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ARTICLE INFO ABSTRACT

Keywords: A lignin-derived mesoporous carbon solid acid catalyst (LDMCC) was prepared using alkali lignin as a carbon
Lignin source and KCl as a salt template to generate a carbon support that was carboxylated with acrylic acid. The
Weak acid prepared LDMCCs were characterized by various spectroscopies (FTIR, XPS, XRD, Raman), porosity de-
xzs;g :éous carbon terminations (BET), microscopies (SEM, TEM), thermogravimetric analysis, and acid-base titration. The LDMCC
5-HMF produced at the highest carbonization temperature (900 °C) possesses a rich porous structure, high specific

surface area (1197.1 m2.g™1), large pore volume (0.63 cm®.g™1), and abundant -COOH groups (2.4 mmol-g~1).
This weakly acidic catalyst exhibits excellent synergistic catalytic performance with DMSO in the catalytic
dehydration of fructose to prepare 5-hydroxymethylfurfural (5-HMF); the yield of 5-HMF was 96.0% using
dimethy] sulfoxide as the solvent, reaction conditions of 180 °C for 2.0 h, and a catalyst loading of 0.1 mg-mg .
In addition, the prepared LDMCC exhibits excellent reusability over five cycles of use without significant loss in
its catalytic activity. This study provides a novel green route for the preparation of a weakly acidic catalyst which
may be useful for a variety of biomass conversion processes.

Solid acid catalyst

1. Introduction

As a renewable and versatile platform compound, 5-hydroxymethyl-
furural (5-HMF) can be employed as an intermediate to synthesize
biofuels [1-3], such as 2,5-dimethylfuran [4] and 5-ethoxymethylfurfu-
ral [5], and high-value chemicals, such as levulinic acid [6] and 2,5-fur-
andicarboxylic acid [7]. In recent years, 5-HMF has been obtained
through the conversion of a series of renewable biomass-derived car-
bohydrates [8-10], such as fructose [11], glucose [12], sucrose [13],
cellobiose [14], and cellulose [15]. The catalytic dehydration of fructose
is considered to be a promising route to prepare 5-HMF with a high yield
and under mild conditions [16,17].

Homogeneous catalytic systems have been widely applied to the
dehydration of fructose to 5-HMF, with examples being ionic liquid
[18], organic acid [19] and mineral acid [20] catalysts. Heterogeneous
catalytic systems are gradually becoming more competitive, with ex-
amples being polymer [21], zeolite [22], metal oxide [23], heteropoly
acid [24], functionalized silica [25], carbonaceous acid [26], and acidic

ion-exchange resin [27] catalysts. Compared with the homogeneous
catalyst systems, the heterogenous catalyst systems have advantages
including ease of separation, excellent reusability, and lower corrosion
[28,29]. Among the above-mentioned solid acid catalysts, cheaper
carbonaceous acid catalysts prepared from lignin through carbonization
and functionalization in succession have advantages of being both cost
effective to produce and chemically stabile [30]. For example, Hu et al.
[31] prepared a magnetic lignin-derived carbonaceous catalyst (MLC-
SO3H) through impregnation-carbonization-sulfonation using enzy-
matic hydrolysis lignin residue as a carbon source. Min et al. [32] syn-
thesized a carbon solid acid (LCSA) with a high specific surface area
derived from corncob lignin via simultaneous carbonization and acti-
vation followed by sulfonation. The prepared MLC-SOsH and LCSA
catalysts were both applied to the catalytic dehydration of fructose to 5-
HMF, and the 5-HMF yields of 81.1% and 75.7% can be obtained in
dimethyl sulfoxide (DMSO), respectively. Although excellent catalytic
effects can be achieved with sulfonated carbonaceous solid acid cata-
lysts, the preparation of MLC-SO3H and LCSA required sulfonation with
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concentrated sulfuric acid that may raise equipment corrosion and
environmental issues. Therefore, development of green and sustainable
weakly acidic solid acids for biomass conversion is highly desired.

In addition to the catalyst, the reaction solvent plays an important
role in 5-HMF production. Although water is the most environment-
friendly solvent, the dehydration of fructose is generally non-selective
when it is used as the reaction solvent. In order to improve the yield
of 5-HMF, other reaction solvents, including y-valerolactone (GVL) [33],
tetrahydrofuran [34], ionic liquids [35], isopropyl alcohol [36], and
DMSO [37] have been employed. Yang et al. [38] explored the effects of
different solvents (i.e., N,N-dimethylformamide, n-butyl alcohol,
ethylene glycol, toluene and DMSO) on the dehydration of fructose to 5-
HMF. Among the solvents tested in their study, DMSO gave excellent
performance for fructose dehydration to 5-HMF. Hu et al. [39] reported
the impact of typical polar aprotic solvents (i.e., N-methylpyrrolidone
(NMP), 4-methyl-2-pentanone (MIBK), 1,4-dioxane (DIO), GVL, THF
and DMSO) on the degradative condensation of fructose. And the results
revealed the distribution of the product in NMP or GVL (levulinic acid
and oligomers), DIO or THF (formic acid and oligomers), MIBK (acetic
acid and oligomers), and DMSO (5-HMF) in the initial stage of fructose
conversion, indicating that DMSO is conducive to the formation of 5-
HMF. In addition, DMSO demonstrated other advantages such as wide
availability, low toxicity, and good solvency, which entitled it an
excellent solvent for the dehydration of fructose to 5-HMF [40,41].

In the present study, a green, efficient, and simple strategy was
employed to prepare a lignin-derived mesoporous carbon solid acid
catalyst (LDMCC). An alkali lignin and KCl were used as a carbon source
and a salt template, respectively, and the weakly-acidic catalysts
generated using different carbonization temperatures followed by
carboxylation with acrylic acid. The prepared LDMCCs were charac-
terized by various spectroscopies (FTIR, XPS, XRD, Raman), porosity
determinations (BET), microscopies (SEM, TEM), thermogravimetric
analysis, and acid-base titration. The catalysts were then applied to the
catalytic dehydration of fructose to 5-HMF to determine the effects of
carbonization temperature, reaction solvent, catalyst loading, reaction
temperature, reaction time, and the volume ratio of water to DMSO on
the yield of 5-HMF. In addition, the reusability of the LDMCC was also
studied under optimized fructose dehydration conditions.

2. Experimental
2.1. Materials

Alkali lignin, KCl and acrylic acid were purchased from Sigma-
Aldrich, Nanjing Chemical Reagent Co., Ltd., and Aladdin Biochemical
Technology Co., Ltd., respectively. Both fructose and DMSO were ob-
tained from Sinopharm Chemical Reagent Co., Ltd.

2.2. Preparation of catalysts

Alkali lignin (2.0 g) and KCI (0.5 g) were thoroughly mixed with a
mortar and pestle. The mixture was then transferred to a porcelain boat
and carbonized in a high-temperature tube furnace in two stages with a
constant flow of Ny (60 mL/min): pre-carbonization stage (ramp 30 to
300 °C, 3 °C/min; hold at 300 °C for 1 h); high-temperature carbon-
ization stage (ramp 300 to 700, 800, or 900 °C, 1 °C /min, hold at 700,
800, or 900 °C for 2 h). Carbonized products were washed with distilled
water by vacuum filtration and dried at 80 °C to obtain the lignin-
derived porous carbon (LDMC).

A given LDMC (1.0 g), acrylic acid (1.0 g) and of deionized water
(8.0 mL) were added to a 25 mL hydrothermal reactor and then reacted
at 190 °C for 16 h. The carboxylated product was vacuum filtered and
washed with distilled water until the filtrate was neutral, and then dried
at 80 °C to obtain the lignin-derived mesoporous carbon solid acid
catalyst (LDMCC), labeled as LDMCC-700, LDMCC-800, and LDMCC-
900 according to the 700, 800, and 900 °C carbonization temperature,
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respectively. Additionally, after five cycles of experiments, LDMCC-900
was labeled as LDMCC-900-R. And the schematic diagram of the prep-
aration of the weakly acidic mesoporous carbon solid catalyst derived
from lignin is shown in Fig. 1.

2.3. Characterization of catalysts

The surface chemistry was assessed using a Nicolet iS50 infrared
spectrometer (4 em! resolution, 500 to 4000 em! spectral range). The
Ny adsorption—desorption isotherm was performed at — 196 °C on a
Micromeritics ASAP 2020 physisorption analyzer. Before Ny phys-
isorption, degassing pretreatment was conducted at 100 °C for 6 hin a
vacuum. Among them, the specific surface area and pore volume were
calculated by the BET method, and the pore size distribution was
calculated by the BJH model. The XRD pattern was measured on a X-
2700 diffractometer (Cu Ka radiation, 5 ~ 80°, 10°/min). The micro-
scopic morphology was observed using a FEI Tecnai G2 F20 transmission
electron microscope (200 kV) and a JSM-7800F scanning electron mi-
croscope (10 kV). The thermal stability was measured on a Shimadzu
DTG-60H thermogravimetric analyzer under N atmosphere (30 to
800 °C, 10 °C/min). The Raman spectra were collected on a Renishaw
inVia micro-Raman spectrometer (532 nm). The density of -COOH
groups (mmol-g 1) was measured by acid-base titration. First, 0.05 g of
the catalyst was put into 20 mL NaHCO3 aqueous solution (0.05 mol/L)
and stirred at room temperature for 24 h. Then the catalyst was sepa-
rated by filtration using a 0.22 pm aquo-system filter membrane, and the
filtrate was titrated with 0.1 mol/L HCl aqueous solution. Among them,
the pH value changes during the titration process were recorded by the
OAKTON pH700 pH meter. The chemical bonding state and chemical
element composition were recorded with a PerkinElmer PHI-1600 ESCA
X-ray photoelectron spectroscope (Al Ka radiation).

2.4. Catalytic dehydration of fructose to 5-HMF

For the catalytic conversions, fructose (1.0 g), LDMCC (0.1 g), and
DMSO (10 mL) were added to a 30 mL pressure tube and purged with N
atmosphere. The reaction mixture was reacted for 2 h at 180 °C under
magnetic stirring (800 rpm). After the reaction, the pressure tube was
quenched to room temperature and the spent LDMCC separated from the
reaction mixture by filtration, washed with distilled water, dried at
80 °C overnight, and used for the next reaction. The reaction mixture
contents of fructose and 5-HMF were determined by HPLC using an
Agilent 1100 HPLC system equipped with an Aminex HPX-87H column
and RI detector both maintained at 50 °C. Sulfuric acid aqueous solution
(5 mM) was used as the mobile phase at a flow rate of 0.6 mL-min*. The
fructose conversion and 5-HMF yield are calculated as follows:

Moles of fructs ted
Fructose conversion (%) = (1 - ( 0°c8 01 Tuctose unreacte > > x 100%

Moles of fructose added

Moles of 5 — HMF produced

Moles of fructose added x 100%

5-HMF yield (%) =

Carboxylation

) 2
Mixing Carbonization
Grinding ‘Washing Acrylic acid
‘
W LDMC LDMCC

Fig. 1. Schematic diagram of preparation of weakly acidic mesoporous carbon
solid catalyst derived from lignin.
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3. Results and discussion
3.1. Structural characterization of catalysts

The FTIR spectra of the LDMCCs prepared with different carbon-
ization temperatures are shown in Fig. 2. All three catalysts (LDMCC-
700, LDMCC-800 and LDMCC-900) exhibited absorption peaks at 1100
em™Y, 1710 cm ™! and 3430 ecm ™!, which are attributed to the vibrations
of C-O, C=0 and O-H, respectively [42-46]. Compared with the FTIR
spectra of LDMC-900 support, it was found that the -COOH group was
successfully introduced by the carboxylation with acrylic acid.

The XPS spectra of LDMCCs are shown in Fig. 3. In the full spectra
(Fig. 3a, d, g), all the catalysts exhibited two main signals at 284.5 eV
and 532.8 eV, corresponding to C 1 s and O 1 s, respectively [47]. The C
1 s spectra (Fig. 3b, e, h) could be fitted with three component peaks at
284.6 eV, 286.0 eV and 289.0 eV, which are assigned to C-C, C-O and
C=0, respectively [48,49]. The O 1 s spectra (Fig. 3c, f, i) was only fitted
with two component peaks at 532.0 eV and 533.4 eV, corresponding to
C=0 and C-O, respectively [50], consistent with the FTIR results.

The crystal structures of LDMCCs prepared with different carbon-
ization temperatures were analyzed by XRD and Raman spectroscopy,
and the results are shown in Fig. 4a and b, respectively. As seen from
XRD patterns (Fig. 4a), all catalysts exhibited diffraction peaks centered
at around 22° and 44°, with large widths and low intensities, which can
be indexed to the (002) and (100) diffraction planes of graphite,
respectively, suggesting the formation of the porous carbon with a
limited degree of graphitization. In addition, two distinct peaks were
observed at around 1340 cm ™! (D-band) and 1590 cm ™! (G-band) in the
Raman spectra (Fig. 4b), which are attributed to disordered and
graphitic carbon structure, respectively [51]. The intensity ratio of the D
band to G band (Ip/Ig) reflects the degree of graphitization, and the
lower ratio value means the higher degree of graphitization. The Ip/Ig
values of LDMCC-700, LDMCC-800 and LDMCC-900 are 1.65, 1.63 and
1.54, respectively, indicating that the degree of graphitization of the
LDMCCs increased with the increasing carbonization temperature.
Together, the XRD and Raman spectroscopy results indicate that
LDMCCs exhibit a partial graphite structure.

The N3 adsorption-desorption isotherms and pore size distributions
of the LDMCCs are shown in Fig. 5a and 5b, respectively. As shown in
Fig. 5a, all catalysts exhibited typical IV-type adsorption—-desorption
isotherms [52]. The sharp increase in Ny 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

LDMC-900

LDMCC-700
LDMCC-800
LDMCC-900

LDMCC-900-R

1710 em™

1100 cm™

3440 cm™

Transmitance (a.u.)

X T T T T T ) T ; T y T ;
4000 3500 3000 2500 2000 1520 1000 500
Wavenumber (cm )

Fig. 2. FTIR spectra of catalysts prepared with different carbonization tem-
peratures, LDMC-900 and LDMCC-900-R.
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mesoporous structures [53-56]. The pore size distribution of LDMCC-
800 and LDMCC-900 were the same, concentrated around 4.0 nm
(Fig. 5b); the result for LDMCC-700 was shifted to slightly smaller pore
sizes.

Differences in the textural parameters of the three LDMCCs are
shown in Table 1. Here we see that the specific surface area and pore
volume of the catalysts increased with the increase of carbonization
temperature. The LDMCC-900 catalyst possesses the highest specific
surface area (1197.1 m?. g’l) and pore volume (0.63 cm?®. g’l) compared
to the LDMCC-800 (1122.0 m?-g! and 0.59 cm®g™1) and LDMCC-700
(829.7 m2~g’1 and 0.45 cm3-g’1). The above results indicate that the
carbonization temperature has a significant effect on the structural
characteristics of the lignin-derived mesoporous carbons, and those
structural characteristics carry over to the textural parameters of the
three catalysts.

The microstructure and morphology of the LDMCCs were observed
by SEM and TEM (Fig. 6). As seen from SEM images (Fig. 6a ~ c), all the
catalysts exhibited irregular morphology and rough surfaces with
interconnected pores. The TEM images (Fig. 6d ~ f) show a rich porous
structure, consistent with the SEM results. In addition, partial areas of
slightly distorted graphene layers can be found in the high-resolution
TEM images (Fig. 6g ~ i), indicating that a certain degree of graphiti-
zation occurred during the high-temperature carbonization process
[57,58], which is consistent with the XRD and Raman spectroscopy
results.

The thermal stability of the LDMCCs are shown in Fig. 7. All three
catalysts exhibited a two-stage weight loss at approximately 100 °C and
250 °C. The slight weight loss in the first stage (0 ~ 100 °C) is mainly
due to the loss of water. Compared with the TGA curve of LDMC-900
support, the significant weight loss in the second stage (200 ~ 300 °C)
can be attributed to the decomposition of the -COOH groups. Here we
see that thermal stability of the catalysts increases with increasing
carbonization temperature. However, all the catalysts still appear to
show sufficient thermal stability to be used for the catalytic dehydration
of fructose to 5-HMF.

3.2. Catalytic performance of catalysts

3.2.1. Effect of carbonization temperature

Reaction conditions: 1.0 g of fructose, 0.1 g of catalyst, 10 mL of
DMSO, 140 °C for 2.0 h.

The catalytic performance of the LDMCCs for the dehydration of
fructose to 5-HMF in DMSO was then investigated (Table 2) to assess the
effect of the different carbonization temperatures used with the alkali
lignin. As seen from Table 2, high fructose conversions of over 98.0%
can be obtained using three catalysts prepared with different carbon-
ization temperatures. With the increase in carbonization temperature
for the LDMC used to prepare the catalyst, the yield of 5-HMF increased
up to a maximum of 74.3% for LDMCC-900; yields of 68.3% and 58.7%
were obtained for LDMCC-800 and LDMCC-700, respectively. Given that
the yields coincide with specific surface area and pore volume data, we
attribute the highest 5-HMF yield (74.3%), to the superior structural
characteristics of LDMCC-900, those being the highest specific surface
area (1197.1 m%g™1), and largest pore volume (0.63 cm®.g™1), which
are both beneficial to providing more catalytically active sites (2.4
mmol-g’l) [59].

3.2.2. Effect of reaction solvent

Along with the selection of a catalyst with the appropriate func-
tionality for the reaction being targeted, choosing a suitable reaction
solvent for that particular catalyst is also a key factor to consider. The
effect of the reaction solvent on the catalytic dehydration of fructose to
5-HMF was studied for the best performing catalyst (see Table 2), that
being LDMCC-900. As shown in Fig. 8, for most of the investigated re-
action solvents, at least half of the fructose was converted; the exception
was with water where most of the fructose remained unreacted. A good
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Fig. 4. (a) XRD patterns and (b) Raman spectra of catalysts prepared with different carbonization temperatures and LDMCC-900-R.

yield of 5-HMF (74.3%) was obtained with DMSO, but the yields of 5-
HMF were less than 15.0% in all other reaction solvents (H-O,
ethanol, ethyl acetate, acetone and GVL). The higher yield with DMSO is
attributed to the greater capacity of this solvent to inhibit the rehydra-
tion of 5-HMF into formic acid and levulinic acid by interacting with the
water molecules produced by the reaction [60].

3.2.3. Effect of catalyst loading

Our screening of various reaction solvents established that DMSO is
the most effective solvent of those evaluated for the dehydration of
fructose to 5-HMF. The effect of catalyst loading on 5-HMF yield with
DMSO as solvent was then investigated, with the results shown in Fig. 9.
Even in the absence of catalyst, the conditions within the reaction sys-
tem catalyzed the conversion of fructose to 5-HMF, with a conversion of
85.6%, but a yield of only 16.9%. When a small amount of LDMCC-900
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Fig. 5. (a) Ny adsorption—desorption isotherms and (b) pore size distribution curves of catalysts prepared with different carbonization temperatures.

Table 1

Textural parameters (specific surface area, Sggr; pore volume, Vi.,) of catalysts
prepared with different carbonization temperatures.

Sample Sper (m*g ") Viotal (cm®g 1)
LDMCC-700 829.7 0.45
LDMCC-800 1122.0 0.59
LDMCC-900 1197.1 0.63

catalyst (catalyst loading of 0.05 mg-mg ') was added to the reaction
system, the 5-HMF yield (50.9%) tripled, demonstrating its excellent
catalytic performance in the dehydration of fructose to 5-HMF. With
further increases of the catalyst loading, the 5-HMF yield gradually
increased, and reached the maximum value of 74.3% at the catalyst
loading of 0.1 mg-mg~'; this increase in 5-HMF yield is attributed to an
increase of catalytic sites in the reaction system. Further increases in
catalyst loading were of no benefit, suggesting a saturation of catalytic
sites in the reaction system. Decreases in 5-HMF yield with catalyst

Fig. 6. SEM (a: LDMCC-700; b: LDMCC-800, and c¢: LDMCC-900), TEM (d: LDMCC-700; e: LDMCC-800, and f: LDMCC-900) and high-resolution TEM (g: LDMCC-700;
h: LDMCC-800, and i: LDMCC-900) images of the LDMCC catalysts.
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Table 2
The effect of carbonization temperature on fructose conversion and 5-HMF
yield.

Catalyst Fructose conversion 5-HMF yield

(%) (%)

—COOH density
(mmol- g’l)

LDMCC- 99.3 58.7 2.0
700

LDMCC- 99.5 68.3 2.0
800

LDMCC- 98.9 74.3 2.4
900

110 90

100 I 80

o
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3 ®
[
1 1
T
H-S
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Fructose conversion (%)
E
1
T
=

20 +
10 H

H,O Ethanol Ethyl acetate Acetone GVL DMSO

Reaction solvent

Fig. 8. The effect of reaction solvent on fructose conversion and 5-HMF yield.
Reaction conditions: 1.0 g of fructose, 0.1 g of LDMCC-900 catalyst, 10 mL of
reaction solvent, 140 °C for 2.0 h.

loadings above 0.1 mg-mg~! were extremely minor but could suggest
that the solid catalyst, when present in excessive amounts, could result
in the rehydration of 5-HMF to form other by-products such as formic
acid and levulinic acid [61].

3.2.4. Effects of reaction temperature and reaction time

Given the results from the catalyst loading experiment, a catalyst
loading of 0.1 mg-mg~! was selected as optimal and used in our sub-
sequent experiments. Next, we determined the effects of reaction tem-
perature and reaction time on 5-HMF yields. Fig. 10a shows that when
the reaction temperature of 120 °C was used, the 5-HMF yield and
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fructose conversion were 73.1% and 52.4%, respectively. With
increasing reaction temperature, from 120 °C to 180 °C, the fructose was
completely converted, and the yield of 5-HMF increased to a maximum
of 96.0%. The literature shows that DMSO begins to slowly decompose
around its boiling temperature (189 °C) [62]. To further explore the role
of DMSO in the catalytic dehydration of fructose to 5-HMF, additional
reactions without adding catalyst were carried out at three temperatures
(140°C, 160 °C and 180 °C) and the results were compared with those in
the presence of catalyst LDMCC-900 as shown in Table S1. It can be seen
from Table S1 that high fructose conversions were achieved at relatively
low temperature of 140 °C (around 85.0%) in the absence of catalyst,
indicating the catalytic effect of DMSO with fructose conversion. How-
ever, only 16.9%, 26.1% and 33.6% of 5-HMF yields were obtained
under 140 °C, 160 °C and 180 °C, respectively. Noteworthy, when a
small amount (0.1 g) of LDMCC-900 catalyst was added to the reaction
system, the yields of 5-HMF increased dramatically to 74.3%, 84.8% and
96.0%, respectively, under the same reaction conditions, which fully
demonstrated the excellent catalysis performance of LDMCC-900.
Therefore, it can be concluded that the high yield of 5-HMF from the
dehydration of fructose catalyzed by LDMCC-900 in DMSO can be
attributed to the synergistic effect of the catalyst (LDMCC-900) and the
solvent (DMSO). Back to Fig. 10a, increasing the reaction temperature
just 10 °C more, to 190 °C, resulted in the yield of 5-HMF to drop to
84.9%. Given that the color of the reaction mixture changed to dark
brown or black with this 10°increase in temperature, thermal degrada-
tion of the reaction product seemingly accelerated, resulting in unde-
sirable side reactions such as the polymerization or cross-polymerization
of 5-HMF and/or fructose into humins [63,64].

Regarding the effects of reaction time (Fig. 10b), essentially all
fructose was converted with reaction times ranging from 0.5 to 3 h. For
the yield of 5-HMF, that gradually increased with longer reaction times,
reaching the maximum value (96.5%) at a reaction time of 2.5 h; lower
5-HMF yields observed with shorter reaction times have shown the
presence of partially dehydrated intermediates [59]. As the reaction
time further increased to 3.0 h, the yield of 5-HMF decreased to 88.3%,
likely because excessive reaction time caused the occurrence of unde-
sirable side reactions, such as the rehydration of 5-HMF to levulinic acid
and formic acid [65]. Considering the economic and actual needs, the
reaction temperature and reaction time of 180 °C and 2.0 h, respec-
tively, were selected as the optimal reaction conditions for the dehy-
dration of fructose to 5-HMF (fructose conversion of 100% and 5-HMF
yield of 96.0%).

3.2.5. Effect of volume ratio of water to DMSO
As a dehydration reaction, the addition of water in the solvent system
should significantly affect the catalytic performance of the LDMCC-900.
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The effect of the volume ratio of water to DMSO on 5-HMF yield was
investigated by 6 different solvent ratios as shown in Fig. 11. In the
presence of the LDMCC-900, the fructose conversion of up to 87.2%
could be obtained, while the 5-HMF yield was only 42.4% with water
alone as the reaction solvent. This is mainly due to the instability of 5-
HMF, which is easily rehydrated to form formic acid levulinic acid;
also, 5-HMF can cross-link to form humins at a high temperature [66].
With the increase of DMSO content in the solvent system, the yield of 5-
HMF gradually increased and reached the maximum value of 96.0% in
pure DMSO, demonstrating a that stepwise additions of water impart a
stepwise reduction in the yield of 5-HMF.

3.2.6. Reusability of catalysts

In addition to catalytic activity, the reusability of the catalyst is
another important aspect of its catalytic performance. To study the
reusability of LDMCC-900 in the catalytic dehydration of fructose to 5-
HMF in DMSO, five cycles of experiments were carried out (Fig. 12).
After the fifth cycle, a 5-HMF yield of 89.5% could still be maintained.
The density of the -COOH groups on LDMCG-900-R was 2.2 mmol-g !
also measured by acid-base titration. Compared with LDMCC-900 (2.4
mmol-g~1), the density of -COOH groups on LDMCG-900-R decreased
slightly after five reaction cycles. The slight decrease in 5-HMF yield
may be attributed to the loss of -COOH groups and the deposition of
polymer by-products on LDMCC-900 during the dehydration process
[67]. In addition, the additional recycling experiments were carried out
under milder reaction conditions (1.0 g fructose, 0.1 g catalyst, 10 mL
DMSO, 120 °C for 2.0 h) and consequently, lower conversion and yields
were observed than those at optimized reaction conditions. The results
are listed in Fig. S1. It can be seen that at lower fructose conversion and
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Fig. 11. The effect of volume ratio of water to DMSO on fructose conversion
and 5-HMF yield. Reaction conditions: 1.0 g of fructose, 0.1 g of LDMCC-900
catalyst, 10 mL of reaction solvent, 180 °C for 2.0 h.

100

20
10 4
0 -
1 2 3 4 5

Run number

[~} o
= =3
1 1

1

3
=

(=)
=]

n
=

5-HMF yield (%)

w
=l

Fig. 12. Catalyst reusability in the dehydration of fructose to 5-HMF. Reaction
conditions: 1.0 g of fructose, 0.1 g of LDMCC-900, 10 mL of DMSO, 180 °C for
2.0 h.

5-HMF yield, the catalyst LDMCC-900 only provided slightly decreased
catalytic activity, indicating that LDMCC-900 has excellent reusability.
The excellent reusability of LDMCC-900 demonstrates its potential as a
green and sustainable catalyst for the dehydration of fructose to 5-HMF
in DMSO.

To further explore the changes of the LDMCC-900 catalyst after five
cycles of experiments, recovered catalyst LDMCC-900-R was charac-
terized with FTIR, XRD, Raman, SEM and TGA. The results were
compared with those of the fresh prepared catalyst LDMCC-90. The FTIR
spectra (Fig. 2) and SEM image (Fig. S2) of LDMCC-900-R confirm that
the surface functional groups and porous carbon framework of LDMCC-
900 did not undergo obvious changes after the recycling experiments.
Nevertheless, as depicted in the XRD (Fig. 4a), the peak intensity at 22°
assigned for the (002) plane of amorphous carbon in LDMCC-900-R
increased slightly, indicating the decrease in the degree of graphitiza-
tion after the recycling experiments. The Raman result (Fig. 4b) shows
that the Ip/Ig value (1.59) is slightly higher than that of LDMCC-900,
which is in agreement of the XRD results. This result should be attrib-
uted to the increase of defects in the structure of LDMCC-900-R during
the recycling experiments. Noteworthy, the TGA curve (Fig. 7) of
LDMCC-900-R suggests that although the thermal stability of recovered
catalyst is slightly lower than that of fresh prepared catalyst, it still
shows sufficient thermal stability for the catalytic dehydration of fruc-
tose to 5-HMF.
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4. Conclusions

A series of LDMCCs was prepared using alkali lignin as the carbon
source and KCl as the salt template to generate a carbon supports at
different carbonization temperatures that were then carboxylated with
acrylic acid. The prepared LDMCC-900 has excellent structural charac-
teristics such as high specific surface area, large pore volume and suf-
ficient -COOH groups, and exhibits excellent synergistic catalytic
performance with DMSO in the catalytic dehydration of fructose to 5-
HMF. A 5-HMF yield of 96.0% was obtained in DMSO at 180 °C for
2.0 h with a LDMCC-900 loading of 0.1 mg-mg~. Moreover, no signif-
icant decrease in catalytic activity was observed after five cycles of
LDMCC-900 use, indicating that it has good reusability. Compared with
sulfonated solid acid catalyst reported in the literature, the catalytic
performance of the LDMCC-900 for the dehydration of fructose to 5-
HMF is comparable in terms of yield although a slightly higher reac-
tion temperature may be required. More importantly, the preparation
process of LDMCC is greener than sulfonated solid acids, mainly because
the former is simply functionalized with acrylic acid, while the latter
generally require concentrated sulfuric acid for the sulfonation.
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