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Acid-Catalyzed Dehydration of Fructose into 5-
Hydroxymethylfurfural by Cellulose-Derived Amorphous

Carbon

Xinhua Qi,**® Haixin Guo,”® Luyang Li,”’ and Richard L. Smith, Jr.*!

Carbonaceous solid (CS) catalysts with —SO;H, —COOH, and
phenolic —OH groups were prepared by incomplete hydrother-
mal carbonization of cellulose followed by either sulfonation
with H,SO, to give carbonaceous sulfonated solid (CSS) materi-
al or by both chemical activation with KOH and sulfonation to
give activated carbonaceous sulfonated solid (a-CSS) material.
The obtained carbon products (CS, CSS, and a-CSS) were amor-
phous; the CSS material had a small surface area (< 0.5 m*g™")
and a high —SO,H group concentration (0.953 mmolg™),
whereas the a-CSS material had a large surface area
(514m?’g™)) and a low -SO;H group concentration
(0.172 mmolg™"). The prepared materials were evaluated as

Introduction

With increasing consumption and depletion of traditional fossil
fuel reserves, efficient processes for biomass resources are es-
sential for the sustainable development of chemicals and
fuels.™ As an important biomass-derived platform chemical for
plastics and fuels, the production of 5-hydroxymethylfurfural
(5-HMF) by acid-catalyzed dehydration of fructose has been
studied to evaluate the feasibility of initial proposals that
report possible catalysts and reaction solvent systems.”*™

To date, many acid catalysts have been proposed for the
conversion of saccharides into 5-HMF, including mineral or or-
ganic acids, such as H,S0,, HCl, H;PO,, oxalic acid,*™ H-form
zeolites,”® transition-metal ions,”® and strong acid cation ex-
change resins.””'*™ Homogenous acids are inexpensive and
effective, but they have serious drawbacks related to product
separation, solvent recycling, and equipment corrosion. Solid
acid catalysts, such as H-form zeolites and metal phosphates,
offer simplified separation and recycling, but still suffer from
low conversion efficiencies (30-60%) for relatively long reac-
tion times of 2 h.'” Strong acid cation exchange resins have
been studied and are efficient for converting fructose into 5-
HMF;"*" however, these types of catalysts are limited to tem-
peratures below 130°C due to the thermal stability of the
resin.'¥

Biomass-derived sulfonated carbonaceous materials, which
are typically prepared by pyrolytic treatment of sugar or cellu-
lose feeds and subsequent sulfonation, are interesting candi-
dates as solid acid catalysts because they have the potential to
provide sufficient catalytic activity for many acid-catalyzed re-
actions,”">'¥ and could remove the temperature limitations of
the polymeric resins used in ion-exchange catalysts. Compared
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catalysts for the dehydration of fructose to 5-hydroxymethyl-
furfural (5-HMF) in the ionic liquid 1-butyl-3-methylimidazolium
chloride ([BMIM][CI]). Remarkably high 5-HMF vyields (83 %)
could be obtained efficiently (80°C and 10 min reaction time).
CSS and a-CSS catalysts had similar catalytic activities and effi-
ciencies for the conversion of fructose to 5-HMF in [BMIM][CI];
this could be explained by the trade-off between —SO;H group
concentration (high for CSS) and surface area (high for a-CSS).
The cellulose-derived catalysts and ionic liquid exhibited con-
stant activity for five successive recycles, and thus, the meth-
ods developed provide a renewable strategy for biomass con-
version.

with resin-type or oxide-type solid acid catalysts, sulfonated
carbonaceous catalysts can be expected to be cheaper and
more versatile than polymer substrates and they are apt to be
robust under harsh reaction conditions."” Toda et al. prepared
a sulfonated sugar catalyst through the pyrolysis of glucose at
400°C and showed that the catalyst had high activity for the
synthesis of biodiesel from vegetable 0il."™™ They also synthe-
sized a cellulose-derived, carbon-based solid acid at pyrolysis
temperatures of 400-650°C, and the catalyst obtained exhibit-
ed a high catalytic activity for esterification of ethanol with
acetic acid."®

Herein, cellulose-derived carbonaceous solids were prepared
by hydrothermal carbonization of cellulose followed by sulfo-
nation. The catalytic activity of the as-prepared carbonaceous
solids was evaluated for the promotion of the formation of 5-
HMF from fructose in an ionic-liquid solvent. Carbonaceous
solid acid catalysts exhibited good activity for the reaction
system (ca. 80% yield of 5-HMF from fructose) and maintained
their activity for five cycles.
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Results and Discussion

Characterization of the catalyst

Figure 1 shows SEM images of carbon materials obtained by
hydrothermal carbonization of cellulose with no post-treat-
ment and with two post-treatment methods. From these
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Figure 1. Typical SEM images of carbon materials obtained by hydrothermal
treatment of cellulose: a) product without post-treatment, carbonaceous
solid (CS); b) product with H,SO, post-treatment, carbonaceous sulfonated
solid (CSS); and c) product with KOH and H,SO, post-treatment, activated
carbonaceous sulfonated solid (a-CSS).
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images (Figure 1), it can be seen that the obtained solid mate-
rial from cellulose hydrothermal carbonization (CS) consisted
mainly of aggregates of carbonaceous microspheres that had
diameters of several um. The smooth surfaces of the micro-
spheres were partially destroyed after post-treatment sulfona-
tion. When CS was chemically activated with KOH and sulfo-
nated, a drastic morphological change occurred and the result-
ing a-CSS material had a spongelike structure with large con-
choidal cavities.

XRD patterns for the samples (Figure 2) exhibited one
strong diffraction peak at 260=10-30° and one broad, but
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Figure 2. XRD patterns of the CSS and a-CSS materials.

weak, peak at 35-50°. These XRD patterns are typical of amor-
phous carbonaceous materials that consist of aromatic carbon
sheets oriented in a random fashion.!"®

FTIR spectra of CSS and a-CSS are shown in Figure 3. The
band at 3400 cm™' is attributed to —OH stretching vibrations,
which indicates that large numbers of hydroxyl groups are
present on the as-prepared carbon materials."® The absorption
bands at 1716 and 1600 cm™" are attributed to COO™ and C=C
stretching vibrations, respectively.”” The vibration bands at
1060 (SO, stretching) and 1400 cm™' (O=S=0 stretching in
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Figure 3. FTIR spectra of CSS and a-CSS materials.
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SO;H) indicate that the as-prepared carbon materials have sur-
face —SO,H groups'® and are likely to promote acid-catalyzed
reactions. The prepared carbonaceous materials had an amor-
phous carbon structure that probably consisted of polycyclic
aromatic carbon sheets with randomly attached SO;H, COOH,
and phenolic OH groups.

Composition analyses of the prepared carbonaceous materi-
als are shown in Table 1. Inductively coupled plasma mass

Table 1. Characterization of CSS and a-CSS catalysts derived from hydro-
thermal carbonization of cellulose.

Catalyst Composition Yield Surface area SO;H concentration
[%]®  [m?g™] [mmolg™]

css CHo 5120063550022 27 <05 0.953

a-Css CHo250055150004K0002 10 514 0.172

[a] The yield is expressed as 1 Gyoduct PEF 100 Geelyiose

spectrometry (ICP MS) and elemental analysis revealed that the
obtained amorphous carbon materials had a chemical compo-
sition of CHy 5120063550022 @A CHo.82500:55150.004Ko.002 rESPECLiVELY,
for CSS and a-CSS. The corresponding amounts of SO;H group
for CSS and a-CSS (Table 1) were calculated to be 0.953 and
0.172 mmol g™, respectively, on the basis that all sulfur atoms
in the sulfonated carbon material were present as SO;H
groups.'® It is estimated that the CSS samples had a Bruna-
uer-Emmett-Teller (BET) surface area of about 0.5 m?’g~' based
on calculations from adsorption isotherms using the standard
BET equation. However, the surface area of the carbon samples
was greatly increased (514 m?g~") when they were subjected
to chemical activation by KOH.

Conversion of fructose into 5-HMF with carbonaceous solids
in an ionic liquid

The dehydration of fructose into 5-HMF catalyzed by various
carbon materials prepared in this work was investigated
(Figure 4). When CS was used as the catalyst in the reaction,
no 5-HMF formation could be detected at 80°C after 30 min.
However, when CSS was used a 5-HMF yield of 77% could be
obtained in 20 min; thus demonstrating good catalytic activity.
Therefore, it is clear that the number of SO;H acid groups in
the catalyst plays a crucial role in the formation of 5-HMF from
fructose.

The CS catalyst has a small surface area of less than
0.5 m?g~", which probably limits its catalytic activity. To im-
prove the catalytic activity of the as-prepared carbon material,
CS was chemically activated by thermal treatment with KOH
with the hope of increasing its surface area. Additional sulfona-
tion was used to introduce more SO;H groups into the chemi-
cally activated material. Unfortunately, although the surface
area of the obtained activated carbon material (a-CSS) in-
creased to 514 m?g~", the amount of SO;H groups could not

be correspondingly increased, but dropped to 0.172 m*g™".
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Figure 4. Yields of 5-HMF obtained from fructose in an ionic liquid catalyzed
by carbonaceous materials derived by hydrothermal treatment of cellulose.

lonic liquid: 1-butyl-3-methylimidazolium chloride ((BMIM][CI]). Catalysts: CS
(2), CSS (@), and a-CSS (o). Reaction conditions: fructose (0.10 g), [BMIM][CI]
(1 g), catalyst (0.05 g), 80°C.

It has been shown that with increasing thermal treatment
temperature for glucose carbonization, the obtained carbon
materials are composed of larger carbon sheets due to plane
growth and stacking of the carbon sheets and that the sam-
ples heated at lower temperatures have smaller carbon sheets
and consequently can have higher SO;H densities because the
SO;H groups are only attached to the edges of the carbon
sheets (i.e., attached to phenolic OH groups).?" Therefore, a-
CSS treated at 600 °C had a lower SO;H density due to the low
density of phenolic OH groups despite the much larger surface
area. When a-CSS was employed to catalyze fructose into 5-
HMF (Figure 4), it showed lower activity than CSS, which can
be expected in view of the low SO;H density of a-CSS. Since
CSS had a higher catalytic activity for 5-HMF than that of a-
CSS, CSS was used as the catalyst in further experiments.

Influence of catalyst concentration on 5-HMF yield

Figure 5 shows the effect of different amounts of catalyst CSS
on 5-HMF yields. In the absence of catalyst, no 5-HMF was
formed in 30 min at 80°C. In the presence of CSS catalyst
(0.01 g), a 5-HMF yield of 45% was obtained after 20 min. After
adding more catalyst (0.03 and 0.05 g), the 5-HMF yield in-
creased to 62 and 77 %, respectively, under the same reaction
conditions. However, further increasing the amount of catalyst
(0.1 g) resulted in a decrease in 5-HMF yield to 67 % in 20 min;
this may be attributed to excess acid-active sites that facilitate
not only the dehydration of fructose into 5-HMF, but also the
degradation of 5-HMF formed into other products, such as
humins.”? At present, humins could not be quantified accord-
ing to their composition, but their occurrence could be deter-
mined from the color change of the reaction mixtures into
a deep brown color.™?¥ Therefore, 0.05 g catalyst was selected
as an appropriate amount for subsequent experiments.
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Figure 5. Effect of catalyst concentration [0 (m), 0.01 (0), 0.03 (a), 0.05 (e),
and 0.10 g («)] on fructose conversion into 5-HMF in [BMIM][CI] catalyzed by
CSS. Reaction conditions: fructose (0.10 g), [BMIM][CI] (1 g), 80°C.

Influence of reaction temperature on 5-HMF yield

The effect of the reaction temperature on fructose conversion
into 5-HMF catalyzed by CSS in [BMIM][CI] was investigated
(Figure 6). When the reaction was carried out at 70°C, low re-
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Figure 6. Effect of reaction temperature [70 (m), 80 (0), 90 (a), and 100°C
(@)] on the yield of 5-HMF from fructose in [BMIM][CI] catalyzed by CSS. Re-
action conditions: fructose (0.10 g), [BMIM][CI] (1 g), CSS (0.05 g).

action rates were observed and a yield of only 3% of 5-HMF
was obtained in 10 min. The 5-HMF yield increased to 52% by
allowing the reaction to proceed for 60 min. When the reaction
temperature was elevated to 80 and 100 °C, reaction rates and
5-HMF yields increased in the initial stages of the reaction, and
5-HMF yields of 27 and 61% were obtained, respectively, for
3 min reaction time. However, higher reaction temperatures
not only favored the dehydration of fructose into 5-HMF, but
also accelerated the formation of humins; this is the primary
factor that affects the yield of 5-HMF in acid-catalyzed reac-
tions of carbohydrates in ionic liquids. Therefore, the yields of
5-HMF did not increase accordingly with increasing reaction
temperatures for all reaction times studied. The highest 5-HMF
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yield of 77 % was obtained after 20 min at 80°C. We performed
a control experiment to examine 5-HMF stability in the system
by adding 5-HMF (0.1 g) and CSS (0.05 g) to [BMIM][CI] (1 g) in
the absence of fructose. After 30 min at 80°C, 98% of 5-HMF
could be recovered, indicating that 5-HMF was stable under
the experimental conditions in the absence of fructose and re-
hydration of 5-HMF into levulinic acid and formic acid could
be suppressed in a nonaqueous ionic liquid system. Although
the generation of humins seems to be inevitable in acid-cata-
lyzed processing of carbohydrates, further investigations
should be conducted to minimize its adverse effect on 5-HMF
yield.

Effect of initial fructose concentration on 5-HMF yield

The tolerance of a catalytic reaction system to high feedstock
concentrations is an important aspect to evaluate its efficiency
and its potential for use in practical applications. In the acid-
catalyzed dehydration of fructose, the 5-HMF molecules
formed tend to combine with fructose molecules and cross-
polymerize to generate humins. Thus, the initial fructose con-
centration has a large effect on the 5-HMF yield and selectivity,
especially in aqueous or organic solvents.'*™? The influence
of variations of initial fructose concentrations on 5-HMF yield
for the reaction in [BMIM][CI] catalyzed by CSS was examined,
and the results are shown in Table 2. The ratio of SO;H groups
in the catalyst to fructose amount was controlled, so that it de-
creased with increasing fructose loading.

It can be seen from the results given in Table 2 that the rate
of 5-HMF formation from fructose decreased with increasing
fructose concentration. For example, when fructose amounts
of 0.01, 0.03, 0.1, and 0.2 g were used, the 5-HMF yields were

Table 2. Effect of fructose concentration on the dehydration of fructose
into 5-HMF in [BMIM][CI] catalyzed by CSS catalysts.”
Run Initial fructose ~ SO;H/fructose  Reaction time  5-HMF yield
[q] [mmol/mmol] [min] [%]
1 0.01 0.86 3 70
2 5 72
3 10 83
4 20 74
5 0.03 0.287 3 68
6 5 69
7 10 70
8 20 73
9 30 66
10 0.10 0.086 3 27
n 5 54
12 10 63
13 20 76
14 30 76
15 0.20 0.043 3 24
16 5 29
17 10 43
18 20 47
19 30 55
20 60 67
21 20 71
[a] Reaction conditions: [BMIM][CI] (1 g), catalyst (0.05 g), 80°C.

ChemSusChem 0000, 00, 1-7


www.chemsuschem.org

Acid-Catalyzed Dehydration of Fructose

83, 70, 63, and 43 % after 10 min, respectively; this can be at-
tributed to the decrease in the ratio of catalytic active sites
(SO;H groups) in CSS to fructose concentration. However, with
prolonged reaction times, high 5-HMF yields were obtained in
all cases. For example, for the case of 0.2 g fructose being
loaded, 71% of 5-HMF yield was obtained in 90 min reaction
time. Therefore, the reaction with prepared CSS catalyst in an
ionic liquid is applicable to high feedstock concentrations.

Recycling of CSS

To investigate the activity and stability of the CSS catalyst in
the fructose-ionic liquid reaction system, recycling of the CSS
catalyst was studied for five cycles (Figure 7). Experiments

80

1 2 3 4 5

Recycle times

» (o2}
o o

5-HMF yield (%)

N
o

Figure 7. Recycling of the catalytic system. Reaction conditions: fructose
(0.10 g), [BMIMIICI] (1 g), CSS (0.05 g), 80°C, 20 min.

were carried out at 80°C for 20 min. The product 5-HMF was
effectively separated from the solvent mixture after the reac-
tion by extraction with ethyl acetate (8 x6 mL), since [BMIM]
[CI] and fructose were insoluble in ethyl acetate and 5-HMF
was the sole product in the ethyl acetate phase, as noted by
Hu et al.®*” The number of mols of 5-HMF extracted with ethyl
acetate was taken to represent the amount of 5-HMF formed
during the reaction. After the extraction, the reaction mixture
was heated at 60°C for 24 h in a vacuum oven to remove
water and residual ethyl acetate and then it was used directly
in the next run by adding an equal amount of fresh fructose. It
can be seen from Figure 7 that a 5-HMF yield of 77 % was ob-
tained for the first use of CSS catalyst and this only decreased
slightly to 72% 5-HMF after five successive recycles. Residual
humins or water-soluble products, if present in the reaction
solvent, did not seem to have any significant effect on the
yields obtained with the reaction solvents and recycled cata-
lysts. Thus, the recycled catalytic system gave comparable 5-
HMF yields; this indicated that the CSS catalyst retained good
activity for the conversion of fructose into 5-HMF after repeat-
ed use.
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Conclusions

Carbon materials prepared by incomplete hydrothermal car-
bonization of cellulose and post-treatment sulfonation or KOH
activation resulted in highly active solid acid catalysts with —
SO;H, —COOH, and phenolic —OH groups. The catalysts were
effective for the catalytic transformation of fructose into 5-HMF
(5-hydroxymethylfurfural). With CSS (carbonaceous sulfonated
solid), a 5-HMF yield of 83% could be obtained in [BMIM][CI]
(1-butyl-3-methylimidazolium chloride) at 80°C for 10 min. Cat-
alyst a-CSS (activated CSS) exhibited a somewhat lower activity
than that of CSS, even though a-CSS had a much larger surface
area than that of CSS. The lower activity of the a-CSS catalyst
compared with that of the CSS catalyst can be attributed to
the lower concentration of —SO;H groups. The use of an ionic
liquid with CSS resulted in the reaction being stable for five
cycles and this combination could be applied to the conver-
sion of high-concentration fructose solutions (ca. 20 wt %).

Experimental Section

Materials: Fructose (99%), sulfuric acid (99%), ethyl acetate, etha-
nol, and potassium hydroxide were used as received from Guangfu
fine chemicals research institute (Tianjin). [BMIM][CI] (99 %) was ob-
tained from Henan Lihua Pharmaceutical (Xinxiang). Microcrystal-
line cellulose (pharmaceutical grade, ca. 50 pm) was obtained from
the Boya company (Tianjin), and 5-HMF (98 %) was purchased from
the Acros Organics company (Geel).

Preparation of carbonaceous solid acid catalysts: The cellulose-de-
rived solid acid catalysts were prepared by hydrothermal treatment
of cellulose and sulfonation according to the following two-step
procedure. Typically, cellulose (6 g) was dispersed in water (50 mL)
and the mixture was then transferred to a 100 mL stainless-steel
autoclave and heated to 250°C; conditions were maintained for
4 h at the autogenous pressure. The resulting carbonaceous solid
materials were denoted CS.

The CS samples were recovered by centrifugation and washed
with water and ethanol several times and dried at 80°C for 12 h in
a vacuum oven. The CS samples were then heated in concentrated
sulfuric acid at 200 °C under a nitrogen atmosphere. After heating
for 12 h and cooling to room temperature, the black precipitate
was washed with distilled water until sulfate ion impurities could
no longer be detected in the washings. The obtained sulfonated
black materials were dried for 12h at 80°C and ground into
powder. The resulting carbonaceous solid materials were denoted
CSS.

To increase the specific surface area of the prepared carbonaceous
solid acid catalyst, CS was chemically activated by using KOH
before sulfonation. Briefly, the CS sample and KOH were mixed in
a weight ratio of KOH/CS of 4 and then the mixture was heated to
600 °C under a flow of nitrogen and maintained under these condi-
tions for 1 h. The samples were then thoroughly washed repeated-
ly with a 1 molL™" aqueous solution of HCl to remove inorganic
salts and washed with distilled water until a neutral pH of the
washings was obtained. The wet solids were filtered to remove
excess water and dried at 80 °C for 12 h. The dried solids were sub-
jected to the sulfonation procedure described above. The sulfonat-
ed catalyst thus synthesized was denoted a-CSS.

Catalyst characterization: The catalysts were characterized by XRD
(D/max-2500, RIGAKG), SEM (54800, HITACHI), FTIR spectroscopy
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(MAGNA-560, NICOLET), elemental analysis (Vario EL cube, Elemen-
tar), ICP (ICP-9000, Thermo Jarrell-Ash Corp., USA), and BET surface
area techniques (ASAP2020, Micromeritics Instrument Corp, USA).
FTIR spectra were obtained over the range from 400 to 4000 cm™'
at a resolution of 4 cm™'. The BET surface area of the sample was
calculated on the basis of nitrogen adsorption-desorption iso-
therms at —196 °C by a multipoint BET method.

Experimental procedure for reactions: In a typical experiment, fruc-
tose (0.1g) was dissolved in [BMIM][CI] (1g) and then catalyst
(0.05 g) was added. The reaction mixture was heated to 80°C in
a closed reactor with an oil bath, and conditions were maintained
for a given reaction time. After the desired reaction time elapsed,
the reactor was cooled to room temperature with a cold water
bath within 1 min and water (0.5 g) was added to the reactor. 5-
HMF was extracted from the reaction mixture with ethyl acetate.
Products were measured with a Cary-50 Model spectrophotometer
(Varian) at 284 nm by using the standard curve method. The yield
of 5-HMF was calculated on a molar basis from Equation (1):

¢(5-HMF in product)
(fructose in loaded sample)

5-HMF yield (mol %) = c x100% (1)

in which c is the concentration. All results were replicated at least

three times, and reproducibility of 5-HMF yields was within 4%
standard deviation.
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FULL PAPERS

Solid improvement: Cellulose-derived
carbon catalysts with —SO;H, —COOH,
and phenolic —OH groups are used for
the efficient catalytic conversion of fruc-
tose into 5-hydroxymethylfurfural in an
ionic liquid (see picture).

X. Qi,* H. Guo, L. Li, R. L. Smith, Jr.
HEN-EN

Acid-Catalyzed Dehydration of
Fructose into 5-Hydroxymethylfurfural
by Cellulose-Derived Amorphous

Carbon
Functionalized cellulose-derived
amorphous carbon catalyst
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