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Abstract: The aim of this study was to develop an effective carbonaceous solid acid for synthesizing
green fuel additive through esterification of lignocellulose-derived levulinic acid (LA) and
n-butanol. Two different sulfonated carbons were prepared from glucose-derived amorphous
carbon (GC400) and commercial active carbon (AC400). They were contrastively studied by a series
of characterizations (N, adsorption, X-ray diffraction, elemental analysis, transmission electron
microscopy, Fourier transform infrared spectroscopy and NH3 temperature programmed desorption).
The results indicated that GC400 possessed stronger acidity and higher -SO3H density than AC400,
and the amorphous structure qualified GC400 for good swelling capacity in the reaction solution.
Assessment experiments showed that GC400 displayed remarkably higher catalytic efficiency than
AC400 and other typical solid acids (HZSM-5, Hf3, Amberlyst-15 and Nafion-212 resin). Up to 90.5%
conversion of LA and 100% selectivity of n-butyl levulinate could be obtained on GC400 under the
optimal reaction conditions. The sulfonated carbon retained 92% of its original catalytic activity even
after five cycles.

Keywords: solid acid; sulfonated carbon; levulinic acid; n-butyl levulinate; fuel additive

1. Introduction

In recent years, the foreseeable depletion of fossil energy and growing environmental concerns
have drawn tremendous attention towards the conversion of renewable biomass into fuels [1-3] and
fine chemicals [4,5]. Lignocellulose is the major component of agricultural waste and forest residues.
Levulinic acid (LA) derived from the deconstruction of lignocellulose is a versatile platform chemical,
and it has been highlighted by the United States Department of Energy as a promising building block
for chemistry in 2004 and 2010 [6]. Among the downstream derivativities of LA, alkyl levulinates
are of particular interest due to their extensive applications in the flavoring, solvent and plasticizer
sectors [4,7]. Moreover, the low toxicity, high lubricity, stable flash point and moderate flow property
make alkyl levulinates suitable additives for gasoline and diesel fuels [8].

Generally, alkyl levulinates are obtained by esterification of LA with alcohols using mineral
acids, which lead to some difficulties in catalyst recycling, product separation and environmental
protection. Substitution of homogeneous catalysts by heterogeneous catalysts is highly desirable to
avoid handling corrosion and environmental problems. As far as we know, most studies were focused
on the synthesis of ethyl levulinate (EL). For this purpose, various solid acid catalysts have been
developed, including supported heteropolyacid [9,10], zeolites [11,12], sulfonated metal oxides [13]
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and silicas [14], sulfonated carbon nanotubes [15], Starbon® mesoporous carbon [16], and hybrid
catalysts [17].

Comparatively, the potential of butyl levulinate (BL) has been left unexploited. It is worth
noting that BL has been proved to be more promising than EL as a fuel additive [18,19]. They both
could improve lubricity, conductivity and reduce particulate emissions in diesel blending. The esters
displayed 25% (BL) and 31% (EL) less energy per volume than conventional diesel fuel. It is already an
upgrading on bioethanol blends. On the other hand, BL has an evidently lower solubility in water
(1.3 wt %) than EL (15.6 wt %). In diesel blends containing 20% (v/v) alkyl levulinate, EL was found to
form a separate liquid phase from diesel at 283 K, while BL remained constant miscibility in diesel
even at the diesel cloud point (247 K) [20].

Nowadays, the application of acetone-butanol-ethanol fermentation technology to lignocellulose
makes bio-butanol (n-butanol) become an inexpensive platform chemical to produce BL. However,
the literature on the synthesis of BL via the esterification of LA are sparse. Several types of solid acids such
as supported montmorillonite [21], zeolites [22,23], metal-organic frameworks [24], AI-MCM-41 [25],
ion-exchange resins [26,27], graphene oxide [28] and immobilized lipase [29] have been utilized in the
esterification of LA with n-butanol. Surprisingly, the catalysis with amorphous carbon materials
to produce BL has not been explored before. The amorphous carbon obtained by incomplete
carbonization of carbohydrate is a kind of soft carbon possessing polycyclic aromatic carbon sheets
in a three-dimensional sp3-bonded structure [30,31]. After sulfonation, this amorphous carbon could
generate a stable solid acid catalyst with abundant sulfonic sites, which has been reported to effectively
catalyze the esterification of fatty acids to produce biodiesel [32-34]. So far, there has been no report
about its utilization in esterification of LA to produce fuel additives.

In this work, two different sulfonated carbons obtained from glucose-derived amorphous carbon
and conventional active carbon were prepared and evaluated their catalytic performance in the
esterification of LA with n-butanol. Both carbon materials were characterized by N, adsorption,
X-ray diffraction (XRD), CHNS elemental analysis, Fourier-transform infrared spectra (FI-IR),
high-resolution transmission electron microscopy (HRTEM), and NHj3 temperature programmed
desorption (NH3-TPD). The relationship between the catalytic performance and the physicochemical
properties of carbon materials were discussed. Moreover, different experimental parameters, such as
reaction temperature, reaction time, molar ratio of reactants, catalyst loading, and cycle times were
optimized over sulfonated glucose-derived carbon.

2. Results and Discussion

2.1. Catalyst Characterizations

Figure 1 illustrates the XRD patterns of two sulfonated carbon materials. GC400 exhibited
a weak and broad carbon (002) diffraction peak at 10-30°, which was attributed to amorphous carbon
composed of aromatic carbon sheets oriented in a considerably random fashion [31]. This indicated
that the sample was comprised of a high content of non-graphitic carbon structure. For an AC400
sample, a sharp diffraction peak at 26.1° and a definitive carbon (101) diffraction peak at 40-50° both
demonstrated the formation of graphite structure in the active carbon [35]. The XRD results indicated
that AC400 was more carbonized than GC400 and possessed larger carbon sheets. The amorphous
structure of GC400 was further confirmed by HRTEM images (see Figure S1), as no evident graphene
sheets were observed, while the image of AC400 clearly revealed the existence of curved graphene
sheets that were randomly distributed.
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Figure 1. XRD patterns of two sulfonated carbon materials.

According to the results of CHNS elemental analysis shown in Table 1, GC400 had a lower carbon
content and a higher hydrogen content than AC400, indicating the incomplete carbonization of glucose
at 673 K. In addition, the sulfur content of GC400 was remarkably higher than that of AC400. Since all
the sulfur atoms have been proved to be existing as -SOsH groups [32], the -SO3H density of GC400
and AC400 were calculated to be 0.66 mmol-g~! and 0.2 mmol-g~!, respectively. The higher -SO3H
density of GC400 can be rationalized by its small non-graphitic carbon sheets that have more access to
bind with -SO3H groups, as -SOsH groups can be only attached onto the edge of carbon sheets [31].

Table 1. The results of CHNS elemental analysis and surface areas.

Elemental Composition (wt %)

Catalyst Sget (m2.g~1)
y C H N S BET T8
GC400 57.76 2.33 0.13 2.13 2
AC400 73.48 0.76 0.53 0.65 708

Despite having high ~-SO3H density, GC400 had a rather small specific surface area (2 m?- g~ 1,
see Table 1), which was comparable to those reported in the literature [31,32]. It indicated most -SOs;H
groups were in the bulk structure, as opposed to on the outermost surface. Otherwise, there would
have been an unreasonable number of S atoms per unit surface area. The small surface area of GC400
did not necessarily imply limited access to active sites in the esterification. Figure S2 shows the
behaviour of GC400 and AC400 in n-butanol. It is surprising to find the volume of GC400 increased
by approximately 1.5 times while there was barely a change in AC400 volume. This phenomenon
indicated that GC400 possessed swelling capacity to incorporate reactants into the -SO3H sites located
in the bulk phase. The swelling capacity is originated from the small and flexible aromatic carbon
sheets in amorphous structure [31]. In contrast, the flexibility of carbon sheets in AC400 decreased due
to the higher graphitization, leading to the poor swelling capacity in reaction solution. The total acid
densities of two carbonaceous materials were determined by two different methods (NH3 adsorption
and titration). The results were shown in Table S1. As we can see, the total acid densities of AC400
obtained by two methods were basically the same (0.44 vs. 0.46 mmol-g~!). However, the NH;
adsorption of GC400 resins resulted in a prediction of less than 10.9% of the real acid site density
(1.1vs. 1.22 mmol- g~ 1). This gap can be explained by the acid site accessibility in swollen GC400 being
of more relevance than accessibility in the dry sample. On the other hand, the total acid densities of
two carbonaceous materials were both higher than their -SO3H densities. The reason can be attributed
to a certain amount of -COOH and phenolic -OH groups presenting in the two catalysts, which agrees
with the following FI-IR results. It also can be seen from Table S1 that AC400 possessed a remarkably
lower amount of -COOH and —-OH groups than GC400, and the deficiency of these oxygenated groups
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on the carbon surface of AC400 is supposed to decrease its interaction ability with polar compounds in
reaction mixture.

The IR spectra of two sulfonated carbon catalysts are depicted in Figure 2. As for GC400 catalyst,
the bands at 1034 cm ! and 1172 cm~! were ascribed to the S=O symmetric and asymmetric stretching
mode, providing the presence of ~SO3H groups. The vibration bands at 1400 cm~! and 1602 cm ™!
were attributed to the aromatic C=C stretching mode, suggesting the existence of polycyclic aromatic
rings, which were formed from the incomplete carbonization of the glucose substance [36]. Meanwhile,
the band at 1706 cm ™! was related to the C=O stretching of the -COOH group. The bands in the
range of 3000~3400 cm ! were related to the O-H stretching of the -COOH and phenolic -OH groups.
Therefore, the Bronsted acid sites (-SO3H and -COOH) and almost neutral phenolic -OH groups
were confirmed to be attached onto the aromatic carbon structure of GC400. This is distinct from
conventional solid acids with single functional groups. On the other hand, the weak bands at 1172 cm ™1,
1706 cm ! and 3365 cm ! on AC400 revealed its deficiency of ~SO3H, -COOH and ~OH groups.
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Figure 2. FT-IR results of two sulfonated carbon materials.

The distribution of acid strength on carbon materials is shown in Figure 3. Two broad desorption
peaks ranging from 400 to 700 K and 800 to 1000 K were observed on GC400. The former peak indicated
the presence of weak acid sites due to interaction of NH3 with incompletely formed carbon sheets and
—COOH groups [37]. The latter peak maximized at 950 K was ascribed to the presence of strong acid
sites due to desorption of -SO3H groups [37]. The NH3-TPD result of unsulfonated GC400 further
proved the above discussion (see Figure S3). However, only one desorption peak ranging from 400 to
570 K was detected on AC400, the missing desorption peaks at elevated temperature revealed its weak
acid strength owing to the deficiency of -SO3H groups. The result was in accordance with the FI-IR
and elemental analysis.

Intensity (a.u.)

GC400

T T T T T T T
400 S00 600 700 800 900 1000 1100

Temperature (K)

Figure 3. NH3-TPD results of two sulfonated carbon materials.
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2.2. Esterification Activity over Two Sulfonated Carbon Materials

Two sulfonated carbons were comparatively evaluated in the esterification of LA with n-butanol
(Scheme 1) at 373 K for 4 h, n-butanol to LA molar ratio of 5:1, and catalyst loading of 10 wt % with
respect to LA. In all cases, the selectivity of BL remained 100%. By-products like ethers coming from
the intermolecular dehydration of alcohols were not observed under the moderate reaction conditions
(see Figure 54). A blank experiment with 5.2% conversion of LA indicated that LA could catalyze the
reaction as a weak acid catalyst [13]. Figure 4 shows that both sulfonated carbons exhibited a certain
extent of catalytic activity, while a significantly higher reaction rate and LA conversion were obtained
on GC400. The conversion could be consolidated through prolonging the reaction time within 4 h. After
that, the promotion effect was weakened due to the equilibrium limitation. Finally, 90.5% conversion
of LA on GC400 and 15.6% conversion of LA on AC400 were obtained. Therefore, the reaction time of
4 h was observed to be an optimum. The catalytic performances of two carbonaceous materials were
quantified as turnover frequency (TOF) based on the amount of -SO3H sites and LA conversion at the
initial stage. The calculated TOF value was 23.3 h~! on AC400 and 95.8 h~! on GC400.
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Scheme 1. Sulfonated carbon catalyzed esterification of LA.
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Figure 4. Conversions of LA over two sulfonated carbon materials as the function of reaction time.
Reaction conditions: 1.16 g LA, 3.7 g n-butanol and 0.116 g catalyst, 373 K, 4 h.

In order to explore the reasons for the distinct activities of two sulfonated carbons, a comparative
test was carried out under the catalysis of H,SO4, H3PO, and CH3COOH, which represent strong acid,
medium acid and weak acid, respectively. The sequence for the conversion of LA was H,SO4 > H3PO4
> CH3COOH (see Figure S5), which was consistent with the acid strength of these acids. The result
demonstrated that the esterification of LA and n-butanol was sensitive to the acid strength of catalyst.
Strong acid was more active than weak acid for this reaction. Moreover, another test was conducted
under the catalysis of different concentrations of HySO4. The conversion of LA improved significantly
with the increasing H,SO, concentration from 1 to 20 wt % (see Figure S6). It further proved the positive
effect of -SO3H density on esterification. Therefore, combining with the previous characterization
results, the excellent catalytic performance of GC400 can be rationalized by its stronger acidity and
higher -SO3H density. In addition, the swelling capacity of GC400 probably also contributed to the
high catalytic performance because it provided good access of the reactants in solution to the -SOsH
sites in the carbon material. Finally, the catalytic activities of two catalysts were studied with identical
amounts of -SO3H groups in the reaction system (see Figure S7). Furthermore, 20% conversion of
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LA on GC400 and 6.2% conversion of LA on AC400 were obtained after 1.5 h. The activity difference
further demonstrated the importance of strong acid strength and good accessibility of acid sites (due to
the swelling capacity and abundant oxygenated functional groups) for the excellent activity of GC400.

2.3. Effect of Reaction Temperature over Two Sulfonated Carbon Materials

Figure 5 shows the conversion of LA varied with reaction temperature over two sulfonated
carbons at n-butanol to LA molar ratio of 5:1 and catalyst loading of 10 wt %. Both catalysts exhibited
a growing trend in catalytic activity with the increasing reaction temperature. In general, elevated
temperature is conducive to the forward reaction, as esterification reaction is a reversible endothermic
process. The optimal reaction temperature was found to be 373 K; at this time, the conversion of LA over
GC400 was observed to increase up to 90.5% from 31.6% at reaction temperature of 333 K. With a further
increment to 393 K, there was no appreciable enhancement in LA conversion. AC400 still demonstrated
a poor activity even at elevated temperature of 393 K, and the effect of mass transfer limitation has
been excluded (see Figure S8). Therefore, GC400 was selected for the further optimization.
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Figure 5. Conversions of LA over GC400 (black) and AC400 (white) at different reaction temperature.
Reaction conditions: 1.16 g LA, 3.7 g n-butanol and 0.116 g catalyst, 4 h.

2.4. Effect of Reactant Molar Ratio and Catalyst Loading over GC400

The n-butanol to LA molar ratio was varied between 1:1 to 7:1 over GC400 at reaction temperature
373 K, reaction time 4 h and catalyst loading 10 wt %. As shown in Figure 6a, LA conversion increased
gradually from 45.2 to 90.5% with an increase in n-butanol to LA ratio from 1:1 to 5:1. A further increase
in molar ratio did not significantly increase the conversion of LA, and even had a negative effect.
Increasing the alcohol amount is an advantage to accelerate the forward reaction, as esterification is
reversible. However, excessive dilution in the reaction system may reduce the frequency of collision [38]
and flood the active sites of catalyst [39], thereby restricting a further increase in conversion. A similar
phenomenon was observed by Maheria et al. [22] in the esterification catalyzed by zeolites. In the
present case, the n-butanol to LA molar ratio of 5 was observed to be an optimum.

The effect of catalyst loading on the conversion of LA was also studied at a temperature of 373 K,
reaction time of 4 h and an n-butanol to LA molar ratio of 5:1. The dosage of GC400 catalyst was varied
in the range of 2-15 wt % relative to the weight of LA. Figure 6b shows that a higher reaction rate and
conversion of LA were observed with an increase in catalyst loading from 2 to 10 wt %, as the number
of available sites for the reaction increased. Further heightening the catalyst amount to 15 wt % made
no distinct increment in esterification efficiency. This marginal increase in LA conversion may be due
to catalyst agglomeration or decrease in contact opportunities between the reactants.
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Figure 6. Conversions of LA over GC400 as the function of molar ratio of n-butanol to LA (a) or as
the function of catalyst loading (b). Reaction conditions: (a) 1.16 g LA, 0.116 g catalyst, 373 K, 4 h;
(b) 1.16 g LA, 3.7 g n-butanol, 373 K, 4 h.

2.5. Comparison with Other Typical Solid Acids

Various typical solid acid catalysts (HZSM-5, Hf3 zeolite, Amberlyst-15 and Nafion-212 resin) were
chosen to evaluate their catalytic performance under the same reaction conditions. The acid strength,
acid densities and activities of various samples were summarized in Table 2. The acid strength was
represented by the Hammett acidity function (—-Hj) values of these catalysts. The TOF values were
calculated according to the initial LA conversion rate and the -SO3H amount. As we can see, the TOF
decreased in the order of GC400 > Nafion-212 > Amberlyst-15 > HB > HZSM-5. The result agrees with
the recent study by Fernandes et al. [13], who found that the activity of zeolites in esterification of
LA were generally lower than that of sulfated oxides. The poor activity of zeolites is related to the
formation of the transition state inside the channels rather than to their acidity. This may explain the
activity gap between Hf3 and HZSM-5 due to their different pore channels.

Table 2. Hammett acidy function (-Hy) values, acid density and catalytic activity of the solid acids.

-SOzH Total Acid . b .

Catalyst -Hp Density Density 2 LA C01(1:/7¢;r510n TOF ¢ (h~1) Flé:‘cot‘llm;al
(mmol-g—1) (mmol-g—1) ° P

HZSM-5 5.6~5.7 [40] - 2.0 20.8 434 Acidic -OH

Hp 4.4~5.7 [41] - 1.46 334 724 Acidic -OH
Amberlyst-15 2.2[42] 4.8 4.8 78.0 10.7 -SO3H
Nafion-212 11~13 [40] 0.9 0.9 93.3 59.0 -SOsH

GC400 8~11[43] 0.66 1.1 90.5 95.8 ~SO;H, “COOH,

phenolic -OH

2 Determined by NH3-TPD. ? 1.16 g LA, 3.7 g n-butanol, 0.116 g catalyst, 373 K, 4 h. © Calculated based on the
—-S03H density. 1.16 g LA, 3.7 g n-butanol, 0.058 g catalyst, 373 K, 1 h. d Calculated based on the total acid density.

Amberlyst-15 is a polymer-based solid acid with moderate acidity and high -SO3;H density.
76% conversion of LA could be obtained on Amberlyst-15, which was lower than that on GC400 with
lower -SO3H density but stronger acidity. The result furthermore indicates that the esterification
of LA and n-butanol was sensitive to the acid strength of catalyst. Nafion-212 resin is a kind of
perfluorosulfonic acid-based catalyst, which has a strong Hammett acidity similar to sulfuric acid.
It is worth noting that, although Nafion-212 had stronger acidity (-Hg = 11-13 vs. 8-11) and higher
~SO3H density (0.9 mmol g~ vs. 0.66 mmol-g~') than GC400, the TOF value obtained on Nafion-212
(59.0 h™1) was significantly lower than that obtained on GC400 (95.8 h~1). Therefore, the activity
difference could not be simply explained by the acid strength or density. One possible origin of the
high efficiency is the specific phenolic -OH and -COOH groups on GC400. As Nafion-212 and GC400
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are both non-porous materials with swelling capacity, increasing the accessibility of acid sites in the
bulk structure has a strong effect on catalyst activity. Even if phenolic -OH and -COOH groups on
GC400 contribute little due to their insufficient acidity, they are supposed to increase interaction ability
with hydrophilic reactants in solution and provide good access to the -SO3H sites. In this case, higher
esterification reaction rate was observed on GC400 at the early stage of esterification (see Figure S9).
Further detailed study will be necessary to determine how these functional groups contribute to
the reaction.

2.6. Stability Test

The reusability of GC400 catalyst was investigated under the optimal reaction conditions.
The catalyst was recovered, washed and dried before another reaction was conducted. As shown in
Figure 7, GC400 was observed to retain a remarkably high proportion (92%) of its original catalytic
activity after five cycles. A hot filtration test was conducted to prove the stability of -SO3H groups.
By using the reaction mixture filtered at reaction time of 2 h, we run another batch of reaction.
No change in LA conversion was noticed after reacting for another 2 h. The result indicated that
GC400 catalyst was behaving in a truly heterogeneous manner and no catalytic activity could be
attributed to the leached species in the solution. The slight decline in activity after three cycles was
due to the catalyst mass being lost in the filtration and washing steps. As GC400 is composed of
polycyclic aromatic carbon sheets, the inherent hydrophobicity of carbon can prevent the hydration of
—OH groups. Meanwhile, the electron-withdrawing -COOH groups in GC400 are supposed to increase
the electron density between carbon and sulfur atoms, resulting in the tight attachment of -SO3;H
groups to carbon framework. This might partially explain for the observation that the glucose-derived
catalyst was especially robust.

100
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40

Conversion of LA (%)

204

1 2 3 4 5
Cycle Number

Figure 7. Stability test of GC400. Reaction conditions: 1.16 g LA, 3.7 g n-butanol, 0.116 g catalyst, 373 K, 4 h.

2.7. Merits of the Present Method

According to previous literature, very few reports are available on the esterification of LA
with n-butanol. Dharne et al. [21] has claimed that 97% conversion of LA could be obtained using
H3PW1,04 /K10 catalyst in the esterification of LA and n-butanol, but the activity suffered a drastic
decrease after the third run due to the leaching of heteropolyacid from supports. Maheria et al. [22]
has reported at a higher temperature of 393 K and a higher n-butanol ratio of 7:1, 82.2% conversion
of LA could be obtained on H-BEA zeolite. It is also reported by Cirujano et al. [24] that LA was
almost quantitatively converted to esters on Zr-containing metal-organic frameworks formed by either
terephthalate or 2-aminoterephthalate ligands. In addition, Al-modified MCM-41 exhibited 90% yield
of BL after a long reaction time of 8 h in the esterification of LA with n-butanol, and the calcination
step was inevitable to keep its activity during each cycle [25]. As for immobilized lipase catalysts,
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despite them being active, solvent washing after each run led to difficulties in operation [29]. As we
can see, comparing with those reported solid acids, sulfonated glucose-derived carbon possesses great
advantages with respect to operation cost, catalytic activity and reusability.

3. Materials and Methods

3.1. Catalyst Preparation

Sulfonated glucose-derived carbon (denoted as GC400) was prepared according to Hara’s
method [23] with minor modifications. All the chemicals were purchased from Sinopharm Chemcial
Reagent Company (Beijing, China). 1 g glucose powder was heated for 12 h at 673 K under N flow to
produce a brown-black solid. The solid was grounded to powder and heated in 10 cm? of concentrated
H;,SO4 at 423 K for one day. The black precipitate was washed thoroughly with hot distilled water until
no sulfate ions were detected in the filtrate. The prepared catalyst was dried at 373 K in a vacuum oven.
The particle size of GC400 was around 5~20 um (see Figure 510). Sulfonated active carbon (denoted as
AC400) was prepared by sulfonating grinded active carbon (coconut shell carbon, NORIT Company,
Boston, MA, USA) in concentrated HySO4 at 423 K for one day. HZSM-5 (S5i0O;/ Al,O3 = 25) and HB
(5§10, / Al,O3 = 25) zeolites were provided by Nankai University. Nafion-212 resin was purchased from
Dupont. Amberlyst-15 resin was purchased from Sigma-Aldrich (St. Louis, MO, USA).

3.2. Catalyst Characterization

The specific surface areas (Spgr) of the catalysts were measured by N; adsorption, which was
carried out at 77 K using an ASAP 2010 apparatus (Micromeritics, Norcross, GA, USA). Before each
measurement, the sample was evacuated at 573 K for 3 h. The structure of the catalyst was characterized
by with a PANalytical X'Pert-Pro X-ray diffractometer (Bruker, Karlsruhe, Germany), using Cu K«
monochromatized radiation (A = 0.1541 nm) at a scan speed of 5° min~!. Elemental composition of the
prepared catalysts was determined by elemental analysis (EA) using an Elementar vario EL b apparatus
(Langenselbold, Germany). HRTEM images were collected on an electron microscope (JEM-2100F,
JEOL, Tokyo, Japan), using a 200 kV accelerating voltage. FI-IR spectra were recorded by a VERTEX 70
(Bruker, Karlsruhe, Germany) with the KBr pellet ranging from 500 to 4000 cm~!. The acid strength
of carbon materials was characterized by NH3-TPD, which was carried out with a Micromeritics
AutoChem II 2920 Automated Catalyst Characterization System (Micromeritics, Norcross, GA, USA)
coupling with a mass spectrometry (MS) detector (Pfeiffer Vacuum, Nashua, NH, USA). The detailed
procedure has been described in our previous works [44]. Before each test, 0.1 g sample was placed
in a quartz reactor, pretreated in He flow at 393 K for 1 h and cooled down in Helium flow to 373 K.
After the saturated adsorption NHj3, the sample was heated at 373 K in He for 30 min to remove the
physically adsorbed NHj3. Desorption of NH3 was conducted in He flow from 373 K to 1073 K at a
heating rate of 10 K min~—!. The desorbed NH3 molecules were detected by a MS OminiStar (Pfeiffer
Vacuum, Nashua, NH, USA) equipped with the software quadstar 32-bit (Pfeiffer Vacuum, Nashua,
NH, USA).

3.3. Esterification of LA and N-Butanol

Esterification reaction was carried out in a Parr batch reactor (Parr, Moline, IL, USA). Typically,
1.16 g (0.01 mol) LA, 3.7 g (0.05 mol) n-butanol and 0.116 g catalyst were put into the reactor.
The mixture was stirred at 373 K for 4 h with stirrer speed of 200 rpm. The liquid product was
filtered and analyzed by an Agilent 1100 HPLC (Santa Clara, CA, USA) equipped with a ZORBAX
SB-C18 (4.6 x 150 mm, 5 mm) column (Santa Clara, CA, USA) and refractive index detector (RID).
The solution of methanol and water (7:3 v/v) was used as the eluent. The LA conversion was calculated
by its consumption. The reusability of glucose-derived carbon was investigated under the optimal
reaction conditions. After each cycle of use, the catalyst was filtered, thoroughly washed with acetone,
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and vacuum dried at 373 K before another batch reaction. All the chemicals were purchased from
Sinopharm Chemcial Reagent Company (Beijing, China).

4. Conclusions

N-butyl levulinate fuel additive was successfully synthesized through the esterification of LA
and n-butanol over a sulfonated carbon (GC400) bearing -SO3H, <COOH and phenolic -OH groups.
Compared with the commercial active carbon, the amorphous carbon prepared from incomplete
carbonization of glucose possessed smaller carbon sheets that were easier to be sulfonated, resulting in
higher -SOsH density of GC400. The unique swelling capacity of GC400 could provide good access of
reactants to the -SO3;H sites located in the carbon matrix, despite the small surface area. Under the
optimized conditions (373 K, 4 h, n-butanol to LA molar ratio of 5:1, catalyst loading of 10%), GC400
displayed a much higher catalytic efficiency than sulfonated active carbon, HZSM-5 and Nafion-212
for esterification. The strong acid strength and high -SO3H density, probably in cooperation with
weak acid sites ((COOH and phenolic -OH) attached on the carbon surface, are the main factors for
its excellence.
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liquid products from the esterification of LA and n-butanol over GC400 (a) and AC400 (b), Figure S5: Conversions
of LA catalyzed by different liquid acids, Figure S6: Conversions of LA catalyzed by different concentrations of
H,SO4 solution, Figure S7: Conversions of LA over GC400 and AC400 when identical amounts of -SO3H sites in
reaction mixture were utilized, Figure S8: Effect of stirrer speed (a) and particle size (b) on esterification of LA
over AC400. Figure S9: Conversions of LA over GC400 and Nafion-212 as the function of reaction time, Figure S10:
SEM images of GC400 sample, Table S1: Acid amount of different functional groups on two samples.
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