conversion of glucose to 5-HMF, green and effective catalysts
are also of interest. To date, various homogeneous and heteroge-
neous acid catalysts have been developed for the conversion of
glucose to 5-HMF, such as organic acids [16], mineral acids [17],
ionic liquids [18], acidic resins [19], acidic zeolites [20], metal ox-
ides [21], metal salts [22], functionalized silicas [23], coordination
polymers [24], heteropolyacids [25] and carbonaceous acids [26].
Despite good catalytic efficiency under mild conditions, difficulties
in separations and the corrosion of equipment are major obstacles
to the commercialization of homogeneous acid catalysts [27,28]. In
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contrast, heterogeneous (solid) acid catalysts can overcome the
above-mentioned difficulties and thereby have attracted attention.
Currently, porous carbon materials are widely used as catalyst
supports due to their excellent chemical, physical, and thermal
stability, and can be prepared from low-cost carbon resources
derived from lignocellulosic biomass [29]. Lignin is a preferred
precursor for the synthesis of mesoporous carbon due to its
widespread availability as an industrial byproduct, but more
importantly, its high carbon content. Recently, alkali metal chlo-
rides such as ZnCl [30], LiCl [31], RbCI [32], NaCl [33], and CsCl [34]
have been developed as salt templates for the synthesis of a variety
of porous carbons. Compared with the widely used hard templates
(such as silica) and soft templates (such as surfactants), the syn-
thesis process of porous carbon by salt template is simpler and
greener, showing broad application prospects [35,36].

In the present study, lignin-derived mesoporous carbon solid
acid (LDMCS) catalysts were prepared by carbonization and sulfo-
nation in sequence using an alkali lignin as the carbon source and
KCl as the salt template. The prepared LDMCS catalysts were
characterized in detail by several spectroscopies, thermal analysis,
porosity determinations, scanning electron microscopy, and acid-
base titration before being applied to the catalytic conversion of
glucose to 5-HMF. The effects of reaction time and temperature,
catalyst loading, the volume ratio of agNaCl to THF, reaction solvent,
and catalyst type on the glucose conversion and 5-HMF yield were
investigated. Finally, under the optimal reaction conditions ob-
tained, the recyclability of the LDMCS catalyst was evaluated.

2. Experimental
2.1. Materials

Alkali lignin was obtained from Sigma-Aldrich. Other common
chemicals were obtained from various suppliers as follows: THF
(>99.8%, Yonghua Chemical Co., Ltd.), KCl and H,S04 (>99.5% and
95-98%, Nanjing Chemical Reagent Co., Ltd.), Glucose and NaCl (AR
and >99.5%, Sinopharm Chemical Reagent Co., Ltd.).

2.2. Preparation of LDMCS catalysts

For the preparation of all LDMCS catalysts, alkali lignin (2.0 g)
and KCl (0.5 g) were thoroughly mixed using a mortar and pestle.
The mixture was transferred to a porcelain boat and carbonized in a
tube furnace in two stages with a constant flow of N
(60 mL min !); pre-carbonization stage (ramp 30—300 C,
3 C-min '; hold at 300 C for 1 h); high-temperature carboniza-
tion stage (ramp 300—700 C,1 C-min '; hold at 700 C for 2 h).
Alkali-lignin/KCl mixtures were also carbonized at 800 and 900 C,
using the same conditions (e.g., ramp rates, hold times) as before.
Each carbonized product was washed with deionized water by
vacuum filtration, dried at 80 C to obtain the lignin-derived porous
carbon (LDMC), identified as either LDMC-700, LDMC-800 and
LDMC-900 according to the carbonization temperature, and then
sulfonated with concentrated sulfuric acid in a hydrothermal
reactor (25 mL) at a solid-to-liquid ratio (g/mL) of 1:20, and a
temperature of 180 C for 12 h. Finally, the sulfonated product was
washed with deionized water by vacuum filtration until the pH of
the filtrate was neutral, and then dried at 100 C to obtain the
lignin-derived mesoporous carbon solid acid (LDMCS) catalyst,
identified as either LDMCS-700, LDMCS-800 and LDMCS-900 (see
Fig. 1 for schematic illustration of LDMCS catalyst preparation).

2.3. Characterization of LDMCS catalysts

The FT-IR spectra were collected using a Nicolet Summit infrared
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spectrometer in the range of 4000 to 500 cm ! at a resolution of
4 cm ! and 32 scans per sample. The N, adsorption-desorption
isotherms were measured using a Micromeritics ASAP 2460 phys-
isorption instrument using a temperature setting of 196 C; the
specific surface area and pore volume were calculated by the BET
method. The XRD patterns were measured with an XRD Ultima IV
diffractometer using Cu Ko radiation with a scanning speed of
10 -min !in the range of 5-80 C.The XPS spectra were measured
with AXIS UltraDLD spectrometer using Al Ko radiation. Imaging by
SEM used a JSM-7600F scanning electron microscope at 15 kV.
Thermogravimetric analyses were carried out using a DTG-60AH
thermal analyzer under N, atmosphere at a heating rate of
10 C-min !in the range of 30—800 C. The Raman spectra were
collected with DXR532 spectrometer using 532 nm laser radiation.
Finally, the -SO3H group density (mmol-g !) was measured by
WDDY-2008] microcomputer automatic potentiometric titrator
according to the acid-base back titration method [37].

2.4. Catalytic conversion of glucose to 5-HMF

Catalytic conversions started with the additions of glucose
(0.2 g), LDMCS (0.2 g), and agNaCI-THF solution (1:3, by volume,
16 mL) to a high-pressure reactor (30 mL); agNaCl refers to a
saturated aqueous sodium chloride solution. Subsequently, the
reactor was purged and pressurized with N5 (1.0 MPa) to avoid side
reactions of the 5-HMF generated and prevent the boiling of the
reaction solution. The reaction mixture was reacted at a tempera-
ture of 160 C for 2.5 h under a stirring speed of 300 rpm. After the
reaction, the high-pressure reactor was immediately quenched to
room temperature. The LDMCS catalyst was separated from the
reaction mixture by vacuum filtration and the filtrate set aside for
analysis. The LDMCS catalyst was then washed with distilled water,
dried overnight at 80 C, and used for the subsequent reactions
under the same reaction conditions. After five cycles of experi-
ments, LDMCS-700 was labeled as LDMCS-700-R. Note: In contact
with air under light or anhydrous conditions, THF is very easy to
generate potentially explosive peroxides. Therefore, this experi-
ment needs to be carried out in a ventilation equipment, and
standardized operations are required for subsequent product sep-
aration and analysis. In addition, protective equipment must be
worn throughout the experiment.

The filtrate, containing the reaction products was membrane
filtered (0.22 pm), and the contents of glucose and product were
determined by HPLC (Agilent 1260 LC) equipped with a RI detector
and an Aminex HPX-87H column. Sulfuric acid aqueous solution
(5 mM) was used as the mobile phase at a flow rate of 0.6 mL min 1
and the column and RI detector temperature were kept at 50 C.
The glucose conversion, product yield and carbon balance were
calculated by the following Eqgs. (1)—(3), respectively:

Moles of glucoseunreacted

Glucoseconversion (%)= 1 Molesof glucoseadded 100%
(1)
. Moles of product produced
Product yield (%) = =2 e); é’fglucose’; T 100% 2)
Carbon balance (%) = >_(Moles of C in product) 100%

" Moles of C in glucose converted

(3)
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Fig. 1. Schematic illustration of synthesis of lignin-derived mesoporous carbon solid acid (LDMCS) catalyst using KCl as a salt template.

2.5. Adsorption experiments of glucose and 5-HMF

The absorption amounts of the LDMCS-700 catalyst for the
glucose and 5-HMF were evaluated. Firstly, glucose (0.2 g), 5-HMF
(0.08 g), LDMCS-700 (0.2 g) and aqNaCI-THF solution (1:3, by vol-
ume, 16 mL) were added to a high-pressure reactor (30 mL). Among
them, the addition amount of 5-HMF selected in the adsorption
experiment is the amount of 5-HMF obtained under optimized
reaction conditions. Subsequently, the mixture was stirred at room
temperature for 2.5 h under a stirring speed of 300 rpm. Finally, the
LDMCS-700 catalyst was separated from the mixture by vacuum
filtration. The filtrate, containing the glucose and 5-HMF was
membrane filtered (0.22 um), and the contents of glucose and 5-
HMF were determined by HPLC mentioned above. The absorption
amounts of the LDMCS-700 catalyst for the glucose and 5-HMF
were calculated by the following Eq. (4):

(Co Ct)>< V

Q= )

where Q; (mg-g !) is the absorption amount of the LDMCS-700
catalyst for fructose or 5-HMF, V (mL) is the volume of solution,
Co (mg-mL 1) is the initial concentration of fructose or 5-HMF, C;

(mg-mL 1) is the concentration of fructose or 5-HMF after a certain
adsorption time, W (g) is the weight of LDMCS-700 catalyst.

3. Results and discussion
3.1. Structural and chemical properties of LDMCS catalysts

The LDMCS catalysts prepared at different carbonization
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Fig. 2. FTIR spectra of LDMCS-700, LDMCS-800 and LDMCS-900 catalysts.

temperatures were analyzed by FTIR spectroscopy (Fig. 2) to assess
the chemical functionalities retained and those added to the alkali
lignin. All three catalysts (LDMCS-700, LDMCS-800, and LDMCS-
900) showed signals at 1100 cm !, 1615 cm !, and 3430 cm |,
attributed to C-O, C=C, and O-H vibrations, respectively [38—40]. In
addition, weak signals near 620 cm ! and 1720 cm ' can be
attributed to the stretching vibration of C-S and the bending vi-
bration of C=0, respectively [41]. Altogether, the FTIR results
indicated that the -SOsH group was introduced into the structure of
each LDMCS catalyst by the sulfonation treatment.

The XPS spectra of LDMCS catalysts prepared at different
carbonization temperatures are shown in Fig. 3. All three catalysts
(LDMCS-700, LDMCS-800, and LDMCS-900) exhibited three main
signals in the full spectra (Fig. 3a,d,g) at 168.6, 284 and 531 eV,
which are assigned to S 2p, C 1s and O 1s, respectively [38]. The C 1s
spectra (Fig. 3b,e,h) could each be fitted with four component peaks
at 284.6, 284.9, 286.0 and 289.0 eV, corresponding to C-S, C=C, C-O
and C=0, respectively [42,43]. The O 1s spectra (Fig. 3¢,f,i) was only
fitted with two component peaks at 532.0 and 533.4 eV, which are
assigned to C=0 and C-O, respectively [44]. The S 2p spectra (see
inset of Fig. 3a,d,g) exhibited a single peak each at 168.4 eV cor-
responding to the -SOsH group [45]. These results further
confirmed that the -SOsH group was introduced into the structure
of each LDMCS catalyst by the sulfonation treatment.

The XRD patterns and Raman spectra of LDMCS catalysts are
shown in Fig. 4a and Fig. 4b, respectively. The XRD patterns (Fig. 4a)
show that all the LDMCS catalysts prepared at the three different
carbonization temperatures exhibited a broad peak at 23 and a
weak peak at 44 , which correspond to (002) and (100) diffraction
planes, respectively, consistent a partially graphitized structure
[46]. Likewise, the Raman spectra (Fig. 4b) gave results consistent
with a partially graphitized structure. Specifically, all the LDMCS
catalysts exhibited two peaks; the peak at 1340 cm ! (D-band), and
the peak at 1590 cm ! (G-band), correspond to the defects within
the carbon micro-textures and a well-defined graphitized structure
[47], respectively.

The N, adsorption-desorption isotherms and pore size distri-
bution curves of the catalysts are shown in Fig. 5. All three
adsorption-desorption isotherms (Fig. 5a) have a typical IV-type
curve with an obvious H4 hysteresis loop. The sharp increase in
N, adsorption at low relative pressure, and the presence of H4-type
hysteresis loop at medium relative pressure, together indicate the
co-existence of both microporous and mesoporous structures. The
pore-size distributions (Fig. 5b) of all three catalysts were mainly
concentrated around 4.0 nm.

The results in Table 1 show that the carbonization temperature
had an influence on the structural characteristics of the LDMCS
catalysts. For LDMCS-700, the pore volume (Vi) was higher
(0.61 cm® g ') and average pore diameter (D) was smaller (3.6 nm)
than for the other two LDMCS catalysts (Vioral = 049 cm® g 1;
D = 4.5 nm). With the increase of carbonization temperature, the
specific surface area (Sggr) trended downward; this is attributed to
the collapse of the pore structure caused by high-temperature
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Table 1

Structural parameters of LDMCS-700, LDMCS-800 and LDMCS-900 catalysts.
Catalyst Sger (m?-g 1) Viotal (cm?-g 1) D (nm)
LDMCS-700 1123.0 0.61 3.6
LDMCS-800 956.6 0.49 4.5
LDMCS-900 887.6 0.49 4.5

carbonization.

The surface morphology of LDMCS catalysts prepared under
different carbonization temperatures are shown in Fig. 6. As seen
from SEM images, all the LDMCS catalysts exhibited irregular and
porous surface structures with micron-scale pores, indicating they
also contained a certain amount of macropores. In addition, the
appearance of fine particles and faults may be caused by subse-
quent sulfonation [48—50].

The thermal stability of the three LDMCS catalysts was
demonstrated by TGA, and as expected, the LDMCS-700 catalyst
was the least stable (Fig. 7). As seen from Fig. 7a, all LDMCS catalysts
showed weight loss near 100 C from the evaporation of water. The
most significant weight loss near 220 C is likely from the con-
version of -SO3H groups into volatile sulfide molecules [51]. Given
that the largest weight loss rate (Fig. 7b) was near 220 C, the range
of reaction temperatures for the glucose conversions was set be-
tween 140 C and 190 C to ensure the thermal stability of LDMCS
catalyst.

3.2. Catalytic performance of LDMCS catalysts

3.2.1. Effect of carbonization temperature

The catalytic performance of LDMCS catalysts prepared at
different carbonization temperatures for the conversion of glucose
to 5-HMF was studied using a reaction temperature of 160 C, re-
action time of 3 h, catalyst loading of 1 mg mg !, and an aqNaCl to
THF volume ratio of 1:3 (Table 2). Results show that the 5-HMF
yield is significantly affected by the carbonization temperature,
with LDMCS-700 resulting in the highest yield of 55.1% and LDMCS-
900 having the lowest yield of 44.6%. The higher catalytic activity of
LDMCS-700, compared to both LDMCS-800 and LDMCS-900 is
attributed to its higher specific surface area (Table 1) and -SOsH
group density (Table 2), the former being conducive to the diffusion
of glucose into the particle pores and the latter providing more
active sites for catalysis.

In addition, the catalytic effects of catalysts LDMCS-700 and
LDMCS-900 were compared based on the same amount of -SOsH
group, and the results are shown in Table S1. It was found that when
the amounts of -SO3H groups of these two catalyst were similar, in
other words, the amount of LDMCS-900 was double of LDMCS-700,
they demonstrated similar catalytic activities on the conversion of
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glucose to 5-HMF, indicating that the amount of -SOsH group is the
key factor determining the catalytic activity.

3.2.2. Effects of reaction time and temperature

The effects of reaction time and temperature were determined
for the best performing catalyst (see Table 2), that being LDMCS-
700. When the reaction time was 1.5 h, the glucose conversion
and 5-HMF yield were 59.1% and 26.8%, respectively (Fig. 8a), with
constant conditions for reaction temperature (160 C), catalyst
loading (1 mg mg !) and agNaCl to THF volume ratio (1:3). As the
reaction time increased to 2.5 h, the glucose conversion and 5-HMF
yield increased to 97.7% and 57.8%, respectively. With the further
increase of the reaction time (3.0 h), the yield of 5-HMF decreased
slightly, likely from the occurrence of undesirable side reactions,
such as rehydrations of 5-HMF to levulinic acid and/or formic acid.

The results from varying the reaction temperature, with a con-
stant condition for reaction time (2.5 h), catalyst loading
(1 mg mg 1), and aqNaCl to THF volume ratio (1:3), are shown in
Fig. 8b. When the reaction temperature was 140 C, the glucose
conversion and 5-HMF yield were each very low, at 29.1% and 5.4%,
respectively. When the reaction temperature increased to 160 C,
the glucose conversion and 5-HMF yield increased significantly to
97.7% and 57.8%, respectively. Upon further increases in the reaction
temperature, there was a stepwise decrease in the yield of 5-HMF.
These reductions in 5-HMF yield are attributed to the higher tem-
peratures causing undesirable side reactions, such as the poly-
merization of 5-HMF into humins. Based on the above results, the
optimal reaction time and temperature for the catalytic conversion
of glucose to 5-HMF via the LDMCS-700 catalyst are 2.5 h and
160 C, respectively.

3.2.3. Effect of catalyst loading

The effect of LDMCS-700 catalyst loading on glucose conversion
and 5-HMF yield was then investigated for the LDMCS-700 catalyst,
and the results are shown in Fig. 9; here the reaction conditions for
reaction time (2.5 h), reaction temperature (160 C) and aqNaCl to
THF volume ratio (1:3) were held constant. As shown in Fig. 9, the
catalyst loading has a significant impact on the conversion of
glucose and the production of 5-HMF. When no catalyst was added
to the reaction system, the conditions were sufficiently acidic to
convert 51.9% of the glucose; the yield of 5-HMF yield was 25.3%.
When the catalyst was added, using a small loading of
0.25 mg mg |, the glucose conversion and 5-HMF yield were
improved to 76.5% and 40.1%, respectively. With further increases in
catalyst loading, the glucose conversion and 5-HMF yield increased
stepwise, reaching the maximum values (97.7% and 57.8%, respec-
tively) at the catalyst loading of 1 mg mg . With further increases
in the catalyst loading, the glucose conversion showed little change,
but there was a small decrease in 5-HMF yield. Thus, an excess

Fig. 6. SEM images of LDMCS-700 (a), LDMCS-800 (b) and LDMCS-900 (c) catalysts.
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Table 2
The effect of carbonization temperature on glucose conversion and 5-HMF yield.

Catalyst Glucose conversion (%) 5-HMF yield (%) -SO3H density (mmol-g ')
LDMCS-700 99.3 55.1 2.20
LDMCS-800 98.8 49.2 1.40
LDMCS-900 98.9 44.6 1.12
80
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Fig. 8. The effects of reaction time (a) and temperature (b) on the catalytic conversion of glucose to 5-HMF. Reaction conditions: (a) reaction temperature of 160 C, LCMCS-700
catalyst loading of 1 mg mg !, and agNaCl to THF volume ratio of 1:3; (b) reaction time of 2.5 h, LCMCS-700 catalyst loading of 1 mg mg ’, and aqNaCl to THF volume ratio of 1:3.

catalytic active sites in the reaction system would seem to promote
side reactions such as the rehydration of 5-HMF to levulinic acid,
formic acid, and/or the polymerization of 5-HMF into humins [52].
Alternatively, excessive solid acid added to the biphasic solvent
system could have been suspended between the water phase and
the organic phase, thereby affecting the extraction of organic phase
to recover the 5-HMF.

3.2.4. Effect of volume ratio of agNaCl to THF

Generally, the addition of an appropriate amount of organic
solvent (such as THF) to the aqueous phase reaction system helps to
inhibit the occurrence of 5-HMF side reactions, thereby improving
yields; the prepared 5-HMF can be continuously extracted into the
organic phase through the phase separation afforded by the
agNaCl-THF mixed solvent system (see Fig. 10a). Additionally, the
use of a mixed solvent system, with aqueous and organic phases,
can also reduce the use of organic solvents, thereby providing
possible opportunities to reduce production costs and environ-
mental pollution. The effect of the volume ratio of agNaCl to THF on
the glucose conversion and 5-HMF yield was explored, and the
results are shown in Fig. 10b. A low glucose conversion of 68.3% and
very low 5-HMF yield of 12.5% were obtained in using the pure NaCl

saturated aqueous solution alone. With the addition of THF to the
reaction system, the glucose conversion and 5-HMF yield both
increased significantly, and reached the maximum values (97.7%
and 57.8%, respectively) using an agNaCl to THF volume ratio of 1:3.
The advantage of the biphasic solvent system used in the present
study is clearly demonstrated by a very low yield of 5-HMF (2.8%) in
THF alone, despite a high conversion of glucose (96.5%).

3.2.5. Effects of reaction solvent and catalyst type

The effects of reaction solvent and catalyst type on the catalytic
conversion of glucose to 5-HMF are shown in Fig. 11a and Fig. 11b,
respectively. As shown in Fig. 11a, the catalytic performance of
LDMCS-700 in a single phase system of H,O, THF, DMSO, and N,N-
Dimethylformamide (DMF) were all much lower than that of the
aqNaCI-THF biphasic solvent system; although the organic solvents
alone gave comparable conversions of glucose, the 5-HMF yields
were all very low (<12.9%). With the aqNaCI-THF biphasic solvent
system as the reaction medium, the 5-HMF that was generated
could be continuously extracted into the organic phase, thereby
reducing its conversion into levulinic acid and formic acid by
rehydration.

Results presented up to this point demonstrate that lignin-
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Fig. 9. The effect of LDMCS-700 catalyst loading on the catalytic conversion of glucose
to 5-HMF. Reaction conditions: reaction time of 2.5 h, and reaction temperature of
160 C, and agNaCl to THF volume ratio of 1:3.

derived catalysts developed in the current study were clearly useful
for the conversion of glucose to 5-HMF, particularly when using the
agNaCl-THF biphasic solvent system. For comparison to currently

Glucose conversion (%)

agNaCI-THF
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available commercial catalysts such as metal oxides (Nb2Os), het-
eropolyacids (phosphotungstic acid, PTA), metal chlorides (FeCls),
molecular sieves (HZSM-5), and acid ion exchange resin (Amber-
lyst-15), these alternative catalysts were used in reactions carried
out using the optimum reaction conditions for LDMCS-700.
Although this comparison is does not optimize the reaction con-
ditions for these other catalysts, Fig. 11b shows in relative terms
that LDMCS-700 performs well, and we can attribute this to its high
specific surface area and -SOsH group density. In addition, it was
found that the adsorption amounts of LDMCS-700 catalyst for
glucose and 5-HMF were 1952 mg g ' and 454 mg g ', respec-
tively. The adsorption amount of LDMCS-700 catalyst for glucose is
higher than that of 5-HMF, which helps the conversion of glucose
and reduces the occurrence of side reactions related to 5-HMF. This
may be another reason why the LDMCS-700 catalyst has
outstanding catalytic performance in the conversion of glucose to
5-HMF.

And the catalytic performance of LDMCS-700 also compares
well to different sulfonated solid acids in different reaction solvents
reported in the literature for the catalytic conversion of glucose to
5-HMF (Table 3). Overall, in the present study we demonstrate the
lignin-derived mesoporous carbon solid acid can be prepared that
has better catalytic performance than many other solid acid cata-
lytic systems.

3.2.6. Stability of LDMCS catalysts
In order to investigate the stability of LDMCS catalysts for the
conversion of glucose to 5-HMF with the agNaCl-THF biphasic
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Fig. 10. (a) Schematic illustration of the LDMCS-700 catalytic conversion of glucose to 5-HMF and (b) The effect of volume ratio of agNaCl to THF on the catalytic conversion of
glucose to 5-HMF. Reaction conditions: reaction time of 2.5 h, reaction temperature of 160 C, and catalyst loading of 1 mg mg .
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Catalytic performance of different sulfonated solid acids for the conversion of glucose to 5-HMF in different solvents.

Catalyst Solvent Time (h) Temp ( C) Glucose Conversion (%) 5-HMF Yield (%)
MPR-SO3H/Yb(OTf), [53] SBP/H,0 4 170 75.0 52.0
MCM-41-IM-HSO4-Cr(III) [54] DMSO 4 140 99.0 435
MIL-101(Cr)-SOsH [55] THF/H,0 24 130 — 34.0
MIL-101(Cr)-SO3H [56] GVL/H,0 2 150 - 449
UIO-66(Zr)SOsH/PDA-PU [57] DMSO 2 120 — 56.6
UiO-66(Zr)-SO3H-NH,/PDA-GO [58] DMSO 2 120 — 55.8
UIO-66(Zr)-SO3H-NH; [59] DMSO 12 140 - 49.7
PCP(Sn)-SO3H/PDA-MnO; [60] THF/H,0 6 150 73.2 41.2
PCP(Sn)-SO3H-IMD [61] THF/H,0 5 160 — 49.8
MAM-CNC-COF-SO3H/SBA-15 [24] DMSO 4 120 70.0 45.0
CNT-SOsH [62] DMSO 1 140 99.0 57.0
CNF-SO3H [62] DMSO 1 140 99.0 46.0
PTSA-Ca/AC [63] MIBK/H,0 24 180 91.0 57
B-cyclodextrin-SOsH [64] DMSO 5 180 - 47.0
AC-Zn-SOsH [65] agNaCl-THF 8 160 65.4 51.0
LDMCS-700 (This work) aqNaCl-THF 2.5 160 97.7 57.8

Note: SBP, GVL and MIBK are 2-sec-butylphenol, y-valerolactone and methyl isobutyl ketone, respectively.

solvent system, five reaction cycles were carried out, repeatedly
using same sample of LDMCS-700. As shown in Fig. 12, there was a
small stepwise reduction in 5-HMF yield; however, the 5-HMF yield
remained reasonably high at 40.2% after five cycles. In addition, the
weight loss of LDMCS-700 after each cycle under optimized con-
ditions was recorded and shown in Table S2. To further explore the
changes of the LDMCS-700 catalyst after five cycles of experiments,
recovered catalyst LDMCS-700-R was characterized. Compared
with LDMCS-700 (2.20 mmol g 1), it was found that the -SOsH
group density of LDMCS-700-R decreased to 1.20 mmol g ! after
five reaction cycles, which in turn caused the decrease of 5-HMF
yield. The N, adsorption-desorption isotherm and pore size dis-
tribution curve of LDMCS-700-R (Fig. S1) suggest that the catalyst
still maintained its original carbon skeleton structure. In addition,
as listed in Table S3, the specific surface area and pore volume of
LDMCS-700-R decreased from 1123.0 m?> ¢ ! and 0.61 cm® g ! to
919.4 m? g ' and 0.45 cm® g !, respectively, which should be
attributed to the blocking of some pore structure by reaction
byproducts such as humins. The decrease of specific area would
cause less efficient absorption of reaction substrate and conse-
quently resulted in decreased product yield. Based on the above
results, it could be concluded that the decrease in the catalytic

60
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Fig. 12. Catalyst reusability in the catalytic conversion of glucose to 5-HMF. Reaction
condition: Reaction time of 2.5 h, reaction temperature 160 C, catalyst loading of
1 mg mg ! and agNaCl to THF volume ratio of 1:3.

activity of the LDMCS-700 catalyst after five reaction cycles was due
to the changes to the catalyst itself, such as the loss of -SO3H groups
on its structure as well as partially blocking of its porous structure
during the conversion process [66].

3.2.7. Assessment of carbon balance and the amount of waste liquid
generated

The main product yields and carbon balance in the catalytic
conversion of glucose to 5-HMF with LDMCS-700 under optimized
conditions are shown in Table S4. It can be seen that the glucose
conversion was 97.7%, and the total yield of these 4 main products
was around 80.0%. In addition, after calculation, the carbon balance
here was 65.7%. Other reaction products were not detected by high
performance liquid chromatography, which should be oligomers
and humins that are commonly generated during reactions
involved carbohydrate [67]. In addition, the amount of waste liquid
generated from the conversion of glucose to 5-HMF catalyzed by
lignin-derived mesoporous carbon solid acid was also calculated
based on per kg of 5-HMF production (no consideration of catalyst
reusability). There are mainly three generation stages of waste
liquid. Firstly, the preparation of the lignin-derived porous carbon-
based support involves the removal of KCl by water washing,
approximately 300 mL of waste liquid was generated. Secondly, the
sulfonation of the lignin-derived porous carbon-based support in-
volves the removal of the free H,SO4 by water washing, approxi-
mately 2500 mL of waste liquid was generated. Finally, the catalytic
conversion of glucose to 5-HMF involves the addition of an agNaCl-
THF biphasic reaction solvent, approximately 200 mL of waste
liquid was generated. Based on the above results, it is found that
around 3 kg of waste liquid was generated based on per kg of 5-
HMF production.

4. Conclusions

A series of LDMCS catalysts were prepared by carbonization and
sulfonation of an alkali lignin, a biomass-based carbon source with
inherently high carbon content; this was done using KCI as a salt
template. Compared with sulfonated solid acids and other types of
solid acids, the prepared LDMCS can achieve effective catalytic
conversion of glucose to 5-HMF in an agNaCl-THF biphasic solvent
system under relatively mild reaction conditions. Using a reaction
temperature of 160 C, reaction time of 2.5 h, and catalyst loading of
1 mg mg !, a glucose conversion of 97.7% and 5-HMF yield of 57.8%
were achieved. Thus, these lignin-derived solid acid catalysts had
sufficient catalytic active sites available, and these are attributed to
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their high specific surface area and -SO3H group density. Finally,
using the agNaCl-THF biphasic solvent system as the reaction me-
dium, the 5-HMF generated could be continuously extracted into
the organic phase, thereby inhibiting undesirable side reactions
that can reduce the 5-HMF yield.
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