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Direct conversion of carbohydrates to diol by the
combination of niobic acid and a hydrophobic
ruthenium catalystt

Ying Duan,® Jun Zhang,? Dongmi Li,* Dongsheng Deng,” Lu-Fang Ma®
and Yanliang Yang & *2

Tetrahydro-2,5-furandimethanol (THFDM) was obtained directly from a wide variety of carbohydrates by
the combination of niobic acid and a hydrophobic ruthenium catalyst. Fructose, glucose, and
polysaccharides consisting of fructose or glucose could be converted to THFDM in one-step. The
selectivity to THFDM was kept around 60% while the glucose conversion varied from 9% to 49%. The as-
synthesized niobic acid was characterized by TEM, N, adsorption/desorption, XRD, NHz-TPD and FT-IR
spectra of adsorpted pyridine. The niobic acid was proved to have medium and strong acid sites with
a high Bronsted/Lewis ratio, which played a great role for keeping high THFDM selectivity using glucose

rsc.li/rsc-advances as a substrate.

Introduction

Production of chemicals and fuels from carbohydrates is an
attractive way for alleviating the shortage of non-renewable
fossil resources.”™ One of the main strategies for the valoriza-
tion of carbohydrates is the synthesis of platform compounds
and their high value transformation. The conversion of carbo-
hydrates to platform compounds such as 5-(hydroxymethyl)
furfural (HMF),** furfural,”* levulic acid (LA)**** and the
utilization of platform compounds have both been extensively
researched. Furfuryl alcohol,***° tetrahydrofurfuryl alcohol,****
dimethylfuran,®  2,5-furandicarboxylic  acid,**  diformyl-
furan,** cyclopentanone,*** y-valerolactone,'****® and tetra-
hydro-2,5-furandimethanol®”*® are the typical target products.

Considering that the platform compounds such as HMF are
not stable and not easy to be separated, purified and stored, the
conversion of carbohydrates to target products in one pot has
attracted attention increasingly.***” A large number of works
have been reported on the direct carbohydrate conversion. Sen
and his co-workers gave reports on the direct conversion of
fructose to 2,5-dimethyltetrahydrofuran or 5-methylfurfural by
using RhCl; as the hydrogenation catalyst and HI as acid
promoter.*® Sels et al. obtained high yields of liquid straight-
chain alkanes directly from cellulosic feedstock in an one-pot
biphasic catalytic system.*®
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Alcohols, including monobasic alcohols and diols, are
important chemical products from fossil resources. The
carbohydrates are ideal renewable raw materials for the
production of monobasic alcohols and diols as they contain
a large amount of alcohol hydroxyl.**> A lot of research had
been reported on this topic. For example, hexanols could be
produced in high yield by conversion of cellulose over Ir-ReO,/
SiO, catalyst in biphasic reaction system.*® And 1,5-pentanediol
could be obtained in high yield from biomass via furfural and
tetrahydrofurfuryl alcohol.*

Tetrahydro-2,5-furandimethanol (THFDM) is a valuable diol
that can be used as solvent or monomer® and also could be
converted to 1,6-hexanediol,®® an important monomer in the
plastics industry, in very high yield. Recently, we achieved the
direct conversion of fructose to tetrahydro-2,5-furandimethanol
(THFDM) by the combination of Amberlyst-15 and hydrophobic
Ru/Si0,-TM in a water/cyclohexane biphasic system.” However,
the reported procedure was only effective for the conversion of
fructose, a monosaccharide not common in nature.

In this article, we reported a catalytic system which was able
to provide THFDM directly from glucose, the monomer of most
of the carbohydrates rich in nature. Based on this, we proved
that this catalytic system was able to directly convert many
kinds of carbohydrates including sucrose and starch to THFDM.
The conversion of carbohydrates was illuminated in Scheme 1.
The carbohydrates were first dehydrated to HMF in water phase
on acids catalyst and then the HMF was hydrogenated to
THFDM in oil phase on hydrophobic ruthenium catalyst. The
hydrophobicity of ruthenium catalyst kept the ruthenium
catalyst in oil phase. As a result the hydrogenation of carbohy-
drates under H, and the degradation of HMF were both
avoided.
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Scheme 1 Conversion of carbohydrates into THFDM in the water/
cyclohexane biphasic system.

Material and methods
Materials

All chemicals were of analytical grade and used as received
unless otherwise stated. Inulin, sucrose, maltose, cellobiose,
starch (soluble) and zirconium oxychloride were obtained from
Aladdin Chemistry Co. Ltd. Fructose, glucose, and HF were
purchased from Tianjin Kemiou Chemical Reagent Co. Ltd.
Amberlyst-70 was obtained from Dow Chemical Shanghai Co.
Ltd. RuCl; (Ru 37%) was purchased from Shenyang Research
Institute of Nonferrous Metal. HY-zeolite (Si/Al = 5) was
purchased from Nankai University Catalyst Co. Ltd. China.
Niobium oxide was obtained from UCB Pharma. Pyridine and
toluene were redistilled before used. All other reagents were
commercially available.

Preparation of catalysts

The SiO, (4.00 g) was dispersed in the solution of RuCl; (RuCls:
542.1 mg, 2.00 mmol, H,O: 24.00 g). The mixture was stirred
and kept at room temperature for 12 h and then dried at 393 K
for 6 h. Before used, the catalyst was reduced at 673 K by H, for
2 h and then passivated in 1% O,/N, at room temperature to
afford Ru/SiO,. The Ru/SiO,-TM catalyst was prepared by CH;-
functionalization of Ru/SiO,. Ru/SiO, (2.00 g) was transferred
into a 100 mL round flask to which toluene (40 mL), then tri-
methylchlorosilane (10 mL) and pyridine (10 mL) were intro-
duced. The mixture refluxed under N, for 24 h, and then filtered
and washed with alcohol for five times. The resulted solid were
dried at 323 K in vacuum overnight.

Nb,Os5 (1.00 g) was added into H;PO, aqueous solution (30
mL, 0.5 M) and stirred for 8 h at 343 K. Then the precipitation
was washed with water (50 mL x 3 times) and dried overnight at
393 K. The resulted white powder was calcined in air at 573 K for
3 h to afford the H3PO,-treated niobic acid (Nb,Os-P).

Nb,Os5 (10.00 g) was added in HF aqueous solution (45 mL,
40 wt%). The mixture was stirred at 353 K for 24 h to afford
a clear solution. Then concentrated ammonia water was added
drop wise to adjust the pH 8-9 under drastic stirring. The
precipitation was centrifuged and washed with ammonia water
for 6 times. The solid was dried at 393 K to afford niobic acid.
The H;PO,-treated procedure was the same as the preparation
of Nb,Os-P to afford the Nb,Os-FP.
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ZrOCl-8H,0 (16.20 g) was dissolved in water (100 mL). Then
concentrated ammonia water was added drop wise to adjust the
PpH 8-9 under drastic stirring. After kept stand for 24 h at room
temperature, the precipitation was centrifuged and washed with
water until no CI”~ was detected by AgNO;. The precipitation was
dried at 373 K to afford zirconium hydroxide solid. Then the
zirconium hydroxide was impregnated by H,SO, (1 mol L)
under vigorous stirring at room temperature for 4 h. After
centrifuged, the precipitation was dried at 393 K overnight and
calcined at 773 K for 4 h to afford the SO,>/ZrO,.

Characterization of catalysts

Fourier transform infrared (FT-IR) spectra were collected on
a Bruker Tensor 27 FT-IR spectrometer in KBr media. Samples
were thoroughly dried before measured.

The X-ray powder diffraction (XRD) patterns were obtained
using Rigaku D/Max 2500/PC powder diffractometer with Cu Ko
radiation (A = 0.15418 nm) at 40 kV and 200 mA in a scanning
rate of 5° min~".

The transmission electron microscopy (TEM) was conducted
on a JEOLJEM-2000EX electron microscopy.

N, physical adsorption/desorption measurement was carried
out at liquid nitrogen temperature on an Autosorb-1 Quan-
tachrome instrument. Samples were pre-degassed at 300 °C for
about 10 h to remove water and other physical adsorbed
species.

Temperature-programmed desorption of ammonia (NH;-
TPD) was performed on a Micromeritics AutoChem II 2920
Instrument with a thermal conductivity detector (TCD). The
catalyst was degassed at 673 K in an atmosphere of Ar.

The FT-IR spectra for pyridine adsorption of the catalyst were
conducted on a Bruker Tensor 27 FT-IR spectrometer. Prior to
pyridine adsorption, the catalyst was evacuated in vacuum at
523 K. After that, the sample was used for the background
reference collected. Subsequently, pulses of pyridine were
introduced in an in situ cell for adsorption. Then the catalyst
was heated to 523 K and evacuated for 30 min. The spectra of
the catalysts were collected after the reaction cell was cooled to
room temperature.

Catalytic reactions

The catalytic reactions were performed in a 60 mL stainless steel
autoclave equipped with a magnetic stirrer, a pressure gauge,
and automatic temperature control apparatus. The reactor was
connected to a hydrogen cylinder for reaction pressure. In
a typical experiment, an aqueous solution of carbohydrates (3
mL, 1.00 mmol by monosaccharide), cyclohexane (6 mL), and
catalysts were put into the reactor. After sealing and purging
with H, for 4 times to exclude air, the autoclave was heated to
the desired temperature, and then H, (4 MPa) was charged into
the reactor. The magnetic agitator was set to 1200 rpm to start
the reaction. After reaction, the autoclave was cooled. The
aqueous phase and oil phase were sampled and analyzed
respectively. After sampling ethanol was added to make the acid
and Ru/SiO,-TM in one phase. The catalysts were centrifuged

This journal is © The Royal Society of Chemistry 2017
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and washed with 50 mL ethanol for 3 times. After dried at 373 K
under vacuum overnight, the catalyst was used for the next run.

Products analysis

The products were identified by Agilent 6890N GC/5973MS as
well as by comparison with the retention times to correspond-
ing standards in GC and HPLC traces. The amounts of products
were determined based on GC and HPLC data. Gas chroma-
tography measurements were conducted on Agilent 6890A GC.
HP-5 capillary column (30 m x 530 um x 1.5 pm) was used for
separation of reaction mixtures. 1,2,4,5-Tetramethylbenzene
(TMB) was used as the internal standard. HPLC analysis was
carried out using a Waters 2695 HPLC system equipped with
a 2414 refractive index detector maintained at 303 K. The
aqueous sample was separated using a Waters Sugar-Pak 1
column (6.5 mm x 30 cm) at 358 K, using ethyl-
enediaminetetraacetic acid calcium disodium salt hydrate
(EDTACa) aqueous solution (50 mg L") as the mobile phase at
a flow rate of 0.55 mL min~". The conversion and selectivity of
main products were evaluated as below:

Conversion (%) ( - moles of substrate )

moles of substrate loaded initially
x 100%

moles of products
moles of substrate converted

Selectivity (%) = x 100%

Results and discussion

We focused our attentions on the selection of different kinds of
acid using glucose as the starting material. The HY, A-70,
H,S0,, SO,>7/ZrO, and Nb,Os were selected as acids. The
result was exhibited in Fig. 1. The acids were first used in the
conversion of glucose to HMF (Fig. 1a). All the acids except
Nb,Os-FP gave poor selectivity to HMF while the Nb,Os-FP had
78% selectivity to HMF after 1 h. And the selectivity of HMF was
56% after 4 h with 27% conversion of glucose. The results
showed that the Nb,Os-PF was an effective solid acid for the
conversion of glucose to HMF as reported in the literature.*
When the acids were used in the conversion of glucose to
THFDM, HY, A-70, H,SO4, SO,> /ZrO, resulted poor selectivity
of THFDM (no more than 20% Fig. 1b) in the experiment range.
This was attributed to the poor selectivity of HMF from glucose
when those acids were used as the catalyst (Fig. 1a). The selec-
tivity of THFDM is positively correlated to the selectivity of HMF
on the specific acid. The selectivity of THFDM increased to 31%
with 35% glucose conversion when H;PO,-treated niobic acid
(Nb,O5-P) was employed. Surprisingly, the selectivity of THFDM
increased significantly to 64% when H;PO,-treated fresh niobic
acid (Nb,Os-PF) was used, in spite of the conversion of glucose
was only 9% after 1 h. When the reaction time was extended to
4 h, the selectivity of THFDM was 63% at 32% glucose conver-
sion. The fresh niobic acid was prepared by dissolution of

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 The conversion of glucose by (a) acids (b) Ru/SiO,-TM and
acids. Reaction conditions: acids (40 mg), glucose aqueous solution (3
mL, glucose 1 mmol), cyclohexane (6 mL), H, (4 MPa), 433 K, 1 h. Ru/
SiO,-TM (30 mag) for (b). *Reaction time 4 h. HY: HY-zeolite (Si/Al = 5),
A-70: Amberlyst-70.

niobium oxide and then precipitated by aqueous ammonia. And
the Nb,Os-FP was used in subsequence reactions.

The performance of Nb,Os-FP was further studied by
carrying out the reaction in two cases. The case I was the
conversion of glucose to HMF under H, atmosphere by just
using the Nb,Os-FP as the catalyst. And the combination of
Nb,O5-FP and Ru/SiO,-TM was used for the other case named
case II. The conversion-time profiles of both cases were almost
the same as shown in Fig. 2. This should be ascribed to the
hydrophobicity of the Ru/SiO,-TM. The Ru/SiO,-TM was kept in
the oil phase where there had no glucose. Thus, the conversion
of glucose was catalyzed by Nb,Os-FP in both cases which led to
the same conversion of glucose at the same reaction time.

The products selectivity versus glucose conversion was
shown in Fig. 3. Very high selectivity of HMF was obtained at the
initial stage for the case I (Fig. 3b). Meanwhile, 24% selectivity
of fructose was gained in this case. It showed that the Nb,Os-PF
was able to convert glucose to fructose. With the time prolonged
the selectivity of fructose decreased to 3%. This was caused by
the conversion of fructose to HMF. However, the selectivity of
HMF decreased sharply from 76% to 27%, revealing that the

RSC Adv., 2017, 7, 26487-26493 | 26489
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Fig. 2 Conversion—time profiles of glucose dehydration to HMF and
glucose conversion to THFDM. Reaction conditions: Nb,Os-FP (40
mag), glucose agueous solution (3 mL, glucose 1 mmol), cyclohexane (6
mL), H, (4 MPa), 433 K. A: Ru/SiO,-TM (30 maq).

a) 100
= Fructose
80 A THFDM
< A N
S 60 N ~
>
= ~
> A
© 404
o
]
()
20 |
0 T T T T T T T T T T
0 10 20 30 40 50
Conversion (%)
b) 100
= Fructose
A HMF
80+ A
A
2 60
>
=
2
© 404 D
o
]
(]
20 | .
0 T T T T T
0 10 20 30 40 50

Conversion (%)

Fig. 3 Products selectivity versus glucose conversion over (a) Nb,Os-
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HMF was not stable and was easy to degrade under this
condition. This was in accordance with the results we obtained
previously.” The case II was the conversion of glucose to THFDM
by the combination of Nb,Os-FP and Ru/SiO,-TM. The results at
the initial stage were analogous to that of the case I (Fig. 3a).
High selectivity of THFDM with quite a number of fructose was
obtained. To our delight, the selectivity of THFDM kept around
at 60% with no obviously decrease as the time prolonged
(Fig. 3a). This phenomenon was quite different from the
selectivity of HMF in the case I. The reason was that the THFDM
was much more stable than the HMF. The HMF was converted
to THFDM once generated in the case II. As a result, the
degradation of HMF was inhibited and the selectivity of THFDM
was well kept.

The effect of temperature played an important role in the
conversion of glucose and the results were shown in Fig. 4. The
conversion of glucose increased as the temperature increased
from 413 K to 453 K as expected. The selectivity of THFDM kept
around 60% when the temperature was not higher than 433 K.
However, once the temperature exceeded 433 K the selectivity of
THFDM decreased drastically. The best result was obtained at
a temperature of 433 K. And the reaction was repeated at this
temperature. Similar conversion of glucose and selectivity of
THFDM was acquired showing the repeatability of the catalytic
system.

Fig. 5 showed the recyclability of the catalytic system. After
the analysis, ethanol was added into the system to obtain one
liquid phase. The catalyst was then centrifuged and fully
washed with ethanol after each cycle. After dried at 373 K under
vacuum, the catalyst was used for the next run. It could be seen
from Fig. 5 that there had a small gradual decrease in conver-
sion value. This should be ascribed to the incomplete recovery
of catalyst after each reaction. The selectivity of THFDM kept
around 60% in all the four consecutive runs. This illustrated the
catalyst was stable under the reaction conditions.

80
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/ZZ) THFDM Selectivity

60 - %
7

Conversion or Selectivity (%)
F-Y
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423
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Fig. 4 Effect of temperature on the conversion of glucose to THFDM.
“Repeated test for the temperature at 433 K. Reaction conditions:
Nb,Os-FP (40 mg), Ru/SiO,-TM (30 mg), glucose aqueous solution (3
mL, glucose 1 mmol), cyclohexane (6 mL), H, (4 MPa), 433 K, 4 h.
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Fig. 5 Cycle experiments of the conversion of glucose to THFDM.
Reaction conditions: Nb,Os-FP (40 mg), Ru/SiO,-TM (30 mg), glucose
aqueous solution (3 mL, glucose 1 mmol), cyclohexane (6 mL), H, (4
MPa), 433 K, 4 h.

We attempted to obtain THFDM directly from carbohy-
drates, containing glucose or fructose units, by the combination
of Nb,Os-FP and Ru/SiO,-TM. The fructose was almost
completely converted under the reaction condition (Table 1,
entry 2). However, the selectivity of THFDM was only 41%
showed that the conditions adopted here were not appropriate
for the conversion of fructose. As a result, the inulin, a polymer
consisting of chain-terminating glucosyl moieties and a repeti-
tive fructosyl moiety, gave 33% selectivity of THFDM although
with 96% of conversion (Table 1, entry 3). The conversion of
sucrose was higher than that of the other two kinds of disac-
charides maltose and cellobiose (Table 1, entries 4-6). The
reason was that the sucrose was a disaccharide comprised of
glucose and fructose while the maltose and cellobiose were
comprised of glucose only. The selectivity of THFDM for the
three disaccharides was around 40%. The starch, the

Table 1 Conversion of carbohydrates to THFDM*

Selectivity (%)

Entry Substrate Conv.” (%) THFDM Fructose Others® U.D.?

1 Glucose 32 63 9 15 13
2 Fructose 98 41 1 27 31
3 Inulin 96 33 4 31 32
4 Sucrose 61 42 4 25 29
5 Maltose 37 42 7 22 29
6 Cellobiose 33 32 8 19 41
7 Starch 26 34 11 19 36

% Reaction conditions: Nb,Os-FP (40 mg), Ru/SiO,-TM (30 mg),
carbohydrate aqueous solution (3 mL, 1 mmol by monosaccharide),
cyclohexane (6 mL), H, (4 MPa), 433 K, 4 h. ” Conversion was
calculated based on the amounts of monosaccharide. ° Others
referred to furfuryl alcohol, methyl furfuryl alcohol, y-valerolactone,
1,2-pentanediol, 1,2-hexanediol, 1,2,5-hexanetriol, 1,2,6-hexanetriol.
4 Unidentified products.
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polysaccharide of glucose, was also able to be converted to
THFDM in one-step by this catalytic system. A conversion of
26% with 34% selectivity of THFDM was obtained under the
same reaction conditions (Table 1, entry 7).

The physical properties of the Nb,Os-FP were characterized
by BET and TEM. The results were shown in Fig. 6 and S3.1 The
BET surface of as-synthesized Nb,Os;-FP was 62 m”> g .
According to the IUPAC classifications, the sample had the
characteristics of typical type IV physisorption isotherms,
indicating the presence of mesoporous structure. There had
a significantly increase in adsorbed volume at relatively high
pressure which was the characteristic of the H3 type hysteresis
loop indicating the existence of slit-shaped pores with a large
pore size which was in accordance with the results of TEM. The
distribution of pore size calculated by the non-local density
functional theory (NLDFT) model showed there had very broad
pore size distribution in the mesoporous range (2-50 nm) and
macropore were also presented in the Nb,Os-FP.
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Fig. 6 N adsorption/desorption isotherms of Nb,Os-FP.
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Fig. 8 FT-IR spectrum of Nb,Os-FP after pyridine adsorption and
subsequent evacuation, the sample was treated in vacuum to remove
adsorbed water.

The acid property of the Nb,Os-FP was characterized by
temperature-programmed desorption of ammonia (NH;-TPD)
(Fig. 7) as well as Fourier transform infrared (FT-IR) spectros-
copy of adsorbed pyridine (Fig. 8). There were two desorption
peaks appeared in the NH;-TPD profile. The weak desorption
peak at low temperature (400-500 K) should be ascribed to the
weakly held ammonia, probably the hydrogen-bonded
ammonia according to the literature.®* The strong broad
desorption peak between 600 and 800 K corresponded to large
amount of the medium and the strong acid sites in the sample.
The FT-IR spectroscopy of adsorbed pyridine revealed the type
of the acid sites.®*> The medium peak at 1544 cm ' was
attributed to pyridine protonated on Bronsted sites, and the
weak peak at 1450 cm " indicated the presence of Lewis acid
sites. The peak intensity at 1544 cm ™' and 1450 cm™ ' elucidated
that the sample had a very high Bronsted/Lewis ratio. And the
high Bronsted/Lewis ratio was favourable for high selectivity of
HMF from glucose in the aqueous phase.®

Conclusions

In conclusion, the direct conversion of a wide variety of carbo-
hydrates to THFDM was achieved by the combination of Nb,Os5-
FP and Ru/SiO,-TM in the water/cyclohexane biphasic system.
The as-synthesized Nb,Os-FP, which was proved to have large
amount of medium and strong acid sites with high Bronsted/
Lewis ratio, was essential and effective for keeping high
THFDM selectivity when glucose was used as substrate. This
work provides a common strategy for the direct production of
valuable chemicals from carbohydrates.
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