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Poly-benzylic Ammonium Chloride Resins as Solid
Catalysts for Fructose Dehydration

Siew Ping Teong, Guangshun Yi, Xuegin Cao, and Yugen Zhang*"

5-hydroxymethylfurfural (HMF) is one of the most promising
platform molecules, and can be converted into a variety of in-
teresting chemicals. The production of HMF is essentially tar-
geted at bulk chemicals downstream, such as chemicals for
the fuels and plastics industries. One critical challenge in HMF
production processes is the link to further value-adding reac-
tions in a simple and efficient way (e.g., fewer isolation and
purification steps). Herein, a novel poly-benzyl ammonium
chloride (PBnNH;CI) resin is developed as a highly efficient and
stable catalyst for dehydration of carbohydrates into HMF. In
the isopropanol system, PBnNH;Cl produces high purity HMF
that is suitable as feedstock for oxidation to 2,5-furandicarbox-
ylic acid (FDCA). The excellent catalytic properties together
with its easy synthesis, low cost, and nontoxic nature make
this poly-ammonium resin a promising catalyst for the devel-
opment of new and efficient processes for biomass-based
chemicals.

The depletion of fossil fuels and their negative impact on the
environment promote the search for renewable carbon resour-
ces, such as biomass, to use in the production of chemicals
and fuels."? Recently, great efforts have been devoted towards
converting biomass into 5-hydroxymethylfurfural (HMF), a ver-
satile and key intermediate in biofuel chemistry and the petro-
chemical industry.** However, the high production costs of
HMF are a major drawback preventing the application of this
biomass-based compound. The development of sustainable,
large-scale chemical biomass processing methods is critical for
their efficient utilization.” Biomass-derived HMF is most com-
monly obtained by the dehydration of carbohydrates with
acidic catalysts.*” Mineral acids formed the first generation of
catalysts for carbohydrate dehydration reactions, and are cur-
rently still widely used.”” Owing to their corrosive and nonre-
cyclable nature, however, large-scale production processes
using mineral acid catalysts would put a heavy burden on the
environment. In pursuit of economical, simple, efficient, and
environmentally friendly HMF production process, various het-
erogeneous catalysts have been tested under different condi-
tions, such as acidic carbons zeolites® functionalized
silica,"” functionalized metal-organic frameworks (MOFs),™"
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heteropolyacids (HPAs),"? and porous TiO,/TiPO,."*™ Among
these heterogeneous catalysts, ion-exchange resins (such as
Amberlyst-15) are most widely used and have been tested in
almost all types of carbohydrate dehydration systems.'*'
Indeed, Amberlyst resins as acidic catalysts are cost-efficient
and accessible. They can dehydrate fructose into HMF in high
yields (>90%), in high-boiling-point polar aprotic solvent sys-
tems, such as DMSO or ionic liquids. Generally, solid catalysts
often suffer from low stability. They may partially lose their
acidic sites or change from their original structure during the
reaction, which may lead to catalyst deactivation.

Recently, the use of low-boiling-point, readily available, and
cost-efficient solvents in HMF production has attracted more
attention owing to the ease of HMF isolation."¥ Single-phase,
low-boiling-point (environmentally benign) solvent systems
may provide new opportunities for large-scale economically
viable processes."” Our group has developed an isopropanol-
mediated reaction system for the production of HMF from
fructose. High HMF yields (>80%) were achieved by using this
system with HCl as catalyst."® To avoid the use of corrosive
HCI as catalyst and allow for more efficient solvent/catalyst re-
cycling, Amberlyst-15 was tested as acidic heterogeneous cata-
lyst in isopropanol for fructose dehydration. However, this led
to low HMF selectivity and poor recyclability. We thus screened
other Brgnsted-acid catalysts in isopropanol, and found that
the weak acid ammonium chloride can produce high yields of
HMF in this solvent.™ This stimulated us to screen other am-
monium salts as well, as shown in Scheme 1. We found that
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Scheme 1. Ammonium salts screened for dehydration of fructose into HMF
in isopropanol. General conditions: fructose (0.18 g), catalyst (10 mol %), iso-
propanol (2 mL), 120°C, 2 h.
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benzyl ammonium chloride gave a very good yield of HMF (up
to 80% in 5 h). lonic-liquid ammonium salts have been used as
medium for HMF production with other catalysts.”” The disso-
ciation of HCl from benzyl ammonium chloride is believed to
be a key factor for the catalytic activity of these salts. The equi-
librium between ammonium salt and HCl/amine in this system
also makes it a potentially recyclable catalyst. These prelimina-
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ry results encouraged us to develop a polystyrene-based
benzyl ammonium chloride (P-Bn-NH;Cl) as new heterogene-
ous catalyst for HMF production.

Herein, we report a polystyrene-based benzyl ammonium
chloride resin as catalyst for biomass dehydration to HMF. The
poly-benzyl ammonium chloride catalyst demonstrates high
selectivity and recyclability for the dehydration of fructose to
highly pure HMF, suitable as feedstock for further oxidation to
2,5-furandicarboxylic acid (FDCA).

The ammonium resins were synthesized from poly-benzyl
chloride (P-BnCl) using either aqueous NH; (CPN-) or urea
(CPU-) as the ammonia source (Scheme 2). Catalysts with differ-
ent ammonium loadings were synthesized and tested for cata-
lytic activity. The compositions of the resins were characterized
by elemental analysis (Supporting Information, Table S1).
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Scheme 2. Synthesis of a poly-benzyl ammonium chloride resin.

In a control experiment without addition of catalyst, no yield
of HMF could be detected, indicating that autocatalysis does
not take place under the investigated conditions. Generally,
the results showed that ammonium resins demonstrate good
activity towards dehydration of fructose to HMF in isopropanol
(Supporting Information, Table S2). All catalysts gave promising
HMF yields, and the formation of HMF-isopropyl ether (as
a minor product) was also observed in certain conditions. Poly-
meric catalysts with different ammonium loadings demonstrat-
ed different activities, however, no simple linear relationship
could be established. Both BnNH;Cl and BnCl play a role in this
reaction and they may have a synergistic effect on the HMF
yield. Multiple BnCl groups may interact with carbohydrates to
bind fructose onto the catalytic resin surface by hydrogen-
bonding,”" while BnNH,Cl acts as catalytic site when HCl disso-
ciates to catalyze the formation of HMF from fructose
(Scheme 3). This synergy could explain the catalytic per-
formance of the bifunctional PBNnNH,CI resin. This hypothesis
was further confirmed by screening ammonium resins with dif-
ferent BnNH,CI/BnCl molar ratios: the BnNH;Cl/BnCl ratio is an
important factor and the optimum percentage ratio is 21%
BnNH;Cl and 79% BnCl (Figure 1).

Notably, poly-benzyl chloride itself (Figure 1 and Supporting
Information, Table S2) also showed some catalytic activity in
this system. This activity is due to an attack by isopropanol (a
nucleophile) onto benzyl chloride, giving benzyl ether and HCI
in the process. This was further confirmed by a control experi-
ment with benzyl chloride in isopropanol under the same reac-
tion conditions as those in which benzyl ether was detected.
(Supporting Information, Scheme S1 and Figure S1)

Based on the data obtained, the best catalyst (CPN3) with
the optimum ratio (BnNH;CI/BnCl=21:79) was selected for fur-
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Scheme 3. Synergy between benzyl chlorides and ammonium chlorides in
the catalytic dehydration of fructose.
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Figure 1. Effect of the ratio of BnNH;Cl/BnCl of PBnNH;Cl on HMF yield. Con-
ditions: fructose (0.18 g), catalyst (0.14 g), isopropanol (5 mL), 120°C, 2 h.

ther optimization. As shown in Figure 2 below, the HMF yield
generally increased with time initially and then slowly de-
creased, probably due to formation of humins. When the cata-
lyst loading was increased from 1 mol% (ammonium chloride-
to-fructose) to 5 mol%, the reaction time to reach maximum
yield was shortened from 11 h to 8 h (yields of 66% and 71 %,
respectively). When the reaction temperature was increased to
140°C, the reaction rate apparently increased and a high yield
of HMF (71 %) was achieved in 3 h. The effect of the water con-
tent of the system was also evaluated. Small amounts of water
in the system (3 vol%) were found to improve HMF vyield to
77 % (Figure 1b). This could be of great advantage during sol-
vent recycling in real applications.

The stability of this ammonium resin was then investigated
in a fructose dehydration process in isopropanol at 140°C for
3 h (Figure 3). To recycle the catalyst, it was simply washed
with methanol and dried for the next run. A slight drop in
HMF yield was observed for the 5 run, which could be due to
chloride loss during the recycling process (Supporting Informa-
tion, Figure S2). However, after washing the catalyst with dilute
HCl solution, high HMF yields were maintained for up to at
least 8 runs. A hot filtration experiment showed that the reac-
tion was catalyzed by heterogeneous ammonium chloride (see
Supporting Information). Generally, the ammonium resin cata-
lyst demonstrates good recyclability in this reaction (Figure 3).
Interestingly, the selectivity towards HMF generally increased
in subsequent runs, probably due to the relocation of acidic
sites on the surface of polymer. The recyclability of the entire
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Figure 2. Reaction conditions for dehydration of fructose to HMF catalyzed
by PBnNH;Cl in isopropanol. (a) Effect of catalyst loading and reaction tem-
perature on HMF yield. (b) Effect of water content on HMF yield. Conditions
(unless otherwise stated): fructose (0.18 g), CPN3 (0.07 g, 5 mol %), isopropa-
nol (5 mL), 140°C, 3 h.

system was further demonstrated on a gram scale, for both
catalyst and solvent (Figure 3b). The catalyst was collected by
filtration and isopropanol was simply collected by evaporation,
and were re-used directly for the next run. The HMF yield
could successfully be maintained at a high level in this recy-
cling system.

To further test the potential application of this ammonium
resin/isopropanol system, polysaccharide inulin and a raw bio-
mass material, Jerusalem artichoke tuber (JAT), were dehydrat-
ed in this system. JAT is an abundant, easy, and fast-growing
biomass with a composition that is rich in inulin/fructose.”” To
our delight, HMF yields of 80% and 63% were achieved from
inulin and JAT, respectively. The complex matrix of the raw bio-
mass did not affect the catalytic system (Scheme 4a, b).

HMF is an important intermediate in the step from biomass
to chemicals. An important step after biomass dehydration is
to convert HMF into industrial bulk chemicals. Impurities in the
fresh HMF from biomass pose a critical challenge, because
these impurities could seriously affect the subsequent conver-
sion reaction. In fact, isolation and purification of HMF is
a major bottleneck for its large-scale production.®* However,
we demonstrate herein that the ammonium resin/isopropanol
system can minimize this issue and that fresh HMF obtained
from this system can be converted to 2,5-furandicarboxylic
acid (FDCA) with Au/HT (HT =hydrotalcite) catalyst in quantita-
tive yield. As shown in Scheme 4c, after the fructose dehydra-
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Figure 3. Catalyst recycling experiments. (a) Recycled catalysts were washed
with methanol and dried for subsequent run. The catalyst was re-acidified at
the 5™ run. Reaction conditions: fructose (0.18 g), CPN3 (0.07 g, 5 mol %), iso-
propanol (5 mL), 140°C, 3 h. (b) Both catalyst and solvent were recycled. The
reaction scale was increased by a factor of 5.

tion step, isopropanol was evaporated (for recycling) and the
remaining dark-brown solid was extracted with water. The
aqueous solution of HMF was transferred to the reactor for the
second step: oxidization catalyzed by Au/HT. Using standard
conditions reported in earlier literature,*” the reaction was
completed in 4 h and, most importantly, an excellent yield of
FDCA (>98%) was achieved (Scheme 4c). A kinetics study of
the oxidization reaction was conducted for fructose-based
HMF from both HCl and ammonium-resin catalyst systems. The
conversion into FDCA when using HMF obtained from the am-
monium resin system proved much faster than the same reac-
tion using HMF obtained from the HCl catalyst system
(Figure 4). This suggests that HMF produced by using the am-
monium catalyst has a higher purity and therefore is more suit-
able to use as platform for further reaction steps. This entire
fructose-to-FDCA system is less energy intensive and avoids
the use of large amounts of extracting solvent and corrosive
catalyst, which are detrimental to the environment and indus-
trial processes.

The ammonium resin is an efficient and stable catalyst for
fructose dehydration in isopropanol. For comparison, other
solid-acid catalysts, such as sulfonic acid functionalized cata-
lysts (Amberlyst), zeolites (H-M, H-beta, H-ZSM-5, H-Y), Lewis
acids, and niobic compounds (HNb;Og), have also been
screened in the conversion of fructose to HMF in isopropanol.
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Scheme 4. (a) Dehydration of inulin to HMF in PBnNH;Cl/isopropanol. (b) Dehydration of Jerusalem artichoke biomass to HMF in PBnNH;Cl/isopropanol.

(c) Two-step conversion of fructose into FDCA, in 74 % overall yield.
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Figure 4. Kinetic study of HMF oxidation with fresh HMF produced from dif-
ferent catalyst systems.

The ammonium resin gave the highest yield among those cat-
alysts (Supporting Information, Table S3). Although Lewis acids
(such as Sn-beta) and niobic acid have been shown to be
active and selective in aqueous media,”” they are almost inert
in isopropanol, probably because they are less acidic in alcohol
than in water. Furthermore, the ammonium resin catalyst also
gave high HMF yields in other solvent systems, for example,
73% of HMF yield was obtained in DMSO at 140°C for 3 h.
Amberlyst resins are not suitable for use in aqueous-NaCl/or-
ganic biphasic systems owing to ion exchange effects, while
the dehydration of fructose to HMF in an aqueous medium
(water/butanol biphasic system) worked well using the ammo-
nium resin (68% selectivity, Supporting Information, Table S3).
The high selectivity, good recyclability, and tolerance make P-
Bn-NH,Cl resin a promising heterogeneous catalyst for fructose
dehydration.

In conclusion, a poly-benzyl ammonium chloride resin is
demonstrated to be a highly efficient catalyst for dehydration
of fructose to HMF. The PBnNH,;Cl/iso-PrOH system offers selec-
tivity and recyclability for the dehydration of fructose to HMF.
The HMF produced in this system is of high quality, can be
easily separated, and is suitable as feedstock for further oxida-
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tion to 2,5-furandicarboxylic acid (FDCA). A two-step reaction
to convert fructose to FDCA was carried out in a simple and ef-
ficient manner, achieving a high overall yield (74%). Polysac-
charide (inulin) and raw biomass (Jerusalem artichoke) could
be dehydrated in this system, achieving good yields of HMF.
These excellent catalytic properties, together with its easy syn-
thesis, low cost, and nontoxic nature, make this poly-ammoni-
um resin a very promising catalyst for the dehydration of car-
bohydrates.

Experimental Section

General Information: All solvents and chemicals used were ob-
tained from commercial suppliers, unless otherwise indicated. NMR
spectra were recorded on Bruker AV-400 (400 MHz) instrument.
Progress of the reaction (conversion) was typically monitored by
using a SU-300 Sugar Analyzer (TOA-DKK Corp.). Poly-benzyl chlo-
ride (P-BnCl) was purchased from Aldrich (Product No.: 63868).
HMF yield was analyzed by both NMR and HPLC (Agilent Technolo-
gies, 1200 series). HPLC working conditions: column (Agilent Hi-
Plex H, 7.7x300 mm, 8 um), solvent 10 mm H,SO,, flow rate
0.7 mLmin~', 25°C, UV detector: 280 nm. The retention time of
HMEF is 36.5 min.

Catalyst synthesis: For catalysts CPN2 and CPN3, P-BnCl resin (1 g,
5.5 mmol Clg™") and aq. NH; (2.75 mmol and 4.68 mmol respec-
tively) in DMF (15 mL) were stirred at 80°C for 24 h. The resins
were washed with DMF (15 mLx5), DMF/H,0 (1:1 v/v, 15 mLx5),
MeOH (10 mLx5), filtered and dried under vacuum at 50°C for
24 h. For CPN5, P-BnCl resin (1g) and ag. NH; (600 mmol) were
stirred at 120°C for 48 h. The resins were washed with H,0, ace-
tone, filtered, and dried under vacuum at 50°C for 24 h. For CPU5,
P-BnCl resin (1g), urea (1.67g, 278 mmol) and H,O0 (1 mL,
55.5 mmol) were stirred in CH,CN (20 mL) at 120°C for 48 h. The
resins were washed with H,O, acetone, filtered, and dried under
vacuum at 50°C for 24 h. After synthesis, the catalysts were stirred
in dilute HClI (5m, 28 mL) solution for 1 h, washed with MeOH, fil-
tered, and dried under vacuum at 50°C for 6 h. The ammonium
loading was analyzed by elemental analysis (Supporting Informa-
tion, Table S1). The catalyst has the same morphology as pur-
chased P-BnCl resin. No Brunauer-Emmett-Teller (BET) parameters
could be measured for both catalyst and original P-BnCl resin.
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Fructose dehydration to HMF in isopropanol: To a 15 mL sealed
tube equipped with stirrer bar, fructose (0.18 g, 1 mmol), isopropa-
nol (5mL) and CPN3 (0.07 g, 5 mol%) were added. The reaction
mixture was stirred at 140°C for 3 h and then cooled to room tem-
perature. The catalyst was filtered, washed with methanol, and the
combined filtrate was concentrated under reduced pressure to
obtain the crude HMF product. Mesitylene (0.06 g, 0.5 mmol) was
added as an internal standard and the composition was analyzed
by NMR. For the large-scale reaction, fructose (0.90 g, 5 mmol), iso-
propanol (25 mL), and CPN3 (0.35 g, 5 mol %) were stirred at 140°C
for 3 h.

Recycling experiments: After performing the dehydration reaction
as described above, the washed catalyst was simply dried under
vacuum at 50°C for 2 h and used directly for next batch of reac-
tion. For catalyst regeneration (after the fourth run), the catalyst
was stirred in dilute HCl (1m, 1.50 mL) solution for 1 h, washed
with MeOH, filtered, and dried under vacuum at 50°C for 6 h. For
large scale recycling experiment, the catalyst was recycled as de-
scribed above. The solvent was collected via evaporation and used
directly for subsequent runs.

Catalytic reaction from HMF to FDCA: The reaction was conduct-
ed by using a method reported in literature with Na,CO; as base.
Au/HT was prepared according to a literature method (Supporting
Information, Figure S3)."” HMF produced from fructose (1 mmol)
was extracted in 10 mL H,0. Au/HT (0.25 g) and Na,CO; (1 mmol)
were added into the water solution. With oxygen gas bubbling,
the solution was heated to 95°C and kept at that temperature for
1-7 h. The solution was diluted for HPLC analysis. For product iso-
lation, the aqueous solution was adjusted to pH 1, where FDCA
was precipitated from the solution. The precipitate was filtered
and washed with ethanol.
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