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Abstract

HTiNbOs, HTi;NbO7, HNb3zOg, H4NbgO17, and H,Ti3O7 nanosheets obtained by exfoliation of protonated cation-exchangeable layered
metal oxides were examined as solid acids for the cyclodehydration of xylose into furfural. The exfoliated-aggregated composites were character-
ized by powder X-ray diffraction, N, gas adsorption, and scanning electron microscopy, and the acid properties were measured by IR spectroscopy
of adsorbed pyridine. In general, the materials had much higher catalytic activity than the nonexfoliated acid-exchanged layered materials. The
initial catalytic activities of the exfoliated materials tended to increase with the total amount of acid sites (Brgnsted + Lewis, B + L). Furfural
yields of up to 55% were achieved after 4 h of reaction in a water—toluene solvent mixture under batch operation at 160 °C. Most of the materials

could be recycled several times without loss of performance.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Polysaccharides comprise the bulk of the world’s annually
renewable carbohydrate biomass. They compose a large num-
ber of monosaccharides, including glucose, fructose, and xy-
lose. Xylose is obtained from annually harvested agricultural
wastes and is transformed on an industrial scale into furfural by
dehydration under acidic conditions [1]. Furfural is a versatile,
renewable chemical with a wide industrial application profile
both as a solvent and as a building block for the synthesis of
various other chemicals, including tetrahydrofuran, agrochemi-
cals, pharmaceuticals, fragrances, and furan-based resins [1-3].
Known industrial processes of furfural production use conven-
tional mineral acids, such as sulfuric acid, as catalysts [1,4].
The cost and inefficiency of separating these catalysts from the
products makes their recovery impractical, resulting in large
amounts of acid waste that must be neutralized and disposed of.
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Other drawbacks of these processes include corrosion of the
system and safety problems. Thus, the production of furfural
is one of many industrial processes for which the demand for
green chemistry and technology for sustainability [5,6] is stim-
ulating the replacement of the “toxic liquid” acid catalysts by
stable, recyclable, nontoxic solid acids [7].

Some recent progress has been made using inorganic or hy-
brid inorganic-organic solid acid catalysts for the dehydration
of ketoses. D-xylose and D-fructose are catalytically converted
to furfural and 5-hydroxymethyl-2-furaldehyde, respectively,
by microporous faujasites and mordenites, with selectivities as
high as 90% for ketose conversions below 30—-40% [8]. The de-
hydration of fructose into 5-hydroxymethyl-2-furaldehyde over
niobic acid (NbyOs-nH;0O) treated with phosphoric acid [9] and
layered titanium phosphates [10] also has been studied; these
materials exhibited better catalytic performance than previously
reported heterogeneous catalysts. Recently, some of us reported
that sulfonic acid-functionalized ordered mesoporous silicas are
effective catalysts for the dehydration of D-xylose to furfural,
using either dimethylsulfoxide (DMSO) or a water—toluene
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(WT) mixture as the solvent [11]. Heteropolyacids supported
on mesoporous silicas were also tested for this reaction, giving
furfural yields comparable with those obtained using HySOg4
under similar reaction conditions [12]. However, the supported
heteropolyacids were partially leached into the aqueous phase
during the catalytic reaction (in WT), which compromised the
reusability of the catalysts. A microporous niobium silicate,
designated as AM-11, was found to be more water-tolerant and
can be reused in WT systems without loss of activity or selec-
tivity between recycling runs [13].

Crystalline layered metal oxide cation exchangers, such as
titanates and niobates, are potentially strong solid acids when in
the HT-form. However, the high charge density of the anionic
sheets in these materials means that bulky substrate molecules
cannot easily intercalate into the interlayer regions and react
with H™ ions. This problem has recently been addressed by
exfoliating layered niobates and titanoniobates in aqueous solu-
tion to give colloidal single-crystal anionic nanosheets, which
are then precipitated under acidic conditions to form aggregates
of nanosheets [14—-16]. The composites have much higher spe-
cific surface areas than the acid-exchanged layered precursors.
Domen and co-workers found that whereas the formation and
hydrolysis of ethyl acetate was not catalyzed by the nonex-
foliated compounds HTiNbOs5, HTi;NbO7, and HNb3Og, the
corresponding nanosheets functioned as strong solid acid cat-
alysts for the reactions, rivaling or even beating niobic acid,
which is a rare water-tolerant solid acid [17]. Herein we report
on the catalytic performance of several transition-metal oxide
nanosheets as solid acid catalysts for the cyclodehydration of
xylose into furfural in aqueous phase. In situ IR spectroscopy
of adsorbed pyridine is used for the first time to study the acid
properties of these materials.

2. Experimental
2.1. Catalyst preparation

Layered alkali-metal titanate, niobates, and titanoniobates
were prepared by conventional solid-state reactions in an alu-
mina crucible, using TiO; (Sigma-Aldrich, 99.99%), Nb,Os
(Sigma-Aldrich, 99.99%), Na;COs (Chemikalien), K>COj3
(RPE, 99.9%), and Cs,CO3 (Sigma-Aldrich, 99.9%) as raw
materials. NayTi3O7; was prepared by heating a mixture of
NayCOj3 and TiO; in a molar ratio of 1.1:3 at 800 °C for 18 h,
and then for another 20 h at 800 °C after grinding [18]. For
K4NbgO17 and KNb3Og, KoCO3 and Nb,Os were mixed in
molar ratios of 2.1:3 and 1.1:3, respectively, and heated at
1100 °C for 10 h for K4NbgO;7 [19] and at 600°C for 2 h
and then at 900 °C for 3 h for KNb3Og [20]. KTiNbOs and
CsTipNbO7 were prepared by heating mixtures of KoCO3 or
Cs,CO3, TiO3, and NbyO5 in molar ratios of 1:2:1 and 1.1:4:1,
respectively, at 1050 °C for 24 h for KTiNbO5 [20], and at 750,
950, and 1050 °C for 12 h at each temperature for CsTi;NbO;
[21].

The obtained polycrystalline materials were converted to
their protonated forms by immersion in 1 M HCI for Na,TizO7
[22], 2 M HCI for KTiNbOs [23], 6 M HCI for KNb3Og [24],

and CsTioNbO7 [25], and 6.5 M HNO3 for K4NbgO17 [26]. The
treatments were carried out at 60 °C for 1 week, with the acid
solutions replaced with fresh solutions each day. Finally, the
acid-exchanged materials were filtered, washed with distilled
water, and dried overnight at 65 °C. Complete exchange of al-
kali ions was confirmed by powder X-ray diffraction (XRD)
and energy-dispersive X-ray spectrometry (EDX).

Exfoliated sheets were obtained by adding 15 wt% tetra(n-
butylammonium)hydroxide (TBAOH) solution to suspensions
of the protonated compounds in distilled water (ca. 75 mL g~ 1),
as described previously [14-16,27]. The TBAOH solution was
added until the pH reached 9.7, and the resultant mixtures were
shaken for either 1 week (eHTiNbOs) or 3 weeks (eHNb3Og,
eH4NbgO17, and eHTip;NbO7). The insertion of voluminous
and hydrophilic TBA™ cations expands and hydrates the inter-
layer spaces, resulting in exfoliation of individual metal oxide
sheets. Nonexfoliated particles were removed from the suspen-
sions by centrifugation at 3000 rpm for 1 h, and the supernatant
solutions containing the dispersed nanosheets were collected.
The addition of an aqueous acid solution (20 mL, 1 M HNO3
for eHTiNbOs and eHTi;NbO7, 0.1 M HNOj3 for eHNb3Og,
and 0.5 M H;SO4 for eH4NbgO17) to 30 mL of a nanosheet
solution resulted in immediate aggregation of the nanosheets
as precipitates or gels. The aggregated samples were filtered,
washed several times with distilled water, and dried at 65 °C.
The precipitation of the HTiNbO5 nanosheets was also achieved
by addition of MgO fine particles (same weight as HTiNbOs)
to the nanosheet solution [27], giving a sample designated as
eHTiNbO5-MgO. The removal of the MgO particles was car-
ried out by stirring the sample in 0.5 M H>SO4 overnight and
finally washing with distilled water. Disappearance of TBA™ in
the final exfoliated samples was confirmed by elemental analy-
sis for C and N. EDX confirmed that the sample eHTiNbOs—
MgO was free of MgO.

The exfoliation of H,Ti3O7 was carried out using a differ-
ent procedure than that described above [28]. A suspension of
H,Ti3 07 in an aqueous solution of methylamine (40 wt%) was
sealed in a Teflon-lined stainless steel autoclave and stirred at
60°C for 6 days. The resultant methylammonium/Ti3O7 in-
tercalation compound was filtered and allowed to react in the
autoclave with an aqueous solution of propylamine (50 vol%)
at 60 °C for 6 days, giving a propylammonium/Ti3O7 interca-
lation compound. Excess amounts of the alkylammonium ions
(20 and 40 mol of methylammonium and propylammonium per
mol of [Ti3O7]2_) were used for the reactions. A colloidal sol
containing exfoliated titanate sheets was obtained by dispersing
and swelling propylammonium/Ti3O7 in water (2 gL ™), fol-
lowed by sonication for 1 h and centrifugation at 3000 rpm for
30 min to remove precipitates (nonexfoliated materials). Ag-
gregation of the nanosheets was done as described above using
1 M HNO:3.

2.2. Catalyst characterization
ICP-AES measurements were carried out at the Central

Laboratory for Analysis, University of Aveiro (by E. Soares
and co-workers), and microanalysis for C and N was car-
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ried out on a Leco CHNS-932 instrument. Powder XRD data
were collected at room temperature on a Philips X pert dif-
fractometer with a curved graphite monochromator (CukK, ra-
diation), in a Bragg—Brentano para-focusing optics configu-
ration (40 kV, 50 mA). Samples were step-scanned in 0.05°
26 steps with a counting time of 6 s per step. Brunauer—
Emmett-Teller (BET) specific surface areas (Sggr) and spe-
cific total pore volumes (V;) were estimated from N> adsorp-
tion isotherms measured at —196 °C, using a gravimetric ad-
sorption apparatus equipped with a CI electronic MK2-M5
microbalance and an Edwards Barocel pressure sensor. The
solids were outgassed at 150°C before the measurements.
SEM and EDX analyses were performed with a FEG-SEM
Hitachi S4100 and a Rontec EDX, respectively. The pyri-
dine adsorption experiments were carried out using a Perkin-
Elmer 16PC apparatus and a specially designed Pyrex cell
with CaF; windows, using self-supported sample discs (10—
25 mgcem™2). The samples were outgassed in situ at either
150°C (eHTiNbO5s-MgO, eH4NbgO17, and eHTizNbO7) or
400 °C (eHTiNbOs and eHNb3Og) for 2 h before adsorption
of pyridine. A higher temperature had to be used for the last
two samples to obtain a spectrum of reasonable quality. Af-
ter degassing, pyridine was adsorbed at room temperature.
The resultant samples were outgassed in situ at either 150 °C
(eHTiNbO5-MgO, eH4NbgO17, and eHTipNbO7) or room tem-
perature (eHTiNbOs5, and eHNb3Og) before the IR spectrum
was recorded (at a resolution of 2 cm™1).

2.3. Catalytic experiments

Batch catalytic experiments were performed under nitrogen
in a tubular glass microreactor equipped with a valve for gas
purging. In a typical procedure, D-xylose (30 mg), powdered
catalyst (20 mg), and a solvent mixture (WT) comprising H,O
(0.3 mL) and toluene (0.7 mL) were poured into the reactor.
The reaction mixtures were heated with a thermostatically con-
trolled oil bath and stirred magnetically at 500 rpm. The in-
fluence of the stirring rate on the initial reaction rate became
negligible over 500 rpm. Zero time was considered the instant
the microreactor was immersed in the oil bath.

The products present in the aqueous phase were analyzed
using a Knauer K-1001 HPLC pump and a PL Hi-Plex H
300 x 7.7 mm i.d. ion-exchange column (Polymer Laborato-
ries Ltd., UK), coupled to a Knauer 2300 differential refractive
index detector (for xylose) and a Knauer 2600 UV detector
(280 nm, for furfural). The mobile phase was 0.01 M H>SOy4.
Analysis conditions were a flow rate of 0.6 mLmin~! and a
column temperature of 65 °C. The furfural present in the or-
ganic phase was quantified using a Gilson 306 HPLC pump and
a Spherisorb ODS S10 C18 column, coupled to a Gilson 118
UV/vis detector (280 nm). The mobile phase consisted of 30%
v/v methanol in an aqueous solution with 10% methanol (flow
rate, 0.7 mL min~!). Authentic samples of D-xylose and fur-
fural were used as standards, and calibration curves were used
for quantification.

3. Results and discussion
3.1. Catalyst preparation and characterization

The exfoliation of acid-exchanged layered niobates and ti-
tanoniobates was carried out as described in the literature using
aqueous tetra(n-butylammonium)hydroxide. After centrifuga-
tion of the resultant colloids to remove small amounts of nonex-
foliated particles, the exfoliated metal oxide nanosheets were
precipitated by addition of acid solutions. The precipitation of
HTiNbOs5 nanosheets was done by adding MgO fine particles to
the nanosheet solution. This method was previously shown to
improve the porosity and photocatalytic activity of a composite
prepared from exfoliated H /K4NbgO17 [27]. H,Ti3O7 exfoli-
ated sheets were prepared by a different method than that used
for the niobates and titanoniobates, involving sonication of a
propylammonium/H,Ti3O7 intercalation compound dispersed
in water [28].

Fig. 1 shows the powder XRD patterns for the precipitated
titanate, niobate, and titanoniobate nanosheets. The patterns
for eHTiNbOs5, eHTioNbO7, and eH4NbgO17 are in very good
agreement with those reported by Domen and co-workers [14,
15,29]. All six patterns have several features in common. The
basal reflections—for example, (00/) for HTiNbOs, (0k0) for
HTipNbO7, HNb3Og and H4NbgO7, (h00) for HyTi3O7—are
either broad and weak or not shown at all. For example, the
XRD pattern of restacked HTiNbOs nanosheets has a weaker
(002) diffraction peak (relative to the original nonexfoliated
HTiNbOs) and a complete absence of higher-order (00/) re-
flections. On the other hand, peaks in the 26 range of 20°-50°
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Fig. 1. Powder XRD patterns of aggregated metal oxide nanosheets:
(a) eHTiNbOs, (b) eHTiNbO5s—MgO, (c) eHTi;NbO7, (d) eHNb3Og, (e)
eHyNbgO17, and (f) eH; Ti3O7.
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Fig. 2. SEM images of aggregated HTiNbOs, HTi;NbO7;, HNb3Osg,
Hy4NbgO;7 and HTizO7 nanosheets (eHxTiyNb;Op), and the precursor
non-exfoliated Hy TizO7.

corresponding to in-plane diffraction are preserved in the XRD
patterns for all samples of precipitated nanosheets. This in-
dicates that the order in the stacking of the transition metal
oxide sheets is poor while the two-dimensional sheet struc-
ture remains [14,15,29]. Such a structure is also supported by
the SEM images, which show aggregates composed of rather
loosely and irregularly piled-up titanate, niobate, or titanonio-
bate sheets (Fig. 2). The samples are free of the tabular particles
characteristic of the original nonexfoliated acid-exchanged ma-
terials (compare, e.g., H>Ti3O7 and eH,TizO7 in Fig. 2).

The BET specific surface areas (Sggr) of the precipitated
nanosheets are given in Table 1. All of the layered acid-
exchanged precursors have an Sggr < 5 m?g~!, in agree-
ment with literature data for these nonporous materials [15,
16,24,27,29-31]. The aggregated nanosheets have a compara-
tively much higher Spgr, in the range of 40-136 m? g_l, in-
dicating that the exfoliation-aggregation process developed mi-
cro/mesoporosity. Although the theoretical surface area of fully
separated HTiNbOs nanosheets is about 330 m? g_1 [14], the
measured surface area for eHTiNbOs is only 81 m? g~!. This

Table 1

Textural, acid and catalytic properties of the exfoliated-aggregated nanosheets

Sample SBET® Vpb Acid sites (mmol g~ 1) TOF¢

m?g=!) (em®g™!) Bronsted Lewis Total (T‘lm’l_]
Zearh™)

eHyNbgO17 136 0.18 0.204 0.245 0.449 16.7

eHTiNbOs— 103 0.08 0.162 0.220 0.382 149
MgO

eHTipNbO; 88 0.08 0.085 0.226 0311 13.8

eH, TizO7 57 0.03 0.007 0.135 0.142 10.9

eHTiNbOs5 81 0.04 0.008 0.042 0.050 8.0

eHNb3Og 40 0.03 0.007 0.039 0.046 4.7

4 BET specific surface area.
b Pore volume calculated from Nj adsorption at p/pg ~ 0.97.
¢ Turnover frequency calculated at 30 min reaction.

indicates that a fraction of the aggregated nanosheets was not
accessible to the nitrogen molecules, probably due to intimate
contact between nanosheets [14]. Precipitation of the HTiNbOjs
nanosheets by MgO fine particles instead of HNO3 led to a
higher specific surface area and total pore volume.

In the literature, the acid properties of some transition metal
oxide nanosheets, obtained through the process of exfolia-
tion of acid-exchanged samples followed by restacking, have
been studied using color-indicator reagents, NH3 temperature-
programmed desorption (NH3-TPD), and '"H MAS NMR spec-
troscopy [14—16]. In the present work, the surface acidity of the
samples was investigated for the first time (to the best of our
knowledge) by in situ IR spectroscopy of adsorbed pyridine
(Py-IR). Pyridine is widely used as a qualitative and quanti-
tative probe to identify the concentration and nature of acid
sites using the characteristic band of pyridinium ions at ca.
1540 cm™!, as well as the band between 1440 and 1450 cm™!
characteristic of pyridine bound coordinatively to Lewis acid
sites [32-34]. The use of pyridine as a probe molecule (rather
than NH3) is arguably more appropriate for the present work,
due to the fact that its molecular dimension approaches that of
xylose.

For quantification, the molar absorption coefficients of the
bands of adsorbed pyridine were set equal to those deter-
mined for zeolites [32]. The concentrations of Brgnsted and
Lewis acid sites determined in this way for the exfoliated and
restacked samples are given in Table 1. After outgassing at
150 °C, all of the samples but eHTiNbO5 and eHNb3Og exhibit
both Brgnsted and Lewis acidity. No measurable surface acid-
ity is observed for eHTiNbOs and eHNb3;Og when outgassing
at 150 °C. However, the Py-IR spectra of these samples out-
gassed at room temperature shows the presence of some Brgn-
sted and Lewis acidity. The poor results for the surface acidities
of eHTiNbOs5 and eHNb3Og may be due to the inaccessibil-
ity of the pyridine probe molecules to the acid sites (which
probably also are inaccessible to xylose). For e(HTiNbO5—MgO,
which has a higher specific surface area and total pore vol-
ume than eHTiNbOs, the amount of acid sites measured by
IR spectroscopy of adsorbed pyridine is correspondingly much
greater. NH3-TPD and 'H MAS NMR studies reported in the
literature for eHTiNbO5, eHTip;NbO7, and eHNb3Og reveal the
presence of strong acidity (corresponding to at least 90% sul-
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Scheme 1. Simplified reaction scheme of the dehydration of xylose to furfural
and some side reactions.

furic acid), attributed to bridging hydroxyl groups of the type
Ti(OH)Nb or Nb(OH)Nb (H* bonded to oxygen atoms shared
by Ti**t and Nb>* or two Nb>*) [14-16]. 'H MAS NMR and
TGA allowed calculation of the density of these strong acid
sites as 0.39 mmol g~! for eHTiNbOs and 0.36 mmol g~! for
eHTisNbO7 [14,15]. These values are significantly higher than
the concentration of Brgnsted acid sites measured by Py-IR, es-
pecially concerning eHTiNbOs.

3.2. Catalytic cyclodehydration of xylose into furfural

The acid-exchanged layered and exfoliated titanate, nio-
bates, and titanoniobates prepared in this work are active cat-
alysts for the conversion of xylose into furfural, at 160 °C, in
the aqueous phase, using toluene as a co-solvent for the extrac-
tion of the furfural formed during the reaction. It has previously
been shown that the one-pot process of reaction and product
separation leads to higher furfural yields than are achieved
when only water is used as the solvent [11]. Similar results were
recently reported for the fructose-to-hydroxymethylfurfural
conversion [35]. The applied reaction conditions have been op-
timized to minimize the noncatalytic contribution relative to
the catalytic contribution. Under these reaction conditions, the
noncatalytic reaction at 30 min was negligible and gave 26%
conversion and a 6% furfural yield after 6 h. Throughout this
discussion, these results have not been corrected for this non-
catalytic contribution.

The cyclodehydration of xylose involves a series of ele-
mentary steps in which the hydrogen ions transform hydroxyl
groups of the pentose into HyO" groups (the prerequisite for the
liberation of water), resulting in the liberation of 3 water mole-
cules per xylose molecule converted into furfural [1,4]. The
byproducts formed in this reaction system result mainly from
consecutive condensation reactions between furfural and inter-
mediates of the xylose-to-furfural conversion (Scheme 1) [1].

The kinetic profiles of xylose conversion in the presence
of the acid-exchanged niobate, titanate, and titanoniobates are
shown in Fig. 3. For the nonexfoliated materials, the conver-
sion versus time curves are all practically coincident (Fig. 3A).
These materials are based on octahedral framework structures
with H ions located between the two-dimensional transition
metal oxide anion sheets, and have a specific surface area (be-
fore and after catalysis) of <5 m?g~!. The interlayer H' ions
are probably not readily accessible to xylose, because interca-
lation of the reactant molecules will be inhibited by the high
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Fig. 3. Kinetic profiles of xylose conversion in the presence of the acid-
exchanged layered (A) and exfoliated-aggregated nanosheet (B) catalysts:
(e)HTiNDbO5 (%), eHTiNbO5—MgO (O), (e)HTi;NbO7 (=), (¢)HNb3Og (A),
(e)H4NbgO17 (O), and (e)Hp Ti3O7 (+).

charge density of the sheets. For HTi;NbO7; and HTiNbOs,
these layered materials were found to exhibit no catalytic ac-
tivity for the esterification of acetic acid, cracking of cumene,
dehydration of 2-propanol, and hydrolysis of ethyl acetate
due to the narrow interlayer distance, whereas the exfoliated
nanosheets function as effective strong solid acid catalysts [14,
15]. Similar results have also been reported for HNb3Og in
esterification and hydrolysis reactions [16]. In the xylose-to-
furfural conversion, the layered materials are not completely
inactive, and catalytic turnover most likely occurs on active
sites located on the exposed outer layers of crystals.

The exfoliated-aggregated materials generally have much
higher catalytic activity than the layered materials for the cy-
clodehydration of xylose (Fig. 3B). Within 4 h of reaction,
conversion reached 80-97% in the presence of the exfoliated
catalysts, compared with a maximum of 40% for the layered
materials. Xylose conversion increased with time for all cata-
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Fig. 4. Dependence of furfural selectivity on xylose conversion for the
acid-exchanged layered (A) and exfoliated-aggregated nanosheet (B) catalysts:
(e)HTiNbO5 (x), eHTiNbO5—MgO (O), (e)HTioNbO7 (=), (¢)HNb3Og (A),
(e)H4NbgO17 (), and (e)H, Ti307 (+).

lysts. In the case of eHNb3zOg and eHTiNbOs, conversion after
3 h leveled off at about 80%, and selectivity also remained
roughly constant (at 50 and 56%, respectively). This behavior
may result from catalyst surface passivation due to strong ad-
sorption of byproducts, as discussed below. On the other hand,
itis also possible that a chemical equilibrium is attained through
competitive adsorption effects; that is, unavoidable accumula-
tion of products occurs under batch conditions.

The dependency of furfural selectivity on xylose conversion
in the presence of the prepared catalysts is shown in Fig. 4.
For the acid-exchanged layered materials, furfural selectivity
increases with conversion, reaching 40—57% at 45-52% conver-
sion, within 6 h of reaction (Fig. 4A). After 48 h, the maximum
furfural selectivity was 58% at ca. 80% conversion. For the
exfoliated materials, similar furfural yields were achieved at
much lower residence times. For example, in the presence of
eHTiNbOs-MgO, furfural selectivity was 60% at 92% conver-

0.5 -

0.4 1

[L+B] (mmol g'1)

0.2 1

0.1 1

0 T T T 1
0 5 10 15 20

TOF (mmol ges ' h7™)

Fig. 5. Dependence of the initial catalytic activity (TOF) on the acid properties
(B = Brgnsted, L = Lewis) of the exfoliated-aggregated nanosheet solid acid
catalysts.

sion (4 h), corresponding to a yield of 55% (Fig. 4B). In contrast
to these results, the reaction was rather sluggish when carried
out in the presence of TiO; or Nb,Os5-nH 0, yielding only 10%
or 12% furfural, respectively, at 4 h and 160 °C.

In general, selectivity tends to increase with xylose conver-
sion, for conversions up to at least 60%. Similar results have
been observed using homogeneous heteropolyacids or hetero-
geneous mesoporous solid acids as catalysts [11-13,36], which
may be due to mechanistic factors. As mentioned above, the
xylose-to-furfural conversion follows a complex reaction mech-
anism involving a series of elementary steps.

By increasing the reaction temperature from 160 to 180 °C,
furfural yields of at least 55% could be achieved at even lower
residence times (e.g., 57% at 2 h, for eHTiNbOs—MgO; xylose
conversion increased ca. 33%, whereas selectivity to furfural
only increased by 3%).

The initial catalytic activities (TOF calculated after 30 min
reaction) of the layered materials varied between 2.3 and
4.7 mmol gc_ai h~!. These values are lower than those observed
for the exfoliated catalysts (Table 1), which follow the order
eH4NbgO17 (16.7) > eHTiNbOs-MgO (14.9) > eHTi,NbO;
(13.8) > eH,TizO7 (10.9) > eHTiNbOs (8.0) > eHNb3Og
(4.7). The dehydration of carbohydrates can take place over
Brgnsted and Lewis acid sites [30,37]. Fig. 5 shows that the
initial catalytic activity of the exfoliated materials tended to in-
crease linearly with the total amount of acid sites (Brgnsted
plus Lewis, B + L) measured by IR spectroscopy of adsorbed
pyridine under similar conditions. This trend was accompanied
by an increase in specific surface area, with the exception of
eHTiNbOs (Table 1). The most active catalyst (based on TOF)
is eH4NbgO17, which also has the highest Sggr, V), and total
amount of acid sites. For exfoliated eHTiNbOs, the precipita-
tion of the nanosheets by addition of MgO fine particles rather
than 1 M HNO;3; gave aggregates with higher specific surface
area, total pore volume, and total amount of acid sites, and a
correspondingly higher initial catalytic activity. The beneficial
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Fig. 6. Furfural yield obtained in recycling runs (run 1—white bar, run 2—dots,
run 3—hashed) over the exfoliated-aggregated nanosheet solid acid catalysts.

effect of the MgO precipitation method on surface area and
catalytic activity was also reported for HY /K4NbgO17 used as
a photocatalyst [27,30]. No clear relationship could be estab-
lished between furfural yields at 1 or 4 h reaction and the acid
properties of the exfoliated catalysts.

The catalytic stability of the nanosheets was investigated
by recycling the recovered solids twice. After the reaction, the
initially white solids became brownish. Before reuse, each cata-
lyst was separated from the reaction mixture by centrifugation,
washed thoroughly with methanol and acetone, and dried at
100 °C overnight. The solids retained a light-brown color af-
ter this procedure, suggesting the presence of organic matter
strongly adsorbed on the catalyst surface. To remove coke, sub-
sequent thermal treatment was applied to the recovered solids
by heating at 350°C (2°min~! heating rate), under air, for
3 h. The conditions of the thermal treatment were optimized
(through elemental analysis for C and DSC) to efficiently re-
move coke. With the exception of eH4NbO17, no significant
loss of activity was observed between the first and third runs,
and furfural yields remained roughly the same (Fig. 6). ICP
analysis of the solutions after the reaction revealed no metal
leaching. In the case of the hexaniobate eH4NbgO17, conversion
decreased by a fraction of 0.13 from the first run to the third run
and furfural yield dropped by ca. 15%. For this sample, the spe-
cific surface area decreased by 7% after reaction/regeneration,
which may have decreased the number of effective acid sites
somewhat.

4. Conclusion

The layered titanate, niobates, and titanoniobates and the
corresponding exfoliated nanosheets are active and recyclable
solid acid catalysts for the conversion of xylose into furfural
at 160 °C under batch operating conditions, using water as sol-
vent for xylose and toluene to extract furfural. The exfoliated
nanosheets have higher specific surface area than the layered
materials, leading to a higher amount of effective acid sites and

consequently higher catalytic activity. After 4 h of reaction, xy-
lose conversion of up to 92% and furfural yields of up to 55%
were achieved with eHTiNbOs—MgO. Increasing the reaction
temperature to 180 °C led to similar results at much lower resi-
dence times. These results are much better than those obtained
using sulfuric acid (25% furfural yield at 4 h and 160 °C). In
general, the nanosheets are more active and somewhat more
selective catalysts than the microporous AM-11 crystalline nio-
bium silicates, which yielded more furfural than zeolites HYS
(the protonic form of Y-zeolite, with Si/Al = 5) and mordenite
(Si/Al = 6), under similar reaction conditions [13]. Adjustment
of the reaction conditions, such as temperature and residence
time, together with reactor design could open up valuable per-
spectives in the application of transition metal oxide nanosheets
to the conversion of saccharides into furan derivatives.
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