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Hemicellulose-derived chemicals: one-step
production of furfuryl alcohol from xylose+
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One-pot production of furfuryl alcohol via xylose dehydration followed by furfural hydrogenation

was investigated over a dual catalyst system composed of Pt/SiO, and sulfated ZrO, as metal and acid

catalysts, respectively. All samples were characterized by XRD, XRF, N, physisorption, TG-MS and FTIR

regarding their most fundamental properties for the studied process. A systematic study is reported on

the effects of the reaction temperature, the composition of the binary solvent and the molar ratio

between acid and metal sites in the catalyst system. The results revealed the feasibility of the one-step

Received 6th March 2014,
Accepted 13th June 2014

DOI: 10.1039/c49c00398e

www.rsc.org/greenchem

Introduction

The production of chemical compounds has been pursuing a
different course with the adoption of the principles of sustain-
able development. Aware of the need to reduce environmental
impacts, chemical industries have been making efforts to
reduce, or even replace, the use of fossil resources moving to
the conversion of renewable raw materials.

Lignocellulosic biomass stands out as an ideal renewable
feedstock for this purpose since it is a low-cost abundant
supply. Its use should not compete with food production and
the large availability may guarantee the bulk production of bio-
based-chemicals and fuels. Lignocellulose is typically com-
posed of approximately 75% of carbohydrates (cellulose and
hemicellulose) and around 20% of lignin. These biopolymers
can be converted into platform molecules for the production
of high-value-added chemicals."™ While C6 sugars released
from cellulose have been mostly aimed for second-generation
ethanol production, hemicellulose-derived monosaccharides
appear as very important feedstock to synthesize green
chemicals.

As a matter of fact, much attention has been devoted to
hemicellulose, which is a branched heteropolysaccharide
made up of several C6 and C5 monosaccharide units, particu-
larly xylose and arabinose. These pentoses may be converted
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process for furfuryl alcohol synthesis and showed that the occurrence of both acid and metal sites is
compulsory in order to promote the dehydration of xylose to furfural and its further hydrogenation to
furfuryl alcohol. Selectivity towards furfuryl alcohol was found to be strongly dependent on the solvent,
which can inhibit its polymerization to some extent.

into a wide range of compounds; xylose is, industrially, mostly
used to produce furfural (2-furaldehyde) through dehydration
using mineral acids as homogeneous catalysts.* This process
generates highly polluting effluents that should be treated on
site, requires a lot of energy and only achieves low yields (less
than 50%).> Over the last few years, many studies have
searched for new sustainable ways of producing furfural using
heterogeneous acid catalysts, tuning the temperature, pressure
and solvent and exploiting different extracting techniques to
increase the aldehyde yield."*®™®

About 60% of the world production of furfural is used for
obtaining furfuryl alcohol,'® which is an important monomer
in the polymer industry to fabricate poly(furfuryl alcohol), a
chemical resistant resin. Furfural is also used to produce syn-
thetic fibers, epoxy and phenolic resins and is a precursor for
the production of 2-methylfuran, 2-methyltetrahydrofuran and
levulinic acid."

The reduction of furfural to its alcohol derivatives is indust-
rially carried out by catalytic hydrogenation in the liquid or
vapor phase using a heterogeneous chromium-based catalyst."
Due to its carcinogenic potential, much effort has been made
to replace these catalysts with non-toxic materials. RANEY®-type
catalysts and noble metals supported on oxides are among the
major systems investigated.">?°%?

Even though promising results have been reported to over-
come the drawbacks of each of these reactions separately —
dehydration of xylose and furfural hydrogenation - at present,
furfuryl alcohol may only be produced by a two-step process
based on catalysts with distinct features and operating at
different conditions. As far as we know, there is no infor-
mation, in the literature, on the production of furfuryl alcohol

This journal is © The Royal Society of Chemistry 2014
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directly from xylose in a single step. The development of a
straightforward process by making use of selective catalytic
systems would lead to a lower demand for energy by reducing
the number of reaction steps and the amount of wastage. The
employment of heterogeneous systems can also allow separ-
ation, recovery and reuse of the catalyst.

This paper reports an innovative process to obtain furfuryl
alcohol from xylose over a dual heterogeneous catalyst system
that allows the reaction to occur in a single step and with high
selectivity. In this contribution, the effects of the reaction
temperature, the ratio of metal and acid sites and the compo-
sition of the solvent on furfuryl alcohol selectivity are
investigated.

Experimental

A commercially available sulfated zirconia (ZrO,-SO,) from
Mel Chemicals (ref. XZO 1249) and a Pt/SiO, catalyst prepared
in the laboratory were used as heterogeneous catalysts.

Prior to use, the acid catalyst was thermally treated in an
oven at 600 °C for 5 h at a heating rate of 10 °C min~". As for
the metal catalyst, a commercial SiO, (Sigma-Aldrich) was
firstly pretreated in an oven at 800 °C for 5 h (10 °C min™").
An aqueous solution of H,PtCls-6H,O (Sigma-Aldrich) at a
suitable concentration to obtain 1 wt% Pt content was used
for catalyst preparation by incipient wetness impregnation.
After that, the catalyst was dried overnight at 100 °C and
calcined at 500 °C for 4 h (10 °C min™") under synthetic air
flow (50 mL min™").

X-ray diffraction (XRD) was performed on a Rigaku Miniflex
diffractometer with CuKa radiation (1.540 A). The diffracto-
grams were obtained in the 20 range from 10° to 90° with
steps of 0.05° s,

The porosity of the samples was determined by collecting
N, adsorption and desorption isotherms at —196 °C using a
Micromeritics ASAP 2020 equipment. The estimation of the
specific areas was performed using B.E.T. formalism.

The chemical composition of the catalysts was analyzed by
X-ray fluorescence spectrometry (XRF) using a S8 Tiger Bruker
equipment.

The metal dispersion of the Pt/SiO, catalyst was determined
using Scanning Transmission Electronic Microscopy (STEM).
The examination was performed in a Jeol JEM-2100F micro-
scope operating at 200 kV. The powder sample was firstly
ultrasonically dispersed in 2-propanol and then deposited
on a carbon-coated copper grid for STEM examination.
Dispersion (D) was estimated from the average particle dia-
meter calculated from images collected at different regions of
the sample using the expression d,, = Ynxd;’/nxd?, where n;
is the number of particles with diameters within a specific
interval. All measurements were made using the software Axio
Vision 4.7.

Thermogravimetric analysis (TG-MS) was carried out on a
TA Instruments SDT Q600 coupled to a Dymaxion Ametek
mass spectrometer. Samples were heated from 40 °C to 700 °C

This journal is © The Royal Society of Chemistry 2014

View Article Online

Paper

at a heating rate of 20 °C min~"'. Fragment ions at m/z = 18
(H,0), 44 (CO,), 48 (SO) and 64 (SO,) were monitored through-
out the analysis.

The infrared spectrum of the ZrO,-SO, solid was collected
in a Magna 560 Nicolet spectrometer with 32 scans and a
resolution of 4 cm™". This sample was analyzed in a KBr wafer
at 3 wt%.

The acid properties of sulfated zirconia were also deter-
mined by infrared spectroscopy using pyridine as a probe
molecule. Catalyst self-supported wafer was treated in situ in a
homemade glass cell at 500 °C for 1 h under high vacuum.
Pulses of a 20% O,-He mixture were applied to the sample, fol-
lowed by high vacuum for 30 min. The adsorption was carried
out by admission of 2 torr of pyridine in the cell at room temp-
erature. Pyridine thermal desorption was monitored over a
wide range of temperatures under high vacuum. Spectra were
all collected at room temperature with 256 scans and a resolu-
tion of 4 cm™". Absorption bands related to Lewis (1450 cm™)
and Bronsted (1540 cm™") acid sites were integrated to deter-
mine their concentration;* the density of the wafer (diameter
of 13 mm) and the molar extinction coefficients reported by
Datka et al.>* were used for calculations.

The reactions were performed in a three-phase batch Parr-
type reactor (300 mL) equipped with mechanical stirrer, auto-
mated heating and pressure control. The Pt/SiO, catalyst was
previously reduced at a H, flow of 50 mL min™" at 500 °C for
1 h, with a heating rate of 10 °C min~". After this procedure,
the metal catalyst was mixed with sulfated zirconia in the
reactor at different proportions. All runs were carried out using
6.66 mol of xylose and a constant agitation of 600 rpm. Hydro-
gen was admitted into the reactor and the total pressure was
kept constant at 30 bar during the whole experiment. Different
temperatures within 110 °C and 170 °C and SO,/Pt surface
molar ratios ranging from 0 to 16 were evaluated. H,O-2-pro-
panol mixtures were used as solvents in different proportions.

The overall conversion, selectivity and yield of the products
were calculated on a molar basis using the equations:

[xylose]; — [xylose]¢
[xylosel;
[product]

[xylose]; — [xylose]¢

x 100

Conversion of xylose (Xyij) =

100

Selectivity (S) =

. roduct
1

% 100

All reactions were monitored for a total period of 6 hours
and samples were collected at regular intervals. They were ana-
lyzed by high performance liquid chromatography (HPLC) on
a Waters Alliance e2695 equipment coupled to a photodiode
array detector (PDA) and a refractive index detector (RID). The
analyses were performed in isocratic elution mode using an
aqueous solution of H,SO, at 5 mM as the mobile phase with
a flow of 0.7 mL min~'. A Biorad Aminex HPX-87H ion
exchange column was used to separate all products. The temp-
eratures of the column and RID were maintained at 65 °C and
50 °C, respectively.
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The recyclability of the dual catalyst system was assessed by
carrying out three consecutive reaction cycles of 6 hours each.
After every run, the liquid medium was drained from the
reactor and a new xylose (6.66 mol) solution in a H,0-2-propa-
nol mixture (1:3) was charged in. The reactor was firstly
purged with N, and then pressurized with H, (total pressure of
30 bar); all runs were carried out at 130 °C.

Results and discussion

Both catalysts used in this work were characterized with
respect to their most fundamental properties for xylose trans-
formation, particularly the crystalline structure, porosity, bulk
chemical composition and surface acidity. A detailed discus-
sion of such properties is provided in the ESL.{

X-ray diffraction patterns indicated that the commercial sul-
fated zirconia is a crystalline material with tetragonal structure
and the Pt/SiO, catalyst is an amorphous material due to the
commercial silica used as a support (see Fig. S1t). The cata-
lysts presented high surface area and narrow mesopores with
mean diameters between 5 and 7 nm and low metal dispersion
(see Table S17). The sulfate complexes are coordinated to ZrO,
as thermally stable bidentate species (see Fig. S2 and S37). The
acid catalyst presented relatively strong Lewis (101 pmol g™ )
and Bronsted (216 pmol g7') acid sites (see Fig. S47) as typi-
cally described for such solids.>*°

Liquid-phase xylose processing under hydrogen pressure
was carried out to evaluate the catalyst behavior. Such a reac-
tion is rather complex since a multitude of compounds can be
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formed, from sugar alcohol and shorter polyols to furanic com-
pounds. A few examples of these products are displayed in
Scheme 1.

Xylose can be converted into its ketopentose isomer, xylu-
lose, over Lewis acid sites.”” The hydrogenation of either
monosaccharide over metal centers leads to the formation of
xylitol, which may be transformed to shorter polyols if over-
hydrogenated. Furfural can be produced by dehydration of
both xylose and xylulose on Bronsted acid sites. The sub-
sequent hydrogenation of the carbonyl group in furfural
results in the production of furfuryl alcohol, the aimed
product in this contribution. However, the saturation of C=C
bonds on the furan ring yields tetrahydrofurfuryl alcohol.
Finally, furan may be produced from furfural decarbonylation,
leading to tetrahydrofuran by further hydrogenation.*®

Firstly, some 1 hour control experiments were performed to
allow the comparison of xylose transformation in the homo-
geneous phase (blank run without any solid catalyst), on the
metal catalyst (Pt/SiO,) and its bare support (SiO,), on the acid
solid catalyst (ZrO,-SO,), on the mix of the support and the
acid solid catalyst (SiO, + ZrO,-SO,) and also in the presence
of a dual catalyst system composed of the metal and acid solid
catalysts (ZrO,-SO, + Pt/SiO,). The latter run was conducted at
an acid/metal site surface molar ratio (SO,/Pt) of 16. For all
these initial tests a binary mixture of H,O-2-propanol (1:1)
was used as a solvent and the reactions were conducted at
170 °C. The curves of xylose conversion as a function of reac-
tion time are presented in Fig. 1.

It is clear that in all cases xylose conversion is accom-
plished, reaching approximately 30% even in the absence of a

QCH;OH
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Bianstedacid l Tetrahydrofurfuryl alcohol
Py OH 0 T +H,
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Scheme 1 Reaction scheme with some possible products derived from xylose.
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Fig. 1 Xylose conversion for reactions without a catalyst (m), on SiO, (»),
Pt/SiO, (@), ZrO,—SO, (#), ZrO,—-SO,4 + SiO; (¥) and over a dual catalyst
system (ZrO,—-SO4 + Pt/SiO,; SO,4/Pt molar ratio = 16) (A) at T = 170 °C
and with H,O-2-propanol 1: 1 as a solvent.

catalyst, indicating that some reaction takes place in the homo-
geneous phase at this temperature. The presence of a catalyst
increases the conversion with a notable difference in global
activity from the bare support, the solo metal catalyst and the
solo acid solid catalyst to the physical mixture of SiO, and the
acid catalyst or the dual catalyst system with both acid and
metal catalysts. Indeed xylose is almost entirely consumed
(~96%) after only 1 hour reaction over the dual catalytic
systems (physical mixtures), indicating the contribution of the
acid catalyst sites to sugar transformation.

Besides the remarkable differences in global activity as
expressed by xylose conversion (Fig. 1), the distribution of the
products formed also proved to be quite distinct. The yields of
the main identified products obtained after a 1 h reaction are
summarized in Table 1.

Thermal homogeneous reaction (Table 1, entry 1) promotes
essentially the isomerization of xylose to xylulose and the
sugar dehydration to furfural. As for SiO, and Pt/SiO,, a
marked formation of xylulose as the major product is observed
(Table 1, entries 2 and 3), revealing the active role of SiO, in
the isomerization of xylose to its ketopentose. The ZrO,-SO,
acid catalyst presents a product distribution closer to that
observed for the thermal homogeneous reaction, outlining the
low formation of xylulose (Table 1, entry 4). As for SiO, + ZrO,-

Table 1 Xylose conversion (X) and yield to xylitol (Yyyito). Xylulose
(Yeytutose),  furfural (Yee) and furfuryl alcohol (Yera) at 170 °C and
H,O-2-propanol = 1:1 after 1 h reaction

X nylitol nylulose Yer Yera
Entry  Sample (%) (%) (%) (%) (%)
1 No catalyst 27 0 11 5 0
2 Sio, 47 0 23 3 3
3 Pt/SiO, 52 0 26 0 1
4 Zr0,-SO, 34 1 8 6 4
5 Si0, + Zr0,-SO, 93 1 2 22 7
6 Pt/SiO, + Zr0,-SO, 96 2 0 42 12

This journal is © The Royal Society of Chemistry 2014
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SO, (Table 1, entry 5), furfural yield increases considerably,
corroborating the previous suggestion concerning the role of
SiO, in the isomerization of xylulose, which is known to be
more rapidly dehydrated to furfural on the Bronsted acid
sites®® provided by ZrO,-SO,. The synergism between the two
catalysts in the dual system is also clear; a noteworthy increase
in the yield of the dehydration product (furfural) and the for-
mation of furfuryl alcohol (Table 1, entry 6) can be accom-
plished. The yield of furfuryl alcohol, however, is pretty low,
reaching only 12%. This may be attributed to the occurrence
of side reactions under acidic medium (provided by ZrO,-SO,)
under such operating conditions, especially polymerization
and condensation, which led to the formation of unidentified
high molecular weight products and humins. Indeed, several
authors have reported the formation of such compounds
during liquid-phase processing of carbohydrates.®”*>71*29

In order to minimize the contribution of the homogeneous
reaction as well as the production of heavy compounds, some
catalytic tests were performed at lower temperatures. All other
reaction conditions were kept the same as those applied in the
initial control experiments. The evolution of xylose catalytic
conversion with time of reaction is displayed in Fig. 2 (closed
markers) along with the curves obtained for blank runs
without the use of catalysts (open markers) at the same temp-
eratures. Selectivities at isoconversion are also summarized in
Table 2.

Xylose conversion is no longer observed at temperatures up
to 130 °C when no catalyst is present. Sugar consumption only
began to be relevant from 150 °C, reaching conversions of
about 30% after 6 h of reaction (Fig. 2). On the other hand, as
expected, the catalytic reactions behaved completely differently
and xylose was converted at temperatures as low as 110 °C,
increasing gradually with temperature. Roughly complete con-
version is achieved after just 4 hour reaction at 150 °C. These
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Fig. 2 Conversion of xylose for reactions without a catalyst (open
markers) and on the dual catalyst system (ZrO,—SO4 + Pt/SiO,; SO4/Pt
molar ratio = 16) (closed markers) with H,O-2-propanol 1:1 as a
solvent at different temperatures: 110 °C (m), 130 °C (@), 150 °C (#) and
170 °C (A).
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Table 2 Xylose conversion (X) and selectivity to xylitol (Skyitol). Xylulose (Suyiuiose). furfural (Sge) and furfuryl alcohol (Sgea)

Entry SO,/Pt T (°C) H,0-2-propanol X (%) Syiitor (%) Suytutose (%) Ser? (%) Spra’ (%)
1 — 110 1:1 0 — — — —
2 — 130 1:1 0 — — — —
3 — 150 1:1 26 2¢ 49¢ 28° 19°
4 — 170 1:1 73 0 40 19 0
5 39 110 1:1 38 4° 37° 8° 31°
6 39 130 1:1 86 2 40 11 15
7 39 150 1:1 99 3 20 15 20
8 39 170 1:1 99 3 14 38 29
9 13 130 1:1 68 5 29 8 16
10 26 130 1:1 65 3 15 7 22
11 26 130 1:0 54 1 26 7 5
12 26 130 1:2 71 2 17 4 33
13 26 130 1:3 65 5 20 2 51
14¢ 26 130 1:3 55 6 23 2 35
15° 26 130 1:3 54 6 19 1 29

“ Conversion after 6 h reaction. ” Selectivity at isoconversion (~45%). ¢ Selectivity at maximum conversion (<45%). ¢ Data refer to the second

reaction cycle. ° Data refer to the third reaction cycle.

performances can be attributed solely to the activity of the
catalysts.

The distribution of the products was shown to be influ-
enced also by the reaction temperature as disclosed in Fig. 3
and Table 2. Xylulose and furfuryl alcohol are the main pro-
ducts formed at 110 °C, and an interdependence between their
production may be roughly envisaged (Fig. 3a).

A minor formation of furfural and xylitol could also be
detected. It is conceivable that under these reaction conditions
all furfural formed over the solid acid is sequentially hydrogen-
ated on the Pt-based catalyst.

As the temperature increases, the time-resolved profiles of
the reaction change considerably. Xylulose formation is no
longer detected as the major product and its interdependence
with other products gets clearer at 130 °C, a temperature at
which xylulose is steadily converted into furfuryl alcohol and
furfural upon reaction time (Fig. 3b). It should be outlined
that a more balanced formation of furfural and furfuryl
alcohol is reached at 130 °C, accomplishing a smooth distri-
bution at 150 °C (Fig. 3c). As a matter of fact, the aldehyde for-
mation was seen to become gradually more significant as
temperature increased, the main product being formed at
170 °C (Fig. 3d). This trend is in close agreement with the
literature, which reports that xylose dehydration is promoted
at such high temperatures.®"?

The steady drop in the production of furfuryl alcohol upon
reaction temperature should not be disregarded, however. It
may be associated with its polymerization to PFA (poly(furfuryl
alcohol)), which proceeds by the acid-catalyzed condensation
of furfural alcohol units™ and is reckoned to be thermodyna-
mically favored.””

Only negligible formation of xylitol was observed within the
whole range of temperatures investigated, which suggests that
the hydrogenation of furfural is kinetically favored over xylose
reduction to the corresponding sugar alcohol.

The complex dynamics regarding the formation of each
product upon temperature can be more sharply disclosed

3946 | Green Chem., 2014, 16, 3942-3950

using the temperature-resolved profiles of each detected
product as presented in Fig. 4. It seems clear that xylulose
plays only an intermediate role in the catalytic transformation
of xylose to furanic compounds.

Taking into account these results, further investigation of
furfuryl alcohol was carried out at 130 °C, aiming at optimiz-
ing the alcohol yields by suppressing its polymerization and
other side reactions.

As discussed hereinbefore, the production of furfuryl
alcohol takes place as the subsequent reaction of xylose/xylu-
lose dehydration to furfural, each of these reactions proceed-
ing over different components of the dual catalyst system.
Therefore it is conceivable that the adjustment of acid and
metal sites may tune product distribution. Fig. 5 shows the
evolution of the main product selectivity as a function of
xylose conversion.

Xylulose presents nearly the same behavior as discussed
previously, revealing that xylose isomerization is the first step
in sugar conversion. Furfuryl alcohol is always the main
product and only a slight difference in its production can be
noticed, depending on the SO,/Pt molar ratio, with selectivity
varying within 15-25%. Consistently, the formation of furfural
is more meaningfully affected, rising with the concentration of
acid sites in the reactor, the ones responsible for promoting
dehydration. Finally, xylitol selectivity is permanently low and
is even more negligible at higher SO,/Pt surface molar ratios.
It is likely ascribed to the preferential xylose/xylulose consump-
tion to furfural over acid sites due to their higher density in
the reaction medium as well as the kinetically favored hydro-
genation of the aldehyde as previously observed.

Examination of the solvent effects on catalytic reactions has
been carried out over the last few decades for a multitude of
organic reactions, especially hydrogenation. By mining the lit-
erature, it can be seen that the role of the solvent on catalytic
activity and selectivity is rather complex. It may usually be
rationalized by hydrogen solubility and solvent polarity®*>*
or even by intermolecular interactions, which requires the

This journal is © The Royal Society of Chemistry 2014
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Fig. 3 Xylose conversion (O) and selectivity to xylitol (M), xylulose (V¥), furfural (A) and furfuryl alcohol (O) with H,O-2-propanol 1:1 as a solvent,
SO4/Pt molar ratio = 16 at different temperatures: 110 °C (a), 130 °C (b), 150 °C (c) and 170 °C (d).

knowledge of the liquid structure and dynamics.** Concerning
specifically the hydrogenation of saccharides, alcoholic sol-
vents have shown an outstanding effect on kinetics, which is
ascribed to hydrogen solubility.*°

In addition to hydrogenation, the solvent effect has also been
addressed in studies on carbohydrate dehydration. Furfural pro-
duction from dehydration of xylose is one of the most studied
reactions for which the performances in aqueous, non-aqueous
or organic-aqueous biphasic systems have been reported.
Toluene,>'*'"*'* DMSO’® and 1-butanol'*** are amongst the
most investigated solvents. The use of biphasic media has been
shown to be quite a successful approach since the produced
furfural is transferred to the organic solvent, avoiding its
condensation/degradation in the acidic aqueous phase.

This journal is © The Royal Society of Chemistry 2014

In this contribution, any influence caused by the nature of
the solvent was investigated at 130 °C with a dual catalyst
system with surface molar ratio SO,/Pt = 8. Aqueous-alcohol
monophasic systems were exclusively targeted since there
would be no need of extracting furfural (the intermediate
product) once it is planned to be hydrogenated immediately
afterwards. This investigation was therefore performed by
adding increasing amounts of 2-propanol. Lower miscible alco-
hols (ethanol and methanol) were not exploited, however.
Ethanol has been reported to react with furfuryl alcohol,
leading to the formation of ethyl levulinate,*® while sustain-
able, health issues discouraged the use of methanol.

Binary mixtures of water-2-propanol at 1:0, 1:1, 1:2
and 1: 3 were used as solvents. It is worth mentioning that no

Green Chem., 2014, 16, 3942-3950 | 3947
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products derived from the acid-catalyzed reaction between
2-propanol and furfuryl alcohol (etherification/dehydration)
were formed in any appreciable amount that could allow their
detection and identification. Irrespective of the solvent compo-
sition, xylose isomerization to xylulose was always observed
with maximum selectivity ranging from 40 to 50% and the
selectivity drops gradually as the reaction proceeds. Hydrogen-
ation to xylitol also occurred but, as previously seen, the for-
mation of this sugar alcohol was pretty timid reaching
selectivities usually below 5%. The patterns found for furfural
and furfuryl alcohol, on the other hand, showed that the
formation of those chemicals is sensitive to the binary solvent
as displayed in Fig. 6.
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The curves of selectivity as a function of xylose conversion
show that the higher the amount of 2-propanol in the mixture,
the higher the selectivity towards furfuryl alcohol and the
lower the selectivity towards furfural. Indeed, a selectivity as
high as 50% could be achieved for a H,0O-2-propanol ratio of
1:3. This is a noteworthy result for the unprecedently reported
one-pot production of furfuryl alcohol from xylose. As very
recently reported by Kim et al.®>’ such a performance may be
associated with the reduction of the polymerization reaction
rate of furfuryl alcohol by the competitive interaction between
furfuryl alcohol carbocation and another furfuryl alcohol
molecule (decisive for polymerization) and the interaction
between the carbocation and the solvent molecules (2-propa-
nol) through hydrogen bonding. Furthermore steric hindrance
provided by the alcohol solvent molecules is also claimed to
play a role in preventing polymerization.>”>%*

Despite the intermolecular interactions and shielding
effects, attention should once again be drawn to the substantial
decrease in selectivity to furfuryl alcohol when a high conver-
sion is accomplished (Fig. 6). It is possibly a consequence of the
formation of condensed products since polymerization is the
prevailing reaction at high furfuryl alcohol concentrations due
to its reaction kinetics as reported by Maldonado et al.*

The recyclability of the dual catalyst system was assessed by
carrying out three consecutive reaction cycles and the results
are presented in Fig. 7 and Table 2. Xylose conversion was
65% with 51% furfuryl alcohol selectivity in the first run
(Table 2, entry 13). Nevertheless, catalytic activity exhibited a
drop of around 15% in the subsequent cycle (Table 2, entry 14)
but kept its stability in a third run (Table 2, entry 15). Selecti-
vity towards furfuryl alcohol, on the other hand, decreased
gradually after each catalytic run, reaching 29% in the third
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Fig. 5 Selectivity to xylitol (M), xylulose (), furfural (A) and furfuryl alcohol (O) as a function of xylose conversion at T = 130 °C and using
H,O-2-propanol 1:1 as a solvent for SO,4/Pt surface molar ratio = 4 (a), 8 (b) and 16 (c).
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Fig. 6 Selectivity to xylitol (m), xylulose (@), furfural (A), and FFA (O) as a function of xylose conversion at T = 130 °C and SO4/Pt molar ratio = 8
using H,O—-2-propanol as a solvent in the ratios 1: 0 (a), 1:1 (b), 1:2 (c) and 1: 3 (d).

last cycle. Considering that the formation of other products is
not affected, which mostly depend on the surface sites in the
metal catalyst (either SiO, or Pt metal sites), this trend might
suggest that the acid solid catalyst in the dual system is under-
going some deactivation.

The original results presented herein showed that it is poss-
ible to produce furfuryl alcohol straight from xylose over a het-
erogeneous dual catalyst system. By tuning the reaction
conditions and the balance between acid and metal centers in
the catalyst system, both mandatory sites for this one-pot
transformation, selectivity and yield can be optimized.
The catalytic understanding of this reaction may contribute
to the development of other innovative processes based on

This journal is © The Royal Society of Chemistry 2014

hemicellulose-derived saccharides, widening the range of green
routes to industrial chemicals.

Conclusions

The feasibility of producing furfuryl alcohol from xylose in a
one-step process over heterogeneous catalysts was shown. The
occurrence of both acid and metal sites was shown to be com-
pulsory to promote the dehydration of xylose to furfural and its
further hydrogenation to furfuryl alcohol. The selectivity
towards furfuryl alcohol was found to be strongly dependent on
the solvent, which can inhibit its polymerization to some extent.
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Fig. 7 Conversion of xylose and selectivity to furfuryl alcohol (SFFA) on
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130 °C and using H,O-2-propanol 1: 3 as a solvent after three consecu-
tive runs.
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