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Abstract: Currently, the utilization of lignocellulose mainly focuses on the conversion of polysac-
charide components to value-added chemicals, such as ethyl levulinate (EL). Lignin is an important
component of lignocellulosic biomass that is often neglected. Herein, ternary polymeric carbon (TPC–
S) was synthesized by polymerization of mixed monomers (4-methylphenol, 4-ethylphenol, and
4-propylphenol) derived from lignin and subsequent sulfonation, which was used as a heterogeneous
catalyst for the transformation of fructose to EL. Through a series of characterization methods, it
was illustrated that the prepared catalyst had a layered porous structure. The calculated carbon
layer spacing is 0.413 nm, and the average pore size is 5.1 nm. This structure greatly increases the
specific surface area (165.2 m2/g) of the catalyst, which makes it possible to introduce more –SO3H
species in the process of sulfonation, thus furnishing EL with increased yield. The effects of reaction
temperature, time, catalyst dosage, and fructose initial concentration on the production of EL were
investigated. It was found that 70.3% EL yield was detected at 130 ◦C for 10 h. In addition, the catalyst
had good stability and could obtain 65.6% yield of EL in the fourth cycle. The obtained catalyst
has the advantages of low cost, easy preparation, and high catalytic efficiency, which is expected to
achieve efficient utilization of lignin and provide a potential solution for the future production of EL.

Keywords: biomass conversion; ethyl levulinate; lignin; fructose; sulfonation

1. Introduction

Lignocellulose, as one of the renewable sources of energy, is estimated to increase by
approximately 120 billion tons annually worldwide [1]. However, such a large amount
of lignocellulose faces the usual problem of not being used with high value. Most of it
is disposed of by direct combustion or landfill, which not only produces large amounts
of CO2 to pollute the environment but also occupies living space [2]. Lignocellulosic
biomass is calculated to be equivalent to 50 billion tons of fossil energy if fully utilized [3].
Therefore, improving its utilization efficiency is of great significance to economic growth,
environmental friendliness, and social progress [4]. For example, lignocelluloses can be
converted into fuels and fine chemicals by thermochemical conversion. The products
obtained by its transformation involve various C5 (e.g., xylose, arabinose) and C6 (e.g.,
glucose, fructose, galactose, and mannose) sugars, and their derivatives such as furfural
(FF), 5-hydroxymethylfurfural (HMF), levulinic acid (LA), 5-ethoxymethylfurfural (EMF),
and ethyl levulinate (EL) [5–8]. EL, as a short-chain platform molecule, is widely used
in various fields. Because of its unique flavor and appropriate viscosity, it is often used
as a food flavoring agent and plasticizer [9]. In addition, it has a high energy density
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(24.8 MJ/L), which can reduce the emission of toxic gases (SOX, NOX) when mixed with
traditional diesel (<5 wt%) [10]. At the same time, it can improve the low-temperature
fluidity of mixed diesel and give it better combustion efficiency [11]. EL is also used as the
substrate for the synthesis of downstream products, such as γ-valerolactone obtained by
the transfer hydrogenation of EL [12].

Currently, there are three main methods for preparing EL from biomass and its deriva-
tives: (i) LA is directly esterified in ethanol, (ii) alcoholysis of furfuryl alcohol (FA), and
(iii) multistep alcoholysis of biomass (e.g., cellulose, glucose, and fructose). Although LA
and FA as raw materials can produce high-yield EL [13,14], the high price makes them
unable to be widely used. Cellulose and glucose as substrates to produce EL can solve the
problem of expensive raw materials, but the problem of low yield of target products still
needs to be solved. However, fructose, as a cheap biomass-derived monosaccharide, is
more easily converted to desired products. Therefore, the development of an appropriate
acid to convert fructose into EL is a good choice.

In the system without a catalyst, EL can be obtained by high-temperature reactive
distillation [15], but the energy consumption of the reaction process is too high, which
is extremely unfavorable for obtaining EL from biomass in the future. In the traditional
catalytic system, many inorganic liquid acids (e.g., H2SO4, HCl, and H3PO4) have been
explored for the synthesis of EL [16,17]. However, the use of these acids will cause some un-
satisfactory problems, such as equipment corrosion, cumbersome steps for separation and
purification, lack of reusability, and increased costs. Therefore, recyclable heterogeneous
catalysts are selected as alternatives. Thus far, many solid catalysts have been designed for
the synthesis of EL, including modified zeolites [18], supported heteropoly acids, modified
montmorillonite [19], sulfonic acid-based solid catalysts [9], etc. In the catalytic conversion
of biomass and its derivatives to EL, many heterogeneous acids with high acidity are more
prominent [20]. The sulfonic acid-based solid catalysts usually contain high acidity. For
example, Wang et al. synthesized Zr-DBS solid catalyst containing a sulfonic group with
sodium dodecyl benzene sulfonate and ZrOCl2, which was used for the alcoholysis of FA
to EL (95.27% yield) [21]. Guo et al. reported an aminosulfonated carbon and evaluated
the alcoholysis/esterification properties of FA and LA [9]. Tian et al. prepared sulfonated
attapulgite (ATTP) catalyst with ATTP as the support for the evolution of FA to EL [22].
However, considering the complex preparation process and high cost of these sulfonated
precursors, these catalysts are not applicable for economic benefits, and thus the develop-
ment of low-cost sulfonated carriers is of more practical significance. As cheap renewable
energy sources in the biosphere, cellulose and hemicellulose can be upgraded to high-value
products through chemical or biological transformation. However, lignin, as one of the
main components of lignocellulose, faces the negative issue of difficult utilization [23].

In order to promote the effective application of lignin, in this study, a polymeric carbon
catalyst (TPC–S) was synthesized through (1) polymerization and (2) sulfonation of three
lignin derivatives under mild (80 ◦C) conditions. Furthermore, the TPC–S was used to study
the reaction parameters of fructose-to-EL conversion. The optimal catalytic parameters were
found to obtain 70.3% EL at 130 ◦C for 10 h. At the same time, the physicochemical charac-
terization of TPC–S showed that it had an obvious layered porous structure. This allowed
the catalyst to introduce more –SO3H groups, resulting in higher acid density (5.32 mmol/g),
which could be more effective for catalytic conversion of fructose to obtain EL.

2. Results and Discussion
2.1. Catalyst Characterization

FT-IR spectra of TPC and TPC–S were recorded in the range of 4000–500 cm−1

(Figure 1a). The band at 3440 cm−1 was attributed to –OH stretching vibration on benzene
rings. The band near 2960–2870 cm−1 was the C–H stretching vibration of methylene. This
proves that aromatic monomers were polymerized successfully. The bands at 1620 cm−1

and 1460 cm−1 belonged to the C=O stretching vibration of carboxyl group and C=C
stretching vibration of the aromatic ring, respectively. In addition, in the TPC–S catalyst,
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the characteristic peak of S-phenyl stretching vibration appeared at 1035 cm−1 [24], but it
was not found in TPC. This indicated that –SO3H was successfully grafted onto the benzene
ring of TPC.
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Figure 1. (a) FT-IR spectra and (b) XRD diffraction patterns of TPC and TPC–S.

Figure 1b shows the XRD diffraction patterns of TPC and TPC–S. A wide diffraction
peak (002) at 10–30◦ was observed for TPC and TPC–S due to the amorphous structure
of polymeric carbon derived from aromatic carbon. TPC–S prepared by sulfonation of
TPC had no change except a decrease in peak intensity. This is because the concentrated
H2SO4 affects the structure of the chemical bonding of the biocarbon [25]. Generally, carbon
with an amorphous structure is due to its disordered layered structure [26], indicating that
the polymeric carbon is stacked by aromatic carbon layers. The carbon layer spacing of
the catalyst was calculated by the Bragg formula, as shown in Table 1. The carbon layer
spacing of TPC–S was 0.413 nm, slightly smaller than that of TPC (0.443 nm) because the
introduction of –SO3H reduced the distance between carbon layers. This further proved
the successful introduction of –SO3H into TPC.

Table 1. The distance between carbon layers of TPC and TPC–S.

Entry Catalyst 2θ002 (◦) d002 (nm)

1 TPC–S 21.57 0.413
2 TPC 20.1 0.443

The XPS spectra of the unsulfonated sample (TPC) and sulfonated sample (TPC–S)
were detected to identify the elemental composition (Figure 2). Figure 2a provides the C
1s, O 1s, and S 2p XPS signal bands of TPC and TPC–S, which showed peaks at 284 eV,
533 eV, and 169 eV, respectively. The S 2p signal band was not found in TPC. The C 1s
fitting spectra of TPC–S (Figure 2b) showed four single peaks at 288.8 eV, 286.5 eV, 285.1 eV,
and 284.4 eV, corresponding to –COOH, C–O, C–C, and aromatic carbon, respectively [27].
The O 1s peak of TPC-S could be deconvoluted into three components at 534.0 eV, 532.8 eV,
and 531.5 eV, which were due to the C–OH of phenol and the S=O and S–OH of –SO3H,
respectively [28]. The S 2p XPS fitting spectra (Figure 2d) of TPC–S indicated the presence
of S6+ (168.5 eV) in it [29]. These results indicated that –SO3H was successfully grafted onto
TPC after sulfonation with H2SO4.
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Figure 2. (a) XPS spectra of TPC and TPC–S, and (b) C 1s, (c) O 1s, and (d) S 2p XPS spectra of TPC-S.

The NH3-TPD profile of TPC–S is shown in Figure 3. Two absorption peaks could be
observed, one from 50 to 125 ◦C belonging to weak acid sites, and the other from 125 to 300 ◦C
belonging to strong acid sites [30]. The peak areas of the two acid sites were fitted, and the
corresponding acid densities were calculated to be 0.59 mmol/g and 4.73 mmol/g, respectively.
Compared with other carbon carriers [9], the high acid density of TPC–S was due to the
existence of a layered structure, which provided more sites for sulfonic group grafting [31].
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The interior microstructure of TPC–S was observed by HR-TEM (Figure 4a,b). It could
be seen that TPC–S is an amorphous structure without crystal form, which is consistent
with the XRD results. The lamellar structure could be observed, further proving that TPC–S
is stacked by aromatic carbon layers. The HAADF-STEM and element mapping diagram of
TPC–S (Figure 4c–f) showed that the elements (C, O, and S) are evenly distributed on the
TPC–S, signifying that the active sites (–SO3H) of the TPC–S are equally dispersed, which
is more beneficial to the reaction.
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The surface morphology of TPC–S, revealed by SEM images, is instead shown in
Figure 4g–i. The catalyst surface is composed of many irregular particles (132.8 nm), and
the evident porous structure is formed due to the release of CO and CO2 gas during
sulfonation. Overall, the layered porous structure of the catalyst provides more accessible
sites for the reaction [32], thus promoting the whole conversion process.

Figure 5 shows the BET and BJH curves of TPC–S. The adsorption–desorption isotherms
of TPC–S was a type IV isotherm loop, with a hysteresis loop in the P/P0 from 0.8 to 1.0,
indicating that a mesoporous structure exists in the catalyst. The mesoporous structure in
the TPC–S can offer active sites for conducting the reaction more effectively and improve
the adsorption of substrates and the desorption ability of products, so as to better promote
the reaction [33]. BJH analysis showed that the average pore diameter of TPC–S was 5.1 nm,
with a specific surface area of 165.2 m2/g.
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The thermal stability of TPC–S was investigated by thermogravimetric (TG) analysis
at 25–900 ◦C, as shown in Figure 6. According to the TG curve figure, the weight loss of
TPC-S could be divided into three stages with increases in temperature. At 25–200 ◦C,
there was a 6.1% weight loss for TPC–S, which could be attributed to the removal of a
small amount of water adsorbed on TPC–S [34]. The second weight loss was 17.5% at
200–450 ◦C, due to the decomposition of –SO3H groups into SO2 [35]. The final weight
loss was 17% at 450–700 ◦C, which was the further decomposition of surface functional
groups such as –OH and –COOH [36]. In addition, it is worth noting that TG analyses were
carried out under a nitrogen atmosphere, with too much weight loss during the second and
third stages. This is because the catalyst in this study was prepared by polymerization of
aromatic monomers, during which oligomers (e.g., dimer and trimer) were formed. These
oligomers were decomposed at 200–700 ◦C [37]. The catalyst was basically carbonized at a
calcination temperature of >700 ◦C, resulting in a significant decrease in the pyrolysis rate.
The TG curve of TPC–S showed that –SO3H of the catalyst could be retained below 200 ◦C,
which ensured that the reaction temperature would be within this range.
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2.2. Catalytic Reactions
2.2.1. Effect of Temperature and Time on EL Yield

The catalytic properties of TPC–S were estimated by the conversion of fructose into
EL in the ethanol system. Firstly, the effects of reaction time on EL yields at different
temperatures were studied. The reactions were carried out with 180 mg fructose and 50 mg
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TPC-S in 5.0 mL ethanol at 90–170 ◦C for 4–15 h. As shown in Figure 7a, while the reaction
temperature was maintained at 90–130 ◦C, the yields of EL increased rapidly with the
increase of reaction temperature. High temperature promotes the formation of products
attributed to atoms or molecules involved in the reaction at high temperatures, which are
more likely to release or accept electrons [38]. Due to the complex conversion of fructose
in ethanol, it involves a series–parallel reaction network (Scheme 1). It contains three
main series–parallel chemical reactions: (a) fructose → HMF → LA → EL, (b) fructose
→ HMF→ EMF→ EL, and (c) fructose→ ethyl-d-fructofuranoside (EDFF)→ EMF→
EL. Thus, 25.4%, 6.4%, and 0.8% yields of EMF were detected at 90, 110, and 130 ◦C, re-
spectively, and 2.0% HMF was obtained at 90 ◦C. Furthermore, 48.5% and 22.4% yields of
5-(ethoxymethyl)furfural diethyl acetal (EMFdae) were detected at 90 and 110 ◦C, respec-
tively. HMF, EMF, and EMFdae with furan rings are unstable at high temperatures, and
further undergo ring-opening transformation into EL [39,40], which is one of the reasons
for high EL yield at high temperatures. However, further steady increases in temperature
(130–170 ◦C) had a faint influence on the yields of EL, and there was a slight decrease owing
to the formation of humin and other by-products at higher temperatures [41]. Humin
increased from 2.9% to 31.1% with increasing temperature. Furthermore, the by-product
formic acid produced in the reaction system reacted with ethanol to form ethyl formate,
which was also detected and increased from 8.2% to 25.1%. The optimal temperature for
obtaining a high EL yield was found to be 130 ◦C. Therefore, the effect of time on the
product formation was studied at 130 ◦C. As seen in Figure 7b, the yields of EL increased
steadily to 70.3%, and the EMF yields decreased from 3.6% to 0.8% in 4–10 h. EMF was
unstable at 130 ◦C and converted to EL over time. When the reaction time was prolonged
from 10 to 15 h, the yield of EL decreased from 70.3 to 68.4%, while the amount of humin
increased from 27.5 to 30.3%. Furthermore, during this period, the conversion of fructose
was 100%. This can be attributed to the fact that more humin adhering to the catalyst
surface with the extension of time inhibited the reaction activity [42], and the water formed
in the reaction process led to the hydrolysis of the target product [25]. Overall, the optimum
reaction time for EL yield was 10 h.
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2.2.2. Effect of Fructose and Catalyst Dosage on EL Yield

The effect of fructose and catalyst dosages on the yield of EL is shown in Figure 8a,b.
When the initial concentration of fructose was 36 g/L, the maximum EL yield (70.3%) could
be obtained. At a low initial concentration (24 g/L), the yield of EL was 52.1%. Due to the
low fructose concentration, there was excessive ethanol to compete with the catalyst active
site (–SO3H) in the reaction system, which limited the protonation of the reactants [43].
When the initial concentration of fructose continued to increase to 48 g/L and 60 g/L,
the EL yields decreased to 53.4% and 28.1%, respectively. This was due to the fact that
fructose-to-EL conversion is a complex multi-step reaction involving multiple reaction
intermediates, such as HMF, EMF, LA, and EDFF. Large numbers of fructose molecules
compete for reactive sites. In the absence of active sites, these intermediates polymerize at
high temperatures to form black insoluble (humin). Moreover, high fructose concentration
will reduce the mass transfer rate of the reaction, thereby reducing the EL yield [41]. The
amount of the catalyst also determines the yield of EL. In total, 64.3% EL was detected when
the dosage of catalyst was 25 mg, and the yield increased to 70.3% when the dosage of the
catalyst increased to 50 mg. However, when the dose was increased to 75 and 100 mg, the
yield of EL declined to 69.3% and 68.1%, respectively. This phenomenon was determined
by the number of catalytic active sites. Increasing the active sites (catalyst dosage) in an
appropriate range can promote the reaction rate, but beyond this range, the number of
active sites will no longer be a decisive factor in the reaction rate and even promote the
occurrence of side reactions [44].
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Figure 8. Effects of (a) fructose amount (catalyst 50 mg, ethanol 5 mL, 130 ◦C, 10 h) and (b) catalyst
dosage (fructose 180 mg, ethanol 5 mL, 130 ◦C, 10 h) on EL yield.

2.2.3. Catalyst Reusability

According to the previous descriptions, the reaction was repeated for 10 h at 130 ◦C
to study the reusability of TPC–S for EL preparation. As shown in Figure 9a, after four
runs of TPC–S, the yield of EL decreased slightly from 70.3% to 65.6%, indicating that
TPC-S had high stability. Most of its catalytic active sites were not leached after repeated
use. This result can be confirmed by the FT-IR spectra (Figure 9b) before and after the use
of the catalyst. Compared with the fresh catalyst, the C=O and C=C bond peaks of the
catalyst gradually shifted after the first three uses. This is because a few of the products or
byproducts adhered to the pore of the catalyst, altering the molecular interaction within the
catalyst, thereby changing the chemical shift [31]. However, more shifts occurred after the
fourth cycle due to more humin or other impurities adhering to the catalyst. Moreover, it
was observed that the peak intensity corresponding to –SO3H gradually decreased, which
was owing to the leaching of a small amount of –SO3H during the catalyst washing process.
This was the cause of a slight decrease in EL yield.
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2.2.4. Comparison with Previous Catalytic Systems

In order to evaluate the advantages of our catalytic system in the synthesis of EL from
fructose, the EL synthesis methods reported in this and previous studies are shown in
Table 2. For example, the zeolite catalyst system usually requires a higher temperature
and longer time and cannot obtain a satisfactory yield (Table 2, Entry 1). Table 2 (Entries
3–5) shows that the sulfonated carbon catalyst could obtain considerable EL yield (~55%).
However, they needed a longer reaction time (Entry 3), a higher temperature, and a lower
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S/C ratio (Entries 4 and 5). Therefore, the TPC–S catalyst prepared in this study had
excellent catalytic performance.

Table 2. A comparison of the catalytic performance with previous work.

Entry Substrate Catalyst S/C 1 Temp (◦C) Time (h) EL Yield (%) Ref.

1 Fructose H-USY (6) 1.7 160 20 40 [45]
2 Fructose BioC-S3 2 130 6 28 [46]
3 Fructose SO3H-SBA-15 3.4 140 24 57 [47]
4 Fructose UCC-S-Fe-300 0.2 200 6 55.1 [25]
5 Fructose Al/SBA-15 1 190 4 58 [48]
6 Fructose TPC–S 3.6 130 10 70.3 This work

1 The mass ratio of substrate and catalyst.

3. Materials and Methods
3.1. Materials

Fructose (C6H12O6, 99%), 4-methylphenol (C7H8O, 99%), 4-ethylphenol (C8H10O, 97%),
4-propylphenol (C9H12O, ≥99%), ethyl levulinate (C7H12O3, 99%), naphthalene (C10H8,
99%), formaldehyde solution (HCHO, ≥36%), and iron(III) chloride (FeCl3, 99%) were
all purchased from Macklin Biochemical Co., Ltd. (Shanghai, China). 1.2-dichloroethane
(C2H4Cl2, 99%), ethanol (C2H5OH, ≥99.7%), and H2SO4 (>98%) were purchased from
InnoChem Science & Technology Co., Ltd. (Beijing, China). All reagents used here did not
need further purification.

3.2. Preparation of Catalysts
3.2.1. Synthesis of TPC

TPC was synthesized by a phenolic condensation reaction. Briefly, the lignin monomer-
derived phenols (4-methylphenol: 0.0012 mol, 4-ethylphenol: 0.0064 mol, and 4-propylphenol:
0.0124 mol) with a total mass of 0.02 mol were dissolved in 40 mL of 1,2-dichloroethane.
Then 0.06 mol HCHO and 0.06 mol FeCl3 were added. After stirring and refluxing for 5 h at
45 ◦C, the temperature was raised to 80 ◦C and continued to stir and reflux for 20 h. After
that, the obtained solids were rinsed with anhydrous C2H5OH and dried overnight in a dry
oven at 80 ◦C. Finally, brown ternary polymeric carbon (TPC) was obtained.

3.2.2. Synthesis of TPC–S

TPC was mixed with 1,2-dichloroethane in a ratio of 1 g:10 mL, which was then slowly
dripped with H2SO4 (1 g TPC:30 mL H2SO4) and mixed at 80 ◦C for 4 h. Then, the residual
1,2-dichloroethane and H2SO4 were washed with anhydrous C2H5OH until the pH of the
eluent was 7, and the sulfonated TPC was obtained by overnight drying at 80 ◦C, which
was denoted as TPC–S.

3.3. Characterization

The structural information of TPC and TPC–S was obtained by a series of characteriza-
tion techniques. XRD (X-ray diffraction) characterization was used to observe the crystal
form of the catalysts, and the instrument model was Bruker D8 Advance, which uses Cu
kα radiation with λ = 0.1548 nm and 2θ ranging from 5◦ to 90◦. Fourier transform infrared
(FT-IR) spectra of the catalysts were measured by a NICOLET iS50 with a wavenumber
range of 4000–500 cm−1, and spectral information was recorded by the KBr and tablet
pressing method. X-ray photoelectron spectroscopy (XPS, Nexsa, Thermo Fisher Scientific,
Waltham, MA, USA) was measured using an X-ray source of a monochromatic Al kα
source, which was used to determine the chemical composition and combined state of the
sample elements. The conditions of the high-resolution transmission electron microscope
(HR-TEM) and elemental mapping were the same, and the instrument model was FEI
TALOS F200C (Hillsboro, OR, USA). The surface morphology of the catalysts was detected
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by scanning electron microscopy (SEM, Hitachi S-4800, Kyoto, Japan). Thermogravimetric
analysis (TG) was carried out in a nitrogen medium at a heating rate of 10 ◦C/min with
an STA 449F3 instrument at a temperature ranging from 25 ◦C to 900 ◦C. The surface
area, pore volume, and pore size of the catalysts were tested by Brunauer–Emmett–Teller
(BET, ASAP 2460, Atlanta, GA, USA). Ammonia temperature-programmed desorption
(NH3-TPD, AutoChem 2920, Atlanta, GA, USA) was used to test the acid site distribution
of the catalysts.

3.4. Catalytic Activity Evaluation

The reaction was completed in a 15 mL Teflon-lined stainless-steel autoclave (a mag-
neton inside). The mixture contained 180 mg fructose, 25–100 mg catalyst, 5 mL ethanol,
and naphthalene as internal standard. The reaction temperature was 90–170 ◦C, the re-
action time was 4–15 h, and the speed was 600 rpm/min. After the reaction, cooling
the reactor in flowing tap water stopped the reaction. Reaction liquid passed through a
0.22 µm filter, and the EL content was detected by gas chromatography (FID detector). The
instrument model and column were Agilent 7890B (Agilent, Palo Alto, CA, USA) and HP-5
(30 m × 0.32 mm × 0.25 µm), respectively. Program: N2 (1 mL/min), injection temperature
250 ◦C, detector temperature 300 ◦C, column temperature 60 ◦C. The heating program is
60 ◦C for 1 min, then raised from 60 to 230 ◦C (heating ramp: 10 ◦C/min), and kept at
230 ◦C for 5 min. The EL yield was calculated as follows:

EL yield (%) =
Molar concentration of EL

Initial molar concentration of fructose
× 100%

4. Conclusions

In this study, a new type of heterogeneous ternary polymeric carbon catalyst was
prepared by polymerization of three lignin monomers at a low temperature (80 ◦C). The
catalyst had a layered structure (stacked by aromatic carbon polymerization) and meso-
porous structure, with a BET-specific surface area of 165.2 m2/g and average pore size
of 5.1 nm. A high specific surface area and an excellent layered structure provided more
active sites (–SO3H), namely, high acid density (5.33 mmol/g). These features enabled
TPC–S to effectively catalyze the conversion of fructose (initial concentration 36 g/L) to EL
(70.3% yield) at 130 ◦C for 10 h. Furthermore, the reusability of TPC–S was studied, and its
catalytic activity decreased slightly after four cycles (from 70.3% to 65.6%), which indicated
that the cheap catalysts prepared from renewable raw materials with great stability show
great potential for the conversion of biomass to valuable chemicals.
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