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Abstract

Surfactant-templated micro-mesoporouscsili possessing sulfonic acidogps (SAGs) have been preparetiaracterized, and tested
as catalysts in the dehydration pfxylose to furfural. All of the materials possesseatalytic activity. In general, selectivity to furfural
was lower for a poorly ordered microporous hybrid material, prepared via the co-condensation of (3-mercaptopropyl)trimethoxysilane with
bis(trimethoxydylethyl)benzene, than for mesoporous M1 silica anchored with SAGs via pisynthesis modification. The MCM-41
material with the highest loading of SAGs (0.7 medty displayed fairly high selectivity for furfural (ca. 82% in DMSO or water/toluene
mixture) at high xylose conversion-(90% within 24 h, at 140C). Xylose conversion increased significantly with reaction temperature. At
170°C, more than 85% conversion was achieved within 4 h with any of the sulfonic acid-functionalized catalysts. Furfural yield tended to
increase with temperature. Xylose conversion increased with increasing amount of catalyst, and for a xylose/MCiWt+4ati8@f 0.5,
76% conversion was achieved within 4 h, at 2@ Catalyst deactivation was observed after long residence times, possibly because of the
interaction of reaction products with the acid sites, leading to surface loading.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction HO  OH i HQ ~ OH i~
o U\
O nH,O HO OH -3H,0 _—
Furfural is a key derivative, readily accessible from re- 0 n o] o

newable biomass and agricultural surpluses, for the produc-
tion of a wide range of important non-petroleum-derived
chemicals, competing with crude ¢i—3]. There is consid-  Scheme 1. Simplified reaction mechanism of acidic degradation of pentosan
erable literature on the use of furfural and its increasing de- to furfural.

mand in different fields, such as oil refining, plastics, and the

harmaceutical and agrochemical industries. Furfural can be . . . .
P g catalyzed by acids. According to the literature the reaction

produced from agricultural raw (or waste) materials rich in . . .
) mechanism for the dehydration of xylose to furfural involves
pentosan polymers (e.g., xylan present in corncobs, bagasse

wood chips, etc.) by acidic degradation. The reaction in- |Preve-r5|.ble develppment of conjugation via the formation of
. . enediol intermediategd,4].

volves hydrolysis of pentosan into pentoses (e.g., xylose) In most industrial furfural processes, such as that used

and successive (much slower) dehydration of the latter to P ’

. . for Quaker Oats, which is the main source of furfural pro-
form furfural (Scheme 1 These sequential reactions are ¢ : L
duction, concentrated sulfuric acid is used as the catalyst,

which is extremely corrosive and highly toxic and suffers
* Corresponding author. Fax: +351 234 370084 from serious drawbacks concerning homogeneous catalytic
E-mail addressavalente@dq.ua.gi.A. Valente). processes, such as difficult separation and recycling of the
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mineral acid and product contamination. The same appliesH20 (Ci6TMABr = cetyltrimethylammonium bromide)
for phosphoric acid or superphosphate, which is used as a14]. In a standard procedure, sodium silicate solution (8%
catalyst in the Petrole-chimie procelds3]. Alternatively, NaxO, 27% SiQ, 9.9 g, 44.5 mmol Sig) 12.8 mmol NaO)
in the Rosenlew process, no catalyst is added. Other majorwas diluted with water (30 ml), and this solution was added
drawbacks of these processes are extensive side reactionslowly to a rapidly stirred solution of STMABT (8.10 g) in
resulting in loss of furfural yield due to long residence times, water (80 ml). The immediate formation of a precipitate was
and the need for significant waste disposal. Improvement of observed. Dilute sulfuric acid (2 M) was then added drop-
the chemical technology for the production of furfural there- wise to bring the pH from 12.0 to 10.0. The suspension was
fore remains of great interest for the growth of furan-based stirred for a further 30 min, and then the pH was readjusted
chemical industries. to 10.0 with a few drops of b5Q4. The mixture was split
With the aim of finding potential industrial applications, between four autoclaves (50 ml) and heated at°mor
attempts have been made to develop heterogeneous catalytig days. The solid was recovered by filtration, washed with

processes for the transformation of pentosans/pentoses intgot water, and dried at 3. Calcination was carried out at
furfural that offer environmental as well as economic bene- 560°C for 6 h to remove the surfactant template.

fits [5]. Unfortunately, the catalytic performances achieved
up to now have been unsatisfactory for industrial imple-
mentation. Moreau et a[6,7] reported on the use of mi- o N . . : ) .
croporous materials such as zeolites (faujasites and morden- Silylated agd coa:jed t_k;)l-;unctloqallzedlmatertlﬁls
ites) as interesting catalysts for the transformation of xylose were —prepared - as  descrive previousfe1], - wi

into furfural, giving high selectivity (90-95%) as long as (3-mercaptopropybtnmethoxysﬂane (MPTS) (Fluka) as the
conversion is kept at about 30%. Recently, a sulfonic acid organosulfonic acid precursor.

resin, Amberlyst-15, was used as a catalyst for the acid-

catalyzed dehydration of fructose, with the use of a solvent 2.1.2.1. Silylated MCM-41-SHCalcined MCM-41 (3.159)
mixture composed of an ionic liquid and dimethyl sulfoxide was evacuated at 148 for 2 h (10°2 mbar). A solution of

2.1.2. Anchoring of mercapto groups to the silica surface

(DMSO0) [8]. Approximately 87% 5-hydroxymethylfurfural
was yielded after 32 h, at 8C, for a catalystsubstrate
weight ratio of 2.

MPTS (5.25 ml) in dry toluene (300 ml) was then added, and
the mixture was refluxed overnight. The solid was collected
by filtration, washed thoroughly with dry dichloromethane,

Commercial sulfonated resins such as Amberlyst-15 haveand dried under vacuum at 5G.
surface areas lower than 1%gr?l, a feature that limits

their use as solid acids for liquid-phase reactions. A po- 5 1 2 2 coated MCM-41-SHCalcined MCM-41 (3.50 g)
tentially interesting alternative is to use micelle-templated ;- hydrated by refluxing for 3 h in 500 ml water and re-
silicas functionalized with sulfonic acid grouf8]. These

of 400-1000 rig~! and high pore volumes, in addition to
narrow pore size distributions, tunable in the range of 20—

100 A. The active sulfonic group is obtained postsyntheti- added, and, after stirring overnight at room temperature, the

;:allyt.by SI'.“”fodnaFI'.on reactpns Ior by :Ee gxglagon of th'ol' suspension was refluxed for 3 h. The material was isolated
unctionalized stiicas previously synthesized by a one-step ¢ qascribed above for silylated MCM-41-SH.
sol gel or post-modification grafting route. Sulfonic acid-

functionalized mesoporous silicas (SAMS) have been shown

to be active and selective catalysts for a number of reac-2-1.3. Synthesis of hybrid organo-silica

tions, including the preparation of bisfurylalkanes from 2-  The method used here is adapted from that reported by In-
methylfuran and acetorj&0], esterification of polyols with agaki and co-workers for the synthesis of thiol-functionaliz-
fatty acidg11,12]}, and alcohol coupling to form ethelfs3]. ed periodic mesoporous benzene-si[it&]. In the present

In the present work, SAMS have been prepared and tested ag/ork, bis(trimethoxysilylethyl)benzene (BTSEB) BER)

catalysts for the dehydration ofxylose to furfural undera was used rather than 1,4-bis(triethoxysilyl)benzene.
broad range of conditions. C16TMABr (4.67 g) was dissolved in a solution of NaOH

(1.31 g) in water (125 ml). BTSEB (3.15 ml) and MPTS
(0.95 ml) were slowly added, and, after stirring overnight
at room temperature, the mixture was aged at®@Gor

24 h. The precipitate was recovered by filtration and washed
with ethanol to yield the as-synthesized sample. We removed
the surfactant by washing 2 g of as-synthesized material in
ethanol (400 ml) with 5% HCI (5 ml) at 55C for 6 h. The
material was isolated by filtration, washed with ethanol, and
dried at 30°C.

tus, and water/toluene was remed until a translucent sus-
pension was obtained (ca. 150 ml). MPTS (19 ml) was then

2. Experimental
2.1. Catalyst preparation
2.1.1. Synthesis of MCM-41

Pure silica MCM-41 was synthesized from a gel with the
molar composition Si@0.29 Na0:0.50 GgTMABr:150
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2.1.4. Oxidation of mercapto groups UV detector (280 nm, for furfural). The mobile phase was
Materials with immobilized mercaptopropyl groups were 0.01 M H,SO4. The analysis conditions were a flow rate of
oxidized with a solution of 30% 0, (2.5 ml) dissolved in 0.6 mImin! and a column temperature of 86. Authen-
three parts of methanol per gram of material. After stirring tic samples ob-xylose and furfural were used as standards,
for 24 h, the suspensions were centrifuged and washed withand calibration curves were used for quantification. When
ethanol. The wet materials were resuspended (1 wt%) inisobutylmethylketone (IBMK) or toluene was used as a co-
0.1 M HSOy for another 4 h. Finally, the solids were recov- solvent, the furfural present in the organic phase was quan-
ered by centrifugation, extensively washed with methanol, tified with a Gilson 306 HPLC pump and a Spherisorb ODS

and dried at 30C. S10 C18 column, coupled to a Gilson 118 UV/Vis detector
(280 nm). The mobile phase consisted of 40p6 methanol
2.2. Characterization of the catalysts in water (flow rate 0.7 mimint).

Microanalysis for S was carried out at the Instituto de
Tecnologia Quimica e Bioldgica, Oeiras (C. Almeida). Pow- 3. Resultsand discussion
der X-ray diffraction (XRD) data were collected at room
temperature on a Philips X'pert diffractometer with a curved 3.1. Characterization
graphite monochromator (CugKradiation), in a Bragg—
Brentano para-focusing optics configuration. Samples were  The mesoporous silica MCM-41 was modified with
step-scanned in 0.0220 steps with a counting time of  3-mercaptopropylgroups, with (3-mercaptopropyl)trimetho-
1 s per step. Thermogravimetric analysis (TGA) was per- xysilane (MPTS) as the organosulfonic acid precursor. Im-
formed with a Shimadzu TGA-50 system at a heating rate mobilization of MPTS in toluene onto MCM-41 with con-
of 5°C min—1 under air. Nitrogen adsorption measurements trolled water content resuliein a “coated” material (MCM-
at 77 K were recorded gravimetrically with a Cl elec- 41-SHc) with a monolayer of MPTS moieties (7.1 wt%
tronic MK2-M5 microbalance and an Edwards Barocel pres- S), and a less covered “silylated” material (MCM-41-SHs)
sure sensor. Prior to measurement, the solids were out-was obtained in dry conditions (4.5 wt% S). The oxida-
gassed at 100C overnight to give a residual pressure of ca. tion of the mercaptopropyl groups by hydrogen peroxide
104 mbar. in a water—methanol solution was complete but resulted

29sj and13C solid-state NMR spectra were recorded at in a reduction of the sulfur contents and in the formation
79.49 and 100.62 MHz, respectively, on a (9.4 T) Bruker of disulfide and partially oxidized disulfide species (NMR
Avance 400P spectrometé®Si MAS NMR spectra were  evidence, see below). The oxidized coated material was
recorded with 40 pulses, a spinning rate of 5.0 kHz, and obtained with a sulfur load of 3.9 wt% (1.2 mmolY
60-s recycle delays?°Si CP MAS NMR spectra were and an acid content of 0.7 meqg} (determined by titra-
recorded with 5.5-p5H 90° pulses, a contacttime of 8 ms, a tion), and the oxidized silylated material was obtained
spinning rate of 5 kHz, and 4-s recycle delay’C CP MAS with a sulfur load of 2.7 wt% (0.8 mmolg) and an
NMR spectra were recorded with a 4.54t$ 90° pulse, a acid content of 0.4 meqd. In this work, a hybrid thiol-
contact time of 2 ms, a spinning rate of 5—7 kHz, and 4-s re- functionalized organo-silica with a sulfur content of 4.7 wt%
cycle delays. Chemical shifts are quoted in parts per million was also prepared via the co-condensation of MPTS with

from TMS. bis(trimethoxysilylethyl)benzene. However, the acid content
in the final oxidized material was only 0.1 metlg
2.3. Catalytic experiments The powder XRD pattern of the pristine calcined MCM-

41 support exhibited five reflections in thé 2ange 2-8

Batch catalytic experiments were performed under nitro- (Fig. 1), indexed for a hexagonal cell as (100), (110),
gen in a magnetically stirred ioro-reactor (mixing speeds  (200), (210), and (300). The value of the (100) reflec-
> 500 rpm), heated with a thermostated oil bath equipped tion was 37.3 A, giving a lattice constant of= 43.1 A
with a valve for sampling of the liquid phase. In a typical (a = 2d100/+/3). Modification of MCM-41 resulted in a
procedure, 30 m@-xylose, 20 mg powdered catalyst, and slight reduction of the XRD peak intensities. However, the
1 ml solvent (in the case of solvent mixtures, 0.3 mlH first three Bragg peaks were still observed for the oxidized
and 0.7 ml organic solvent) were poured into the reactor. coated and silylated materials, indicating that the hexagonal
Time zero was taken to be the instant the micro-reactor wassymmetry of the support was preserved. The attenuation of
immersed in the oil bath. the XRD peaks is probably due to a reduction in the X-ray

For the experiments carried out with DMSO or water scattering contrast between the silica walls and pore-filling
as solventp-xylose and furfural were quantitatively deter- material[16,17]rather than a loss of structural order. Nitro-
mined with a Knauer K-1001 HPLC pump and a PL Hi-Plex gen adsorption—desorption measurements for the modified
H 300x 7.7 (i.d.) mm ion-exchange column (Polymer Lab- MCM materials showed a type IV isotherm typical of meso-
oratories Ltd., UK) coupled to a Knauer K-2401 differential porous solids (pore width between 2 and 50 nm, according
refractive index detector (for xylose) and a Knauer K-2600 to the IUPAC[18]). A decrease in the BET specific surface
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(@) Fig. 2. 29Si CP MAS NMR spectra (5 kHz) of (a) pristine calcined

' . Y . Y ; - ; MCM-41, (b) silylated MCM-41-SH, (c) silylated MCM-41-S@®, (d)
2 3 4 5 6 7 8 g coated MCM-41-SH, (e) coated MCM-41-3B), (f) hybrid-SH, and (g)
hybrid-SGH.

20 (degrees)
o 4P1?stg>§|r—|?(aRn?d ‘zgtceg;fe%f &éﬂﬂ?g&'emed MCM-41, (b) siblated g0 ved at-91.0 ppm for the @ species. Grafting of MPTS
onto MCM-41 to give the coated and silylated materials re-
sulted in a reduction of the Yand & resonances and a
area §geT) and total pore volumel(p) between pristine cal- ~ concomitantincrease in theé'@esonancerig. 2). The peaks
cined MCM-41 and the modified materials was observed and observed in the spectral region associated with tertiary sili-
attributed to the presence of organic groups in the channelscon atoms, from-45 to —80 ppm, provide direct evidence
(Table ). In the case of hybrid-SgM, the values ofSgeT for the incorporation of the covalently anchored organic sys-
andV, were much lower than those for the MCM materi- tem. Broad signals at abowt49, —58, and—66 ppm are
als. The adsorption isothermas of type |, characteristic of  assigned to ¥, T2, and T organosilica species, respectively
microporous materials (pore width2 nm, accordingtothe [T = RSi(OSi),,(OMe)_,,]. The silylated material ex-
IUPAC). Powder XRD showed that the sample was amor- hibits principally T and T sites, that is, an anchoring of
phous. The thiol-functionalized precursor exhibited similar the organic species via one or two Si—-O-Si bonds. For the
characteristics, in contrast to the corresponding material pre-coated material there are evidently fewérsites and more
pared with 1,4-bis(triethoxysilyl)benzene, which was shown T3 sites. The reaction of the thiol-functionalized MCMs with
to be a highly ordered mesoporous organosilicg. H»0; resulted in significant decreases in theslgnals and
All materials were further characterized B3C and?°Si increases in theZand T signals. Thus, the oxidation condi-
(CP) MAS NMR spectroscopy. Unmodified MCM-41 dis- tions appear to facilitate further reaction between unreacted
plays two broad overlapping resonances indt& CP MAS SiOCH; of the organosiloxane and the silica surface.
NMR spectrum at-108.7 and-101.0 ppm, assigned to*Q The 13C CP MAS NMR spectra of coated and sily-
and @ species of the silica framework, respectively![© lated MCM-41-SH confirmed the presence of mercapto-
Si(OSi),(OH)4—,] (Fig. 2). A weak shoulder is also ob-  propyl groups Fig. 3). The «- and g-methylene carbon

Table 1

Catalytic performance of sulfonic acid-fuianalized materials in the dehydration mxylosé*

Catalyst SBET Vp HTb TOF® Conversiof Selectivity?
(m?g?) (gl (meqg?) (mmol gzt~ (%) (%)

None - - - - 3484 2/27

MCM-41 833 059 - Q8 30/86 4/52

MCM-41-SO3Hs 493 028 04 20(5) 81/90 4977

MCM-41-SO3Hc 438 Q024 07 21(3) 84/91 6582

Hybrid-SO;H 278 Q13 01 14 (14 57/88 1161

Amberlyst-15 - - % 22 (0.5 87/90 6870

@ Reaction conditions: 1 ml DMSO, 30 mg xylose, 20 mg catalyst,°120

b Measured by titrating the solid with NaOH.

¢ Turnover frequency calculated after 4 h. In brackets the TOF values are expressed as mmotjmehH.
d Conversion after 24 h.

€ Selectivity to furfural after 424 h.
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mechanism involving organic acid products resulting from
furfural decomposition, such as formic a¢#]. Hence, con-

(d) trol experiments were conducted under the same process
conditions but with no solid catalyst added. Based on con-
version at 4 h, the reaction was slower without additional

() catalyst than in the presenceanfy of the sulfonic acid cat-
alysts studied in this work. Xylose conversion with the use
of pristine unmodified MCM-41 was roughly the same as

(b) that obtained in the homogemas phase without additional

catalyst, indicating that the silica support is essentially inert

(Table J). Given that the DMSO used could have a maxi-

mum sulfuric acid impurity of 0.001%, the influence of this

(@) amount of acid on the reaction was checked with an experi-
T T T e e T ment with no solid catalyst in which an extra 0.001%8@,
80 60 40 20 0 -20 40 was added. This resulted in 2.5% furfural yield at 4 h com-
ppm pared with 1% obtained without the addition 0f${. The

Fig. 3.13C CP MAS NMR spectra (5 kHz) of (a) silylated MCM-41-SH, |rr1]ﬂuefnce t())n thelreac(';lon of acid impurities in DMSO can

(b) silylated MCM-41-S@H, (c) coated MCM-41-SH, and (d) coated therefore be neg eCte. : . . . .

MCM-41-SO3H. After 24 h, conversions with or without sulfonic acid cat-
alyst added were roughly the same, but selectivity for the

atoms gave rise to one peak at around 27 ppm, and the cari@rget product, furfural, without catalyst was much lower
bon attached directly to the silicon atom resonated at about(27%) than that observed in the presence of the sulfonic
10 ppm. A weak signal at 49 ppm is attributed to resid- acid catalysts% 61% at 88% conversion). These results in-
ual methoxy groups. After oxidation, the spectra show the dicate tha}t the solid-acid catalysts promote the dehydration
complete disappearance of the resonance at 27 ppm, con®f xylose into furfural. The coated sample MCM-41-$@
sistent with the loss of the thiol group, and the appearanceWas slightly less active than tfle S|1Iylated one (based on TOF
of new peaks at 18 and 54 ppm, typicaliofilkyl sulfonic ~ €xpressed as mmol (meq*h—h™"), possibly because of
acids. The two peaks are thus assigned té1sCH,SOs;H some less accessible acid sites in the former material. Selec-
and —CHCH,SOsH, respectively. Weak signals are also ob- tivity for furfural was inght_Iy_ higher for MCM-41-SgHc
served at around 23, 38, and 60 ppm and are assigned tdhan for MCM-41-S@Hs, giving, respectively, 82 and 77%
disulfide and partially oxidized disulfide specifk0,19] selectivity at ca. 90% conversion. o
The formation of nonacidic sulfur-containing side products ~ The final step in the preparation of the sulfonic acid cat-
could explain the difference between the sulfur loadings and alysts involves the treatment of the oxidized materials with
the acid capacity titrations for these materials. dilute sulfuric acid. As a result, the subsequent washing step
The29Si CP MAS NMR spectrum of the hybrid-SHmate- has to be carried out rigorously to avoid retention of sulfu-
rial shows the presence of T—59 ppm) and ¥ (—68 ppm) ric acid in the solids. The efficiency of the washing proce-
resonances for the silicon atoms attached to,CHbR dure was checked by application of the same procedure to a
groups (R= CHySH or GH4R) (Fig. 2). A very weak sample of unmodified MCM-41 that had been treated with
broad peak at around 100 ppm may be due to a’Gite, H>SOy (under identical conditionsNo significant differ-
indicating that some chon-silicon bonds were disrupted €ences were found between the acid contents for this material
during the synthesis. No changes in the spectrum were ob-and pristine MCM-41 (determined by titration with NaOH),
served after treatment of the material with®p. The 13C and no sulfur was detected in the washed MCM-41 by ele-
CP MAS NMR spectrum of the thiol-functionalized hybrid ~mental analysis. For comparison, the coated sample MCM-
(not shown) contained peaks for the aromatic carbons at 12741-SQHc was prepared, excluding the treatment with sulfu-
and 143 ppm and signals at 14 and 29 ppm for the methylenefic acid. This material possessed 0.65 melgi® and gave
groups. After oxidation, a very weak signal appeared at 78% xylose conversion at 4 h compared with 84% achieved

58 ppm that was assigned to —gEH,SOzH species. when the acid treatment was applied, but the furfural yield
was lower (31% compared with 55% for MCM-41-84x).

3.2. Catalysis A plausible mechanism fothe xylose-to-furfural reac-
tion consists of two 1,2-eliminations and one 1,4-elimination

3.2.1. General considerations of water through the transformation of hydroxyl groups of

All sulfonic acid catalysts (without prior activation) the pentose to pD™ by the hydrogen ions, similar to that
were employed in batch experiments for the dehydration of suggested by Zeitsdli]. During the reaction the colorless
D-xylose to furfural; and the results obtained with DMSO as solution turned brown. Several side reactions may contribute
a solvent, at 140C, are summarized ifiable 1 According to the loss of furfural, as shown Bcheme 2such as conden-
to the literature, furfural can be formed via an autocatalytic sation reactions between furfural and intermediates of the
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+

Xylose ——— [intermediates] Furfural Table 2 ) ) )
Influence of the solvent on the catalytic performance of sulfonic acid-
| | | functionalized materials in the dehydrationmkylose?
1 ! _ Catalyst Solvent TimeConversioR Selectivitf Yieldd
Fragmentation Condensation Resinification () (%) (%) (%)

MCM-41- DMSO 24 90 77 69
SOzHs Water 24 53 47 25
IBMK/water 24 68 59 40
Toluene/water 24 72 96 69
xylose-to-furfural conversion to give furfural pentose and MCM-41-  DMSO o4 91 82 75

Scheme 2. Simplified scheme of the possible reactions in the xylose- ;

3

4

) 5
difurfural xylose[1,20]. Other compounds, such as glycer- 6 so;Hc  Water 24 27 50 14

7

8

9

0

to-furfural process.

aldehydes, pyruvaldehyde, glyfatilehyde, acetol, and lactic IBMK/water 24 84 61 51
acid, may be formed in fragmentation reactions of (acyclic) Toluene/water 24 91 83 76
xylose[4]. Given the ethereal nature of the furan ring, fur- Hybrid- DMSO 24 88 61 54
fural may be destroyed by acids to give formic acid and black 19 SQsH  Water 24 58 50 21
resin [3]. Formic acid was identified among the products 1 Water 18 28 '3 20

. : . .12 IBMK/water 24 25 48 12
of xylose conversion under the applied experimental condi- 15 Toluene/water 24 30 16 5
tions, by retention time_ (as a.small productlpeak) inthe UV — Reaction conditions: 14(C, 30 mg xylose, 20 mg catalyst.
at 214 nm and comparison with an authentic sample. b Conversion ob-xylose.

In the case of the hybrid-S@l material, TOF expressed ¢ Selectivity to furfural.

on a weight basis is lower than that observed for the MCM- ¢ Furfural yield.
41-SQ3H catalysts. However, if TOF is expressed per unit
acid content, the hybrid organosilica catalyst, which pos- ing protons. However, with no catalyst added, the reaction
sesses the lowest concentration of sulfonic acid groups,in water gave less than 8% conversion after 24 h (cf. 84% in
shows the highest (specific) activity. Selectivity for furfural DMSO). In the presence of a silica-based material, catalytic
(at 88-91% conversion) is lower for hybrid-g@than for activity (based on conversion at 24 h) in DMSO is higher
the MCM-41-SQH materials. The differences in catalytic than in water (compare entries 1/2, 5/6, and 9/1Tsible 2.
performance may be due to the hydrophobicity of the sur- The lower activity in water for the MCM-41-S4Bl materi-
face (compared with the hydrophilic MCM support) and als may be due to the strong adsorption of the polar solvent
differences in textural properties (amorphous, microporous molecules on the hydrophilic surface, affecting the acces-
compared with hexagonally ordered, mesoporous materi-sibility of the active sites to the substrate molecules. The
als). The more hydrophobic surface of hybrid<5Omay low affinity between the hydrophobic surface of the hybrid-
enhance the adsorption of furfural at the surface, where it SO3H catalyst and the aqueous medium, which contains the
reacts with intermediates on the accessible acid sites, in-substrate, may explain its lower catalytic activity in water.
creasing the extent of furfural loss reactions. When the In the case of the biphasic waterganic solvent sys-
macroporous Amberlyst-15 sulfonic acid resin was used as atems (39’70 vol/vol), furfural has a greater affinity for the
catalyst, fairly good performances were obtain€able J). organic phase than for the aqueous ph&$eFor a given
Although this resin possesses a higher acid density than thecatalyst, conversion after 24 h was roughly the same with ei-
synthesized silica-based catalysts, it gives the lowest TOFther toluene or IBMK as the co-solvent, suggesting that the
expressed on the basis of the acid content, which may bemain reaction takes place in the aqueous phase, an observa-
due in part to partial catalyst degradation, since its thermal tion similar to that reported previously for the same catalytic
stability is 120-140C. After 24 h, the furfural yield in the  reaction over zeolitef5]. These systems are therefore po-
presence of Amberlyst-15 was lower than that achieved with tentially interesting for simultaneous reaction/product sepa-

the MCM-41-SQH samples. ration processes. A suspension of the catalyst in the aqueous
phase was always obtained, with the exception of hybrid-
3.2.2. Solvent effect SOsH. When water/toluene was used, the hybrid material

The influence of the solvent on the reaction was studied “preferred” the organic phase, owing to the hydrophobic na-
at 140°C, in an aqueous, an anhydrous organic, or a biphasicture of its surface. Possibly, as furfural is accumulated in the
water-co-solvent mixturel@ble 9. The stability of isobutyl- organic phase, it reacts more easily with itself and/or with
methylketone (IBMK) and tolene under the reaction condi- intermediates of the xylose-to-furfural conversion (on the
tions was checked by analyzing the organic phase after thecatalyst surface), thus leadjrio by-products. This would
reaction was carried out in the presence of the coated cataexplain why the hybrid-SeH exhibits a lower selectivity
lyst MCM-41-SGHc at 140°C. Analyses by HPLC with a  for furfural in the water/toluene mixture than, for example,
UV-vis diode array detector and by GC with a FID detector MCM-41-SQsHc (see SectioB.2.5. For the hybrid, a selec-
did not reveal any peaks associated with solvent decompo-tivity of 50% was measured at 53% conversion with water as
sition. Water dissolves the substrate very well and can actthe solventTable 2, compared with only 11 at 57% conver-
as an amphoteric substance capable of donating and accepsion in DMSO {Table J).
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In the presence of water the formation of hydronium ion create larger, nonvolatile molecules, which represents a de-
species within the mesopores could increase local acidity crease in entropy, leading to a less negative free energy
and cause the further geadation of furfura[21]. However, change [the term{T AS) in equationAG = AH — TAS
in the case of MCM-41-SgHc, for example, selectivity at  becomes positive and the free energy change becomes less
91% conversion is the same for DMSO andC#toluene. negative], and thus furfural loss reactions diminish (e.g.,
For the MCM-41-based catalysts, when IBMK was used resins are formed in minor amounts at 28D[4,6]). In-
as a co-solvent instead of t@ne, selectivity for furfural  creasing temperature could be even more beneficial than
at roughly the same conversions was lower, suggesting thatcontinuous removal of furfural from the reaction mixture,
toluene is a more efficient extracting agent than IBMK (com- as carried out in the industry by steam stripp[24]. It is
pare entries 3/4 and 7/8 ifable 9. Despite the better affin-  also worth mentioning that in the presence of a heteroge-
ity of furfural for IBMK than for toluene, the former is  neous catalyst, coke may be formed and deposited on the
more soluble in water, which may enhance degradation of outer surface of the particle or within the pores, leading to
furfural at the water—IBMK interface, decreasing selectiv- a decrease in catalyst acidity, as reported previously for mi-
ity for furfural. The opposite is observed for the less hy- croporous zeolitef25]. After the catalytic experiments the
drophilic hybrid catalyst, that jsselectivity for furfural at mesoporous catalysts have a brownish color, which may be
25-30% conversion is higher when IBMK is used instead of due to coke deposits, but this does not seem to have a signif-
toluene (compare entries 12/13). Furfural yields and selec-icant detrimental effect on agity and selectivity during the
tivities at 25-30% conversion for the hybrid-gcatalyst first 4 h of reaction.
follow the order HO > H,O/IBMK > H»O/toluene (en- The MCM-41-SQHc catalyst was used to study the in-
tries 11, 12, and 13 iMable 9. The opposite trend was fluence of temperature wherater/toluene was used instead
observed for the MCM-41-based materials: furfural yield at of DMSO. Similar trends were observed for the two sol-
24 h increased in the order,B (14-25%) < HO/IBMK vent systems, that is, conversion and furfural yield tend
(40-51%)< H2Oltoluene (69-76%). When furfural yields to increase with temperaturdgble 3. At 170°C, selec-
are compared at 24 h, the results are always better for DMSOitivity for furfural (78 at 85% conversion) was higher than
than for water. In the case of the MCM-41-gcatalysts that reported for sulfuric acid in the homogeneous phase
the yield of furfural after 24 h was similar whether DMSO at 200-250C, which gives less than 70% selectivig].
or HoO/toluene was used as a solvent (69 and 76% for the When H-mordenites are used as heterogeneous catalysts

silylated and coated materials, respectively). (at 17C°C, in water/toluene solvent mixture) selectivity
can be as high as 90-95%, as long as conversion is kept
3.2.3. Influence of reaction temperature relatively low (30—40%)[6]. A similar limitation was re-

The influence of the temperature on the catalytic per- ported for fructose dehydration in the presence of acidic
formance of the sulfonic acidatalysts was studied in the zeolites or niobium-based heterogeneous catalysts in batch
range 110-170C, with DMSO or water/toluene as a sol- experiments[21,26] The high selectivities reported for
vent (Table 3. An exponential temperature dependence of H-mordenites were correlated with the shape-selective prop-
the rate of xylose disappearance in the homogeneous phaserties of the catalyst and particularly with the low meso-
following the Arrhenius equation, has been proposed in the porous volume, which could allow further rearrangement
literature[22,23]. Control experiments carried outin DMSO  of furfural into by-products. Lourvanij and Rorrer reported
for the same temperature range showed that the reaction ighat for the dehydration of ghwse over Y-zeolite catalyst,
always much slower without catalyst than with catalyst, at 5-(hydroxymethyl)furfural (HMF) was formed both within
a given temperature. Xylose meersion rate increased with  the Y-zeolite cages and in the bulk phd2&]. Consider-
reaction temperature, and in the presence of any of the sul-ing that the glucose molecule is too large to diffuse directly
fonic acid-functionalized catgséts, at least 88% conversion into the pore matrix of the zeolite, the authors proposed that
was achieved within 4 h at 17C€. In all experiments, fur-  glucose molecules were cleayto a linear 1,2-enediol by
fural yield increased with reaction temperature. For the syn- Bronsted acid sites on the outer surface of a particle, and
thesized materials, the highest furfural yield was obtained that the 1,2-enediol could then either dehydrate to HMF or
with MCM-41-SQOsHc as a catalyst (70%). Under similar re-  diffuse into the Y-zeolite matrix for further reaction. The
action conditions, Amberlyst-15 yielded 78% furfural. It is authors suggested the use of molecular sieve catalysts with
known that furfural molecules in the vapor phase cannot un- larger pores to achieve higher yields of the target product. In
dergo loss reactions by reaction with intermediates of the the case of MCM-41-SgHc the fairly high furfural selec-
pentose-to-furfural conversion, since these and the acid cat-ivity observed at high conversions may be explained by the
alyst are nonvolatile, explaining the high yields observed in presence of the larger unidimensional mesopores in MCM-
boiling processe§24]. In a nonboiling liquid process (the 41 materials that promote the reaction of xylose to furfural

boiling points of DMSO and furfural are 189 and 182, by allowing fast diffusion of furfural out of the catalyst once
respectively), furfural yield tends to increase strongly with formed, thus avoiding extensive consecutive degradation re-
increasing temperature becauof the “entropy effect[24]. actions. The fairly good performance that MCM-4145(0

The furfural loss reactions (condensation and resinification) displays at high conversion constitutes an important im-
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Table 3
Influence of the temperature and catalyst amount on the catalytiopenfice of sulfonic acid-functionakd materials in the dehydration Dfxylose*
Catalyst Temperature Xylose/catalyst Conversiof TOF® Selectivity!
(°Q) (wt) (%) (mmol g1 (%)
None 110 15 3 - 1
140 15 34 - 2
170 15 59 - 15
MCM-41-SO3Hs 110 15 19 Q5 8
140 15 81 20 49
170 15 92 23 70
MCM-41-SO3Hc 110 15 30 08 20
110 15° 34 09 2
140 15 84 21 65
140 158 52 13 82
0.8° 62 08 80
0.88f 54 a7 34
0.8%9 37 05 34
0.5° 76 06 80
170 15 92 23 76
170 158 85 21 78
Hybrid-SO3H 110 15 9 02 1
140 15 57 14 11
170 15 88 22 41
Amberlyst-15 110 i3) 28 Qa7 16
140 15 87 22 68
170 15 100 25 78
& Reaction conditions: 1 ml DMSO, 30 mg xylose.
b Conversion calculated after 4 h.
€ Turnover frequency calculated after 4 h.
d selectivity to furfural after 4 h xylose conversion.
€ Water/toluene co-solvent mixture used instead of DMSO.
9 MCM-41-SO;Hc reused ondeor twiced.
. . . 100 - °
provement with respect to the results obtainable with zeo- "
lites. o0
80 - O o
m] g 0O
3.2.4. Influence of catalyst charge = o
The influence of the catalyst concentration on the cat- S 604 o° ° E
alytic reaction was studied by varying the amount of MCM- % 2 o °* o
41-SQHc from 20 to 60 mg (30 mg substrate), with “: oM . "
H»Ol/toluene as a solvent, at 140. Furfural yield increases S 401 - =
with the concentration of catgdt, and selectivity at 4 h was o [ I
always ca. 81% Table 3. Conversion increased with in- 20 4 : ]
creasing amount of catalyst, and for a xylpsatalyst weight v
ratio of 0.5, enough acid sites are available to accomplish .
76% conversion within 4 h. Since coking during catalysis 0 5 0 15 20 25 30
cannot be ruled out, as discussed below, one would ex- fivies (1)

pect the extent of coking on the catalyst to increase with
increasing xylose/catalyst ratio, accounting for lower xy-
lose conversions. The rate of xylose conversion (based on
TOF at 4 h) decreases with irasing catalyst concentra-
tion, probably because of thew dispersion of catalyst

particles in the aqueous phase at high catalyst charges (e.g.

xylose/catalyst= 0.5 corresponds to 60 mg solid in 0.3 ml
water), accounting for diffusion effects on the heterogeneous
reaction.

3.2.5. Effect of residence time
Xylose conversion and sel@dty for furfural were stud-
ied as a function of the reaction time for MCM-41-3d¢

Fig. 4. Conversion ofb-xylose (©,®) and selectivity to furfural for-
mation (J, W) in the presence of MCM-41-S{bic (open symbols) and
hybrid-SG;H (solid symbols), as a function of reaction time. Reaction con-
ditions: wateytoluene, xylosgcatalyst wt ratio was 0.8 (14CC).

and hybrid-S@H, with water/toluene as solvent, at 140
(Fig. 4). In the presence of the MCM-based catalyst, selec-
tivity for furfural is initially low but then increases to 81%
after 9 h, at which point the conversion is 65%. The low se-
lectivity observed at short reaction time (1 h) may be due
partly to loss reactions that are more significant during the
initial heating period. On the other hand, it is also possible
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that adsorption of xylose on the hydrophilic catalyst sur- supported by the fact th&ger andV, of MCM-41-SO;He
face is relatively fast compared with the surface reaction, decreased by ca. 50—-60% after three reaction runs. Despite
accounting for high initial xylose adsorption, thus leading these changes, the characteristic reflections of the meso-
to apparently low initial furfural selectivity. According to  porous phase were still present in the powder XRD pattern
the literature, xylose—lyxosedmerization may occur, where  of the recovered solid.
lyxose appears to form rapidly from open-chain xylose, after ~ Selectivity for furfural also decreased in consecutive
which it disappears more slowly than xylose to produce fur- recycling runs. Progressive accumulation of (heavy) by-
fural [4]. However, the formation of lyxose was not detected products on the catalyst surface may lead to slower diffusion
under the applied reaction conditions. After a reaction time of the reactant/products throutjie porous structure, allow-
of ca. 9 h, selectivity for furfural started to decrease (to 54 ing a longer residence time for secondary reactions, thus
at 98% conversion and a residence time of 28 h), and the re-affecting the distribution of products. As the concentration
action solution became darker. The long residence time of of the acid sites decreases, one would expect the chemistry
furfural on the acid surface of the catalyst leads to degra- to resemble that of the uncatalyzed situation. A more effi-
dation of furfural by the aforementioned secondary loss re- cient regeneration of the cayat could improve the catalytic
actions. The condensationds reactions cease only when results for recycling runs. The removal of the accumulated
all of the pentose is consumed. The initial conversion rate organic matter by thermal processes is not possible, since
(2.3 mmol g h2, calculated for a 1-h reaction) is high it requires heating above the thermal stability limit of the
but then decreases with time. Furfural loss reactions leadsurface-bound SAGs (ca. 25Q). This constitutes a ma-
to larger molecules, which may act as precursors of coke jor disadvantage with respect to zeolites as catalysts. More
formation, similar to the observation reported for the dehy- efficient catalyst regeneration might be accomplished by
dration of glucose, which yields 5-(hydroxymethyl)furfural Soxhlet extractions with adequate solvents. Alternatively,
polymers[21,25,27—29] The accumulation of by-products catalytic performance might bienproved by batch experi-
on the catalyst surface witincreasing regence time may ments with shorter residence times, followed by extraction
cause loading and subsequent partial deactivation by cata-of the products with IBMK and recycling of the aqueous so-
lyst surface passivation. lution containing the unreactesibstrate and solid catalyst

In the case of the hybrid-SBl catalyst, the trends for  for a subsequent catalytic cycle. According to the literature,
conversion and selectivity versus time are similar to those for these combined experiments allow significantimprovements
the MCM-based catalyst, foxample, selectivity reaches a in activity, selectivity, and stability for metal phosphate het-

maximum after about 9 h and then starts to decrease. erogeneous catalysts in the dehydration of saccharides, in
comparison with longer batch experimeft§,30] Work in
3.2.6. Catalyst stability this direction is currently in progress.

We studied the catalyst stability for MCM-41-gldc
with water/toluene as a solvent, by recycling the recov-
ered catalyst twice at 14C. After cooling, the solid was 4. Concluding remarks
separated from the liquid by centrifugation, washed with
methanol, and treated withj80, as described in the Exper- Sulfonic acid-anchored MCM-41 has been found to be an
imental section for the catalyst preparation. Finally, the re- effective catalyst for the dehydration bfxylose to furfural.
covered solid was reused in a catalytic cycle of 84Xylose The fairly high selectivities observed at high conversions
conversion decreased with recycling ruriaifle 3. The may be explained by the presence of the large unidimen-
initially colorless catalyst became brown during the reac- sional mesopores, which promote the reaction of xylose to
tion and did not lose this color after the applied regener- furfural by allowing fast diffusion of furfural out of the
ation treatment. The observed progressive catalyst deacti-catalyst once formed, thus avoiding extensive consecutive
vation might be connected with the inefficient removal of degradation reactions. Seledtyfor furfural may be further
adsorbed by-products between recycling runs, which load improved by fine-tuning of the median pore size of MCM-
the catalyst surface, leading to increased active site passi-41 with the use of surfactants of different sizes as templates.
vation, decreasing the amount of accessibfe dfoups for The hydrophobicity of the catalyst is also an important fac-
the acid-catalyzed reaction. The NaOH titration of the re- tor. Thus far it has not been possible to recycle the meso-
covered solid revealed an acid content that was 70% lower porous solid acids and maintain the high selectivities and
than that present in the fresh catalyst. DSC analyses (in air)conversions observed in the first runs. The development of
of both fresh and used catalysts showed an exothermic bandefficient regeneration methods will therefore be necessary
centered at 300-37C, which coincides with a mass loss if these materials are to be cadered for practical appli-
observed by TGA (in air). Above 30, the percentage cations. Furthermore, the transformation of pentosans into
mass loss of the used sample was significantly greater thanxylose and the concomitant conversion to furfural should
that observed for the fresh sample, most likely because ofbe carried out in a one-pot reaction design with higher xy-
the simultaneous decomposition of coke that had appearedose/catalyst molar ratios and preferably without organic sol-
on the catalyst during catalysis. This hypothesis is further vents.
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